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ABSTRACT. This report summarises the conclusions from the detectarpgof the International
Scoping Study of a future Neutrino Factory and Super-Beautrine facility. The baseline detector

options for each possible neutrino beam are defined as fallow

1. A very massive (Megaton) water Cherenkov detector is #selne option for a sub-GeV

Beta Beam and Super Beam facility.

2. There are a number of possibilities for either a Beta BeaiSuper Beam (SB) medium
energy facility between 1-5 GeV. These include a totallwactcintillating detector (TASD),

a liquid argon TPC or a water Cherenkov detector.

3. A 100 kton magnetized iron neutrino detector (MIND) is treseline to detect the wrong
sign muon final states (golden channel) at a high energy 2G€¥) neutrino factory from
muon decay. A 10 kton hybrid neutrino magnetic emulsionalchember detector for wrong
sign tau detection (silver channel) is a possible compléneedIND, if one needs to resolve

degeneracies that appear in thé, 3 parameter space.

KEYWORDS Large detector systems for particle and astroparticlesigBy Beam-line instrumen-
tation (beam position and profile monitors; beam-intensignitors; bunch length monitors)
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1 Introduction

The International Scoping Study (ISS) for a future accéteraeutrino complex was carried out

by the international community between NuFact05, Fras@dt#-26 June 2005, and NuFact06,
Irvine, 24-30 August 2006. The physics case for the faciligs evaluated and options for the
accelerator complex and neutrino detection systems wedést One of the novel characteristics
of the ISS with respect to previous studies was the systerimatstigation of detector options for

future long base line neutrino experiments, as a necestaryavards optimising the performance
of the whole facility. In addition to the study of far detextat was felt necessary to add a study of



the near detectors and instrumentation for the primary desan These are crucial to understand
the performance of the facilities from the point of view oftmatic errors. This applies to the
Beta-beam or Neutrino Factory storage ring, or to the Swgaerbdecay tunnel. Two additional

topics of critical relevance for the choice of facility wesidded to the discussion: matter effect
uncertainties and systematic errors due to uncertaintigeicross-sections and efficiencies of low
energy neutrino interactions.

1.1 Organization

Following the initial guidelines given at NUFACTO4%][ the working groups have largely built on
existing studies to delineate the main avenues where fuirtkiestigations would be most benefi-
cial, and initiated the required simulation work. The wor&sicarried out in five working groups:

e Segmented magnetic detectors;

e Large Water Cherenkov detectors (WC);

e Large Liquid Argon TPCs (LAr TPC);

e Emulsion-based detectors: Emulsion Cloud Chamber (ECE€Maygnetized ECC (MECC);
e Near detector and beam instrumentation.

The important issue of novel detector techniques of commtarest (such as Silicon Photo
Multipliers and large area photo-detectors) was treatesimmon dedicated sessions of the work-
ing group. Finally, the need of large magnetic volumes megufor the neutrino factory detector
was considered.

The mandate of the study was to establish a set of baseliretdes to be carried forward for
further study. It is clear that accomplishing such a goalld@aquire an extremely tight collabo-
ration between the physics performance group and the det@esign group. However a number
of choices could be made from known feasibility/cost coesations.

1.2 Main beam and far detector options

The main far detector options are listed below:

1. Single flavour sub-GeV neutrino beams: low energy superbearand beta-beam. This

is the scenario advocated for instance for the off-axis beam J-PARC, the SPL super-
beam ancPHe or ®Ne beta-beams at CERN. In this energy range detectors needenot b
magnetized, quasi-elastic reactions dominate and pioduptimn is small. A very massive
water Cherenkov (WC) detector is the baseline option. Thallsamd poorly understood
cross-sections, and the I0@? of the interactions pose considerable systematic problems
which make the design of the near detectors very criticak pssibility to use very large
LArTPCs has been envisaged, but the relative merit wouldl nedoe better justified, and
indications are that this is not the case.

2. Few GeV beams: off-axis and wide band beam and high energy tebeam This is
what one would obtain with an off-axis NUMI beam or equivajenide-band pion/kaon



decay beam (WBB) from a 20-50 GeV proton beam, or from a higlrggnbeta-beam,
either from highy ®He or ®Ne or from accelerating higher Q (e.8B or 8Li ) isotopes.
Here the situation is more complex since multi-pion producbecomes common and event
identification requires more sophistication. This is noteasy energy domain to work at,
and there is not a clear winner in this domain between the We&tatally active scintillating
detector (TASD) (a la N@A), a LArTPC or even an iron-scintillator sandwich.

3. High energy beams from muon decay (Neutrino Factory) Magnetic detectors are com-
pulsory since two leptonic charges of neutrinos are presetite same time. The baseline
detector here is the magnetized iron neutrino detector (3 ¥r the wrong sign muon final
states, but the full exploitation of the richness of possimcillation channels strongly moti-
vates the study of other types of detectors: magnetized léweZgrain detector (scintillator
or LAr) for wrong-sign electron final states, emulsion date¢ECC) for wrong-sign tau
detection and magnetized emulsion (MECC) for all the above.

In all three scenarios appropriate near detectors and bestnumentation are essential. In-
deed, the precision era poses new challenges for the flux raisd-section monitoring systems.
Appearance measurements require that the product of seasi®n times acceptance be measured
for the appearance channel in relation to that of initialtriea flavour. This is a major difficulty for
the conventional pion decay superbeam, since little instntation can be installed to monitor the
secondary flux of mesons in a high intensity environmentetiieea clear need for specific hadro-
production experiments backed up with fine grained nearcti#tg to measure precisely, , v, ,

Ve and Ve, topological cross-sections. The issue is much easiehébéta-beam or the neutrino
factory, where the stored parent beam can be monitoredsgig@nd the known decay provides a
potentially well known flux. In addition, purely leptonicaetions can be used as absolute candles.
A new domain of precision cross-section measurements at@helevel opens up. Of course a
detailed simulation and study of the near detector statimhad the associated near detectors and
beam instrumentation is required to firm up these claims.

More details and the presentations can be found on the detaty web sited]. The physics
performancé and the sensitivity to the oscillation parameters of théediit far detectors (and
combinations) can be found in the ISS Physics Re®jrt [

1.3 Main achievements and open issues

Given that this study is not the first one, it is worthwhile dragizing in this introduction what is
the new information content, and what are the issues whitlaireopen after its completion.
The main achievements or new information gathered throhighstudy are as follows.

e A Magnetized Iron Neutrino Detector (MIND) of 100 kton shdiie feasible for a hardware
cost of~200 ME.

e The threshold for muon detection in an optimised MIND candveegred down to 1-3 GeV/c
for a dominant background of wrong charge assignmen @f0—3). The efficiency above
5 GeV can be set to 70%.

Lincluding signal and background efficiencies in some cases



e Alarge air-core coil can be envisaged to host 20-30 ktonlbf &ctive fine grained detector
(scintillator, LAr or emulsion) for a reasonable cost({.00 M€) ).

e The muon detection threshold can be further lowered downQel GeV/c using a Totally
Active Scintillating Detector (TASD). This detector shdude able to measure the charge of
the muon with a negligible mis-identification rat€(10~°)) for muons above-0.4 GeV/c.

e A MECC of 10 kton can be designed, which, thanks to the exiguigiace and angle resolu-
tion of the emulsion, can measure electron and muon chaymamentum up te-10 GeV.

e The first studies of very large underground excavations baea pursued and cost estimates
for a megaton WC detector have been given.

e A revolution in photo-detection has been brought forwardhie last few years with the
appearance of new type of avalanche-photodiode-arraipMSof MPPCs).

¢ In the context of the LArTPC-Glacier project the operatidragsmall) LAr TPC in a mag-
netic field was achieved and a comercial company has produfasbibility study of a LNG
tanker for 100 kton LAr. There is a very active R&D programtiady i) a two phase detector
with very long drift paths, ii) novel charge readout and H\pgly and iii) drift properties at
high pressure.

e Alarge LAr TPC (15 to 50 kton) is being considered in the UShasdetector for a long-
baselinev, — Ve appearance experiment. The efficiency for detecty'®in such a detector
is ~80-90% with a negligible neutral-curremf event background. An ambitious R&D
program was approved in 2005 and is underway.

e Matter effects can be calculated rather precisely down toatemdensity uncertainty of
about 2% or better, but a dedicated geological study hasfarbseen once the site has been
chosen. A few particular baselines encountering very ilggerrain should be avoided.

e A first estimate was performed of the interplay of final staetdn mass, nuclear effects,
and non-isoscalar target (water) with the conclusion tha few 100 MeV they impact
measurements of CP asymmetries by several percent. Thig difcreases with energy for
the quasi-elastic reaction, and at higher energy may adlsotthe pion production channel.
Detector effects have not been studied yet.

e The detectors can take alternative trains of neutrinosymedi by stored positive and negative
muons as long as the time distance between trains is aboves100

Nevertheless many issues remain open for further study &iol R few outstanding points
are listed below.

For what concerns the neutrino factory detectors:

e Priority should be given to a solid study of performance,t @simate and infrastructure
requirements of the baseline detector for the neutrincofgofMIND) and of its variants
(such as the Indian Neutrino Observatory, INO).



e The performance of the TASD detector against hadronic rackgls should be computed.
Pion decay and pion/muon mis-identification could be imgartgiven the low de-
tector density.

e The study of the large coils and associated infrastructoréhie above has only started and
this is clearly a field that motivates further studies. Theestconducting transfer line (STL)
is probably the most promising option for large magneticvas at reasonable cost. A full
engineering design would still need to be done.

e The comparative performance study of 'platinum detectehgiuld be pushed to a conclu-
sion. Efficiency vs charge confusion background for theted@cchannel for different setups
(MECC, TASD or LAr) needs to be understood and compared

e The monitoring of the muon beam angular divergence in thegéoring is for the moment
a very challenging concept (a He Cherenkov with extremelywhindows) that needs to be
turned into a demonstrably feasible object. It is not cléat & permanent device can be
devised or if a different system needs to be invented.

e The near detector concepts and the near detector area foedlrno factory needs to be de-
fined, including in a coherent way the necessary shieldidgofithe purely leptonic detector
and DIS-charm detector.

e Once a site is considered a study of the matter content ofaambine will be mandatory.
For what concerns the low energy beta-beam and superbeam dattors:

e The priority is rightly given to understanding the feastiiland cost of the Mton-class wa-
ter Cherenkov detector, in order to exploit the synergy withton decay and supernovae
neutrino detection.

e How shallow can a LArTPC be operated? This was recently etu@b] for shallow depths
(~ 200 m depth) but it would be good to understand the statusufface operation.

e Whether a giant LArTPC can usefully compete in this energygeashould be ascertained
more quantitatively, while the cost and infrastructursaimplications of it is largely un-
certain.

e The design and even the concept of the near detector statiamd-the problems related
to the relative normalization of the beta-beam and supenhghen used in combination —
have not really been addressed and constitute one of the pgjding issues in addressing
the physics capabilities of this option. There are also fumental issues associated with
doing physics with low energy events: the effects of leptoassy nuclear effects, Fermi
motion and binding energy are some, but the different tagiekand their effect on relative
acceptance fov, vs ve events remains largely untouched. At this point in time dajnt of
normalization errors (even relative) below 5% remains taidished.



2 Beam instrumentation

2.1 Flux control and resulting constraints on the decay ringdesign for the neutrino factory

One of the most significant qualities of the Neutrino Fact@yd more generally of a system
where one stores a beam of decaying particles (such as thédet) is the potential for excellent
neutrino flux control. The main parameters that govern tistesyatic uncertainties on the neutrino
fluxes are as follows.

e The monitoring of the total number of muons circulating ia ting,

e Theoretical knowledge of the neutrino fluxes from muon deassiuding higher-order ra-
diative effects,

e Knowledge of the muon beam polarisation,
e Knowledge of the muon beam energy and energy spread,

e The muon beam angle and angular divergence.

Beam shape parameters are crucial for the measurementiksdtast length, while the abso-
lute normalisation is essential for the measurement of iikemangle. The relative normalisation
of the two muon charges plays a crucial role in the measureofé®P asymmetries.

2.1.1 Neutrino fluxes from muon decay

The neutrino energy spectra from negative muon decay afolist the following distributions:

d?Ny, _ 232

X0 0 4—n[(3— 2X) + (1—2x)P, cosf] (2.1)
d?Ny, _ 12%?

Ixdo 0 H[(1—x)+ (1—x)P, cosb] (2.2)

wherex = 2E, /my, P, is the muon polarisation, arilis the angle between the muon polarisation
vector and the neutrino direction. In a long baseline expenit the detector is located on the same
axis as the Lorentz boost and its size is negligible reldatvihe baseline. In this case the neutrino
energy spectrum in the laboratory frame is given by the sammetfla as above but with=E, /E,,.

2.1.2 Absolute flux monitoring

Monitoring the total number of muons in the ring can be dore mumber of ways. The total beam
current can be estimated using a Beam Current Transform@TYBhe total number of decay
electrons can be estimated using an electron spectrorttetgaroduct of the flux and cross section
can be inferred from a near-by detector and, finally, the labsamormalisation can be obtained
from semi-leptonic neutrino interactions in a nearby detec

The operation of a BCT in the decay ring could provide faspomse monitoring of the muons
in the ring. There are, however, a few potential difficultileat could limit the precision of such a
device, which could normally reach the f0evel. The first one is the presence of decay electrons
in the ring, along with the muons. Since all muons decay, timaber of accompanying electrons



muon polarimeter

| ——
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First magnet after straight section

Figure 1. A possible muon polarimeter design. The momenta of theydeletrons accumulated in a short
straight section are analysed in a bending magnet in the mecay ring. Slits in the shielding define the
acceptance of a number of momentum bins.

could potentially be much larger than the remaining muoter & few muon lifetimes. A study
of such decay electrons has been majeyith the conclusion that for 50 GeV muon momentum,
the decay electrons are lost in the beam elements (or thenatdirs placed to protect them) after
less than half a turn, either because they are momentumattbed or because they lose energy
in the arcs by synchrotron radiation. Consequently themlmer should be always less than about
2 x 103 of the remaining muons. In addition, most of the losses amisiee straight sections or in
the early part of the arcs, so that a BCT situated just at tabimg of a straight section would see
an even smaller fraction of them. Another worry could be tkistence of a moving electron cloud
created by beam-induced multipacting, or by ionizatiorhefriesidual gas or of the chamber walls.
This has been studied iB]} with the conclusion that the electron cloud will be seVeraers of
magnitude less than the muon flux itself. In the absence afrafiant parasitic current, it can be
concluded that the BCT readings should be precise to thedéagew 1073, or better. This seems
the most practical way to compare the flux induced fremand i~ decays.

The decay electrons will be used to measure the polarisafitie beam with a spectrometer
as described below, and in figute The same device could in principle be used to monitor the
number of muon decays in an absolute way, especially if oleetsehe momentum bite where the
electron spectrum is insensitive to the muon polarisat@artainly this will be a useful tool, as a
cross-check or for monitoring, but a very detailed studyhefdependence of the acceptance of this
device on the beam parameters must be performed before lsiomccan be reached.

Knowledge of the flux does not provide knowledge of the cressiens folded with the de-
tector acceptance. This task is traditionally delegateriiear detector. The high flux should make
things very easy. Given the high importance of precisionsueaments in the Neutrino Factory, it
is likely that a near detector will be an important tool foabenormalisation. Unlike the situation
with conventional pion decay beams, the near detectormiéiét be able to measure absolute cross
sections for a large number of exclusive and inclusive Bses.

It is worthwhile mentioning, finally, the possibility offed by the measurement of purely
leptonic interaction processes, which have been discuadé&fl Of practical interest for normal-



isation is the measurement of, +e~ — L~ + Ve, Which appears as a low-angle forward-going
muon with no recoil. Using the standard electroweak thethiig, purely leptonic charged-current
process can be calculated with high precision, and could égsared with a dedicated detector
aimed at measuring also thrg+ e~ — e + Ve andve+e~ — e~ + Ve processes. The weakness of
this method is that it only applies to the  decay beam, but it could be seen as an overall absolute
normalisation process for the muon flux.

To conclude, there are many tools to monitor and control bsslate flux normalisation in a
neutrino factory, so that the near detectors should be aljeovide very accurate measurements
of inclusive and exclusive cross sections, within the deteacceptance. A flux normalisation at
the level of a few 10° seems an achievable goal. The relative normalisation ofithend u*
decay beams should be known with similar precision.

2.1.3 Theoretical knowledge of the neutrino fluxes from muonlecay

The expressions given above for the neutrino flux in muonyjdeguations2.1 and2.2), do not
include QED radiative corrections, which have been catedlan [7] (see figure2). The dominant
source of corrections is, as can be expected, related tompleatission from the decay electron. For
the electron energy distribution, the corrections are efdfder of 1% due to terms proportionanl
to %In(%). It turns out that the neutrino spectrum is insensitive ® ¢tectron mass, i.e., the
integration over the system of electron and photons cameas singularities. It can be seen that,
in the forward direction, an overall decrease of the neatfinx of about 4x 10~2 is observed,
with a larger decrease near the end point. The global deciesas be understood by the overall
softening and angular widening of the neutrino decay spettue to photon emission. Since the
overall size of the corrections is small, one can certainlgttthe calculated spectrum to a precision
much better than 1.

2.1.4 Muon polarisation

Muons are naturally polarised in pion decay. In thieé — u*v, rest frame, both the, and
ut have negative helicity. In the laboratory frame, the r@sglaverage helicity of the muon, or
longitudinal polarisation, is reduced from -100% for a paimest to< h >= —18% for pions above
200-300 MeV momentumlp]. For a pion of given momentum, muon polarisation is cotezla
with muon momentum. It has been arguedid][that monochromatisation of the pions followed
by i) a drift space to separate muons of different momentd, i@rcollection in successive RF
buckets, should allow separation in different bunches obmsuof different polarisations. This
does not change thteveragepolarisation, but creates bunches of different polaiseafup to 50%),
that can be of use for physics, as long as the times of neuimbeoactions are recorded with a
precision of a few nanoseconds.

The muon spin precesses in electric and magnetic fields thgirasent during cooling and
acceleration, but the muon spin tune— the number of additional spin precessions happening
when the muon makes a complete turn — is very low:

Oy — 2 Epeam _ Ebean{ GeV)

2 my 90.62236)
It has been evaluated 3] that 80 to 90% of the original polarisation will survive atluon handling
up to the injection into the storage ring. Its orientatiorl Wepend on the number of turns that
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Figure 2. Radiative corrections to the muon neutrino (left panefg) electron anti-neutrino (right panels)
fluxes inu~ decay. Top panels: the resulting energy distribution ai aeigle. Bottom panels: the relative
change due to thé'(a) correction. The overall reduction of flux is due to the adbxfitil energy taken away

by photons, which slightly widens the angular distributidithe neutrinos. In order to avoid infinities at the
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the muons encounter along the accelerator chain, and carrdegad to be longitudinal by an
appropriate choice of geometry and of the energies in thectgating linacs 12]. As we will see,
this is not necessarily important.

What will happen to the muon polarisation in the decay ringeshels in the first instance on
whether its geometry is a ring (race track or triangle) inahithe muons undergo one rotation per
turn, or a bow-tie, in which the muon undergoes zero netiostatt each turn.

In the case of a ringthe polarisation will precess. The orientation of the pektion vector
will be rotated with respect to the muon direction by an angéch increases each turn byr@.
Unless the energy is chosen very carefully, it will not bgréid, and reduced on average by a fac-
tor 2. At a muon energy of precisely = 45.311 GeV, the spin tune is 0.5 and the polarisation flips
during each turn. This would allow the most powerful use efpblarisation for physics purposes,
but absolutely requires that the orientation is corredtiysen at injection, a condition which is oth-
erwise unnecessary in a ring geometry. If no special meastaken, however, depolarisation will
occur, since particles of different energies will have ttlsgins precess with different spin-tunes.

The muon polarisation can be monitored by momentum anabfsise decay electrons, as
discussed ing], in a polarimeter that could look like that sketched in figlir One can expect that
this measurement will be difficult: the relative normalisatof electron rates in the different energy
bins will depend on various muon beam parameters such asait$ @ngle and divergence, and on
a precise modelling of the beam-line geometry. In a ring gaoynthe device will be exposed
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Figure 3. Oscillation with turn number in a fill of the number of elemtss in the energy range 0.6—Eg,
normalised to the total number of muon decays during thengiven. The oscillation amplitude is a measure
of the beam polarisation, its frequency a measure of the m@ergy, and, if there is no RF bunching, its
decrease with time is a measure of energy spread. The meatimkf corresponds here to 300 turns. The
beam energy i, = 45.311 GeV and the energy spread is 202, On the left, there is no bunching RF in
the muon storage ring, on the right there is RF bunching ®@ifh- 0.03.

to a succession of negative and positive helicity muon bescho it will have to perform relative
measurements. These should be sensitive to small effeitiisa kglative precision of a few percent.

The spin precession in a storage ring provides a means ofphégtision (10° or better) for
energy calibration9]. As shown in B], the measurement of the depolarisation can be used to
measure the energy spread with high precision. In this taseombined effect of precession and
depolarisation ensure that the muon polarisation intedrater a fill averages out to zero with an
excellent precision: simulations show that any residudnigation is less than 4 1074,

Depolarisation can be avoided, if the storage ring is eqdppith an RF system that ensures
that the muons undergo synchrotron oscillatiohg].[ By doing this, one loses the possibility
to measure the energy spread from the depolarisation, leutammaintain the muon polarisation.
The average is still essentially zero, but by recording #ae€time of neutrino events, one can infer
their bunch number and turn number, and deduce the polarisat the decay muons. In a ring
geometry either mode of operation is left open, if one canwitimthe required RF system on or off.

In the case of a bow-tjghe muons will not depolarise: spin precession is zero nibemahat
the muon energy is. This configuration is not as conveniettiesng for several reasons.

e In a bow-tie geometry, there will be no spin precession, scetiiergy and energy spread of
the muon beam will not be calibrated.

e The polarisation will not average to zero and one will havenEasure it based on the mea-
sured electron spectrum. A few percent absolute accuraaysé be very challenging in
this case, which means that the flux determination will bec#fd by a sizeable uncertainty,
due to the beam polarisation error.
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Figure 4. Event numbers for a detector of density 5 with 10 m radius a0 m long, situated 732 km
away from the muon storage ring, far- — e*vev, (left) andu~ — e~ vevy, (right) beams of 50 GeV. Full
lines show the spectra for the ‘natural’ helici®y = +1 for u*, and dashed ones for the opposite case. The
CC ve for ut with &2 = +1 and CCv, for u~ with &2 = —1 are not visible, because the fluxes are almost
exactly zero. The vertical axis gives event numbers per b56 MeV. This plot assumes no muon beam
angular divergence and no beam energy spread.

o It will be difficult to change the sign of the muon beam polatiisn.

e Unless the geometry is very carefully chosen, the beamipatam will be different for the
two long straight sections.

For these reasons, and despite the fact that in principlesbfell beam polarisation is higher in the
bow-tie geometrythe ring geometry is preferrefiom the point of view of beam control.

2.1.5 Neutrino fluxes and muon polarisation

Neutrino spectra with different beam polarisations aregibby equation®.1and2.2 In a long-
baseline experiment, one is at extremely small angles, aocths® = 1. In this case, th&/g
component of the beam is completely extinct fgr= —1. This is due to spin conservation in the
decay: a left-handed muon cannot decay at zero angle inghahandede.

Event numbers can readily be obtained by multiplying by ttess section. They are shown
in figure 4 for a 10 m radius detector 20 m long situated 730 km away. Simeaeutrino and
anti-neutrino cross sections are in the ratio 1/0.45, megatuons provide enrichment i), and
positive ones irve.

It is clear from figured that the combination of muon sign and polarisation allowgdavari-
ations in the composition of the beam, in a controlled wayc8idetector studies show that the
muon sign can easily be determined in a charged-current (@@i)neutrino event, but that the
electron sign is much more difficult, we have tried to use thgation of electron neutrino flux
with muon polarisation to infer a signal of, — ve oscillations to be compared (for a T-violation
test) with theve — v,, oscillation measured with the wrong-sign muons. Unfortelyaeven for

—-11 -
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Figure 5. Neutrino event spectra for different beam divergencegiadpeft: a6y = 06, = 0.01 my, /Ey;
upper right: 06y = g6, = 0.05 m, /E; lower left: 06k = 08, = 0.2 m, /E,; lower right: 06y = 06, =
0.5m,/E. Itis clear that beam divergence results in a loss of evemid,in a sizeable distortion of the
spectra and of their muon polarisation dependence.

40% beam polarisation, the improvement in the sensitiatZP/T violation is no more than the
equivalent of a factor of 1.5 to 2 in statistics. Certainlyappears that polarisation is more useful as
a tool to measure the beam properties than as a physics teetrideless, these statements might
be parameter-dependent, and should be revisited oncedliatasn parameters are better known.

2.1.6 Effect of beam divergence

The opening angle of the neutrino beam is typically,.wherey = E;;/m,. As soon as the beam
divergence is comparable with this natural opening anglerge fraction of the flux will be lost.
This is shown for 45.311 GeV muons in figuselt is clear that beam divergence results in a loss
of events, and in a sizeable distortion of the spectra anldeif inuon polarisation dependence. A
beam divergence not larger tharé, = 06, = 0.2m, /E,, seems to be desirable, if one wants to
avoid a large sensitivity of physics results upon the expental determination of the muon beam
parameters.
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Figure 6. The relative event rates for muon anti-neutrinos (top)eladtron neutrinos (bottom), for various
polarisation values as a function of the beam divergencanpetrised as /ny.

This effect has been studied more preciselylifi,| where event numbers are calculated for
various polarisations and divergences. The impact of themfieam divergence on the neutrino
event rate can be seen in figue The first conclusion one can draw from these plots is that, fo
a given number of muons, the highest flux is obtained for smalbn beam divergence. In order
to keep the event rate loss due to the muon beam divergenoe béb, the divergence should be
close to 01/y,.

From the curves in figur@, one can determine the relative error of the predicted enztat
given the uncertainty in the knowledge of the beam divergatself. For example, if the beam
divergence is @ /y and is known with a relative precision of 10%, thg and v, event rates can
both be predicted with an accuracy of about 0.75%. For aglrere of @/y, the uncertainty on
the flux would be 2.5%. As we will see, however, the knowledigh® beam divergence is unlikely
to be a constant relative fraction.

One can turn the argument around, and request that the beargetice be Q/y and known
to a relative precision of 1.5%, so that the correspondingetiainty on flux is only 103, It is
clear that in this case the muon beam divergence will need todasured. For a beam of 50 GeV,
the beam divergence is 200 micro-radians and the requireisehat it should be known to 3
micro-radians.

As a measurement device, one could imagine a gas Cherentamtatdocusing the Cherenkov
radiation in such a way as to make an image of the muon beawtidineas sketched in figui&
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Figure 7. The ratio of the uncertainty in the event rate over the uagay in the muon beam divergence
as a function of the beam divergence, parametrised/ag. IThe top (bottom) plot corresponds to muon
anti-neutrinos (electron neutrinos).
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Figure 8. Schematic of a muon beam divergence measurement devicaw-Aressure He gas volume is
contained by windows (one of which must be transparent)iwihstraight section of the the muon decay
ring. The Cherenkov light is collected by a parallel to paiptics in the direction of interest, so as to provide
an image of the angular distribution of particles in the fgtane.
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This has been studied id]], with the conclusion that for 200 micro-radians divergena preci-
sion of a few % can be achieved. The additional multiple sdatj introduced by the device leads
to a growth of emittance during the muon fill, by a few tens ofmmiradians, which is small and
will be measured. Since the resolution is dominated by aptioperfections, diffraction effects
and heating effects in the gas of the Cherenkov detectoy, dbkeas an additional experimental
smearingoexp added in quadrature to the true beam divergemggm In the scheme of figurs,
the largest effect is optical diffraction, which amounts3s®micro-radians. It is easy to show that

the correction for experimental resoIutionég,gb;*':a—ar;n = AchTif <%X:m ’

This makes the beam divergence progressively harder toureeas it becomes smaller. As-
suming that the experimental error is 30 micro-radians arikchown with a precision of 30% of
its value, the above gives a flux uncertainty ok 80~4, more or less independent of the beam
divergence in the range of 0.05 to 0.2.

In conclusion, the requirement that the beam divergenceobgreater than Q/y ensures
that the corrections and uncertainties to the neutrino $ugenain small (below 1%), even if one
should rely on the accelerator properties themselves.derdo achieve a higher precision a direct
measurement of the beam divergence will be necessary — g@noldably feasible. If relaxing this
condition would allow a larger muon flux, a divergence measwnt device becomes mandatory,
and would ensure that the uncertainty on the neutrino fluanesnwell below 103.

2.1.7 Summary of uncertainties in the neutrino flux

A first look has been given to the sources of systematic usiogis in the neutrino fluxes and their
possible cures.

e The monitoring of the total number of muons circulating ie ting can be inferred from
a Beam Current Transformer with a precision of the order of*1ér better. The decay
electrons vanish quickly and are not a problem.

e The theoretical knowledge of the neutrino fluxes from muoregtés not an issue. Radiative
effects have been calculated: they amount to arourdl@ 3, with an error that is much
smaller [7].

e The muon beam polarisation determines the flux directlyh mtshape and magnitude. It
seems delicate to determine its value with a precision mattetthan a few %. In aring ge-
ometry, however, polarisation precesses and averagestbuiigh precision (a few<104).
This is a strong argument in favour of a ring geometry agairstw-tie geometry.

e The event rate varies like the muon beam energy to the thiwvcepdout the muon beam
energy can be inferred very precisely from the muon spingssion. A polarimeter idea has
been outlined, and the measurement should cause no diffidéam polarisation can be
preserved if an RF system is installed in the decay ring. Tieggy spread can be derived
from the depolarisation pattern, in special runs with no Rfecessary.

e The muon beam angle and angular divergence have an impeffaat on the neutrino flux.
For a given number of muons, the smaller the beam divergémedigher the flux. Thus the
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beam divergence in the straight section of the muon decaystiould be made as small as
possible, but should not constitute a limit on the numbetarfesl muons.

e Measurement devices for the beam divergence will be negedséa they can probably be
designed and built to ensure a flux uncertainty below*10

In addition, the near detector stations should allow measants of cross sections with high
precision. The inverse muon decay reactign-e~ — L1~ + Ve offers the possibility of an absolute
normalisation of the flux.

We conclude that, provided the necessary instrumentasidaréseen, the Neutrino Factory
flux should be known with a precision of the order of $0

2.2 Flux control for Beta beams and Super Beams

The International Scoping Study did not explicitly look abflcontrol and beam instrumentation
for Beta beams and Super Beams. Beta beams are being cedsidénin the Eurisol Beta Beam
Design Project15]. The default Beta Beam considered consists in the decagaflerated ra-
dioactive ions, such d#He and'®Newith y ~ 100— 350 (even though higher energy beams from
the decay ofLi and®B with y ~ 350 have been recently proposed). The details of the stoirage
and decay sections are being considered by the Eurisolgprdjtowever, some of the concepts
developed for monitoring the number of muon decays in a Neuffactory are also applicable to
monitor the number of radioactive ion decays in the Beta Beam

There are similar requirements for flux control at a Beta Béarility as are needed for a
Neutrino Factory. Polarization of the beam is not an issua Beta Beam, but the number of
radioactive ions in the storage decay ring can be determiitdda Beam Current Transformer.
The divergence of the beam would need to be measured as wehefenkov detector as proposed
above for a Neutrino Factory would be able to measure thegivee of a Beta Beam, provided
that it did not affect the stability of the beam. In additianthese beam monitoring devices, a near
detector would also be needed (see secjon

There is extensive experience in the design of conventioeams of neutrinos from pion de-
cay, so understanding the flux control requirements forettoesams will determine the parameters
needed for beam monitoring at a Super Beam. Recent exampladeé the MINOS beam lind.f],
the CERN to Gran Sasso (CNGS) bedli][and the beam line for the T2K experimet].

The NUMI beam at Fermilatlp] that supplies neutrinos for the MINOS experimel@][con-
tains a system for flux monitoring of the neutrino beam. Thaitoing system presently consists
of ionization chambers1f] placed at the end of the decay pipe, to measure muons, wetkca
mesons, and protons that did not react in the target, andee #iicoves dug into the dolomite rock
to measure fluxes of muons that are produced along with thigimest These chambers provide
information to determine the neutrino beam alignment and 8sam monitor, to ensure target
integrity and horn focusing.

The CERN to Gran Sasso (CNGS) neutrino beam, with average energy of 17.4 Ge¥(,
is well matched to thev; appearance experiments at the Laboratori Nazionali deh G@sso
(LNGS), OPERA D1, 92] and Icarus §8]. A misalignment of the horn by 6 mm or the reflector by
30 mm, or if the proton beam is off-target by 1 mm, or if the CNlé&&m is misaligned by 0.5 mrad,
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may cause a drop in neutrino flux of 3%. Monitoring of theseapaaters is achieved by the Tar-
get Beam Instrumentation Downstream (TBID) and the muoizétion chambers installed in the
muon pits downstream of the beam stop. The TBID containgskry emission monitors, consist-
ing of 12 um thick titanium foils, and check the efficiency of the targetversion (by comparison
with an upstream station) and the alignment of the beam. Turenrionization chambers measure
the muon intensity, the muon profile and the centre of the bédrere are 17 fixed monitors in a
cross, and one moveable chamber for relative calibratioteSOPERA and Icarus plan to perform
an appearance search for tau neutrinos, it is not as impadaneasure the,, flux with a similar
precision to a disappearance measurement. Hence, a neatodeit the CNGS was not deemed to
be an essential component of the beamline and was not beglh gihe cost of a near cavern.

The T2K experimentg1] exploits an off-axis beam at angles betweéra@d 3. It monitors
the muon flux on-axis, downstream from the beam dump, anésew a real-time status monitor
sensitive to the proton intensity, proton beam positionavget and the performance of the horn.
The detectors will be a combination of He gas ion chamberssandi-conductor detectors. In
addition, there will be an on-line neutrino flux monitor, retform of an array of iron-scintillator
stacks, to determine the centre and profile of the on-axiginelbeam. From the on-axis muon and
off-axis flux monitors, one can deduce the off-axis flux, whidill be compared with the ND280
(Near Detector at 280 m from the targe2P[ 23]. A similar strategy would probably have to be
adopted for any other off-axis super beam scenario.

3 Near detectors

3.1 Aims

In order to perform measurements of neutrino oscillatiars meutrino facility, it is necessary to
establish the ratio of neutrino interactions in a near detegith respect to the far detector. Hence,
the careful design of a near detector and of the beam insimatien is crucial to measure the
flux, energy and cross-sections of the incident neutri@dktp be able to reduce the long baseline
neutrino oscillation systematic errors.

The present generation of near detectors (e.g. for K2K arid®8) have been concentrating
on disappearance measurements, which require the néar-tletector comparison of the main
vy component of the beam. Life appears to be somewhat easier selaeching for the appearance
measurement, at least at first, when the statistics in theasppce channel are limited. However,
the physics of the golden channel is to measure precisepbearance probability and to compare
it between neutrinos and anti-neutrinos, or neutrinos féidint energies or baselines, to establish
CP violation and/or matter effects. All of a sudden the r&giavorry about is not only near-to-far,
but electron-to-muon neutrino cross-sections. Indee@&nwheasuring the CP asymmetry

P(vy —Ve)—P(Vy —Ve)

= — —, 3.1
a troublesome quantity will appear, the double ratio:
ay,, /0y,
DR= —* [ove , (3.2)
oy, /%,
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where oy, really meansoy, x &—B including correction for efficiency and background.
Although it would seem that many systematic errors woulaehim this ratio, this is only partially
true. The effects that ensure a deviation of this quantaynfunity are quite difficult to master:

e the muon mass effect;
e Fermi motion and binding energy;

e the non-isoscalarity of the target (this is particularlievant for water where anti-neutrinos
and neutrinos interact very differently on the free projpns

o the different neutrino and antineutrilyaistributions; and
¢ the different appearance of the final state lepton in thectimte

These effects are particularly relevant for the low energytrinos, as discussed in appenDib.
Experimental certification will require a dedicated desifthe beam line and near detectors, and
probably measurement of cross-sections for all channelgeduabove, either at the absolute level
or in relation with one of the four channels.

The shape and technology of a near detector depends on theftyacility to be considered
(whether Super Beam, Beta Beam or Neutrino Factory). The negjuirements of near detectors
are that they should measure and control the neutrino flexp&am angle and direction, the neu-
trino energy, all the relevant cross-sections and the backgl to the far detector. Backgrounds
differ depending on the far detector technology and theggnefrthe neutrino beam, so the require-
ments of a near detector for each of the facilities will bdedédnt in each case. In the following
sections, we will look at the requirements for a near detestt@ Beta Beam, a Super beam and a
Neutrino Factory.

3.2 Near detector at a Beta beam and Super Beam

The near detector at a Beta Beam or a Super Beam was not cakideletail by the International
Scoping Study. However, the average energy of the neutrg@mbin these two scenarios will
demand a detector that is capable of observing low energyineunteractions, as discussed in
appendixD. It remains that the measurement of cross-sections in thiedstectors for both muon
neutrinos and electron neutrinos is one of the essentiks afsthe near detector program for Beta
beam and Super Beam experiments, possibly in associatithneach other; this will have to be
studied carefully if these are to be viable options.

For Super Beams, the detector will need to have a magnetit thiebe able to distinguish
neutrinos from anti-neutrinos as in the Near Detector cuilyebeing designed for T2K22]. The
average energy of the neutrinos will be typically from 500Mte a few GeV, so the dominant
interactions will be charged current quasi-elastic andraégurrent elastic interactions, neutral
and charged current single and multi-pion production, amtierent pion production. At these
energies, it is extremely important to have a detector taxgfla the same nuclear mass (A) as the
far detector, or, at least, to understand the dependendeafrbss-section with the nuclear mass.
Other nuclear effects at low energy, such as Pauli blockimigeomi Motion are very important to
be taken into account so, typically, one would aim to meathese in light nuclei. These data will
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be better known from the Minea experiment131], but the near detector at a high intensity Super
Beam or Beta Beam should be able to carry out these measurewiéimimproved accuracy.

For Beta Beams, there is only one species of neutrino, so aetiadield is not essential in
the near detector. All other considerations of cross-sectieasurements at low energy remain the
same as in the Super Beam case.

3.3 Near detector at a neutrino factory

For a neutrino factory, we have discussed the beam instrati@m that will measure the beam
angle, the divergence and the polarization of the muonsdrstbrage ring. In addition, a near
detector will need to be able to measure the neutrino fluxnéhérino beam angle and its diver-
gence, the neutrino energy, the neutrino cross-sectiotisaaneasurement of the background to
the oscillation signal at the far detector, which includdsggh statistics measurement of the charm
background from neutrino interactions.

There is also a rich physics programme that can be carriectoatnear detector2p, 26].
Deep inelastic, quasi-elastic and resonance scatterawgioas can be studied with unprecedented
accuracy. Other measurements include the determinatitiieafieak mixing angle sfréy from
the ratio of neutral to charged current interactions, mesgmants of the parton distribution func-
tions (both polarized and unpolarized) in a region of phgsees that is complementary to those
determined by HERA, a measurement of the strong couplingtaah and other effects such as
nuclear reinteractions and nuclear shadowing. The langgleaof charm events reconstructed for
the neutrino oscillation background studies can be usedemsare the charm background to the
oscillation signal but can also be used to measure the CKNixrelementV,q, and to search for
CP violation inDg — Dg mixing. More accurate measurements\opolarization might shed more
light on the spin content of nucleons.

This varied physics programme requires a near detectoref@ctbrs) with high granularity
in the inner region that subtends to the far detector. Thigeatdrget mass of the detector does
not need to be very large. With a mass of 50 kg, one would ol@ircharged current neutrino
interactions per year in a detector at a distance of 30 m fh@ntuon storage ring, with the straight
decay sections being 100 m long.

There are a number of technological choices for a near detata neutrino factory, to achieve
the general aims stated above. Due to the nature of neutdam$, one may choose to build a
multi-purpose detector that will carry out the physics pemgme, or instead have a number of
different more specialised detectors for individual tepitiowever, some of the features needed
in a near detector include high granularity, to compare th#ended angle between near and far,
a magnetic field for charge separation, and muon and eletagriification for flavour determi-
nation. More specific needs also include excellent spagsblution to be able to carry out mea-
surements of charm events, the possibility of includindedént targets for nuclear cross-section
determination and maybe the possibility to polarize thgdtfor measurements of polarized parton
distribution functions.

3.3.1 Flux normalization and control

Neutrino fluxes from muon decay are given by e@sl)(and @.2). These fluxes are readily cal-
culable, with small theoretical uncertainties (an accyraichetter than 10%), as was shown in
section2.
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Figure 9. Flux of v, (left panel) andse (right panel) at a detector 2500 km from a neutrino factorihai
20 m radius, subtending an angle ofiBad., from the decay of 50 GeN'".

A neutrino factory offers the possibility of having an unpedented number of neutrino inter-
actions in a near detector. The position of the near detattibre end of the straight decay section
of the muon storage ring is a crucial parameter to deternfieedte and spectrum of the neutrino
interactions. The systematic errors in the ratio of fluxesvben the near and far detector are re-
duced when the spectrum in the near detector is similar tspeetrum at the far detector. For
example, a far detector at 2500 km, with a radius of 20 m sulstam angle of less thanj@&ad.
The flux of v, (left panel) and/e (right panel) from the decay of 50 Gay* for this configuration,
with average energies of 35.0 GeV and 30.0 GeV is shown indigur

At the near detector, one needs to be able to subtend a dinshaall angle, and this can be
achieved by varying the distance to the source or by impgpthe spatial resolution of the detector.
For example, as shown in figui®, at a distance of 130 m from the decay point of the 50 GeVY
one obtains distributions that are quite different to thedetector (average energies f@y; and
Ve Of 21.6 GeV and 18.5 GeV), while at a distance of 1 km from theagiepoint of theu™, the
distributions now look quite similar to those of the far dxte (average energies for, and ve
of 34.1 GeV and 29.2 GeV). The difference in the spectra batweear and far detector can be a
source of systematic error in predicting the far detector filom the migration of the near detector
flux. If the near and far detector fluxes are similar, then {fstesnatic error in the extrapolation
from near to far can be reduced.

Another source of difference between the far and near daeteid that the far detector effec-
tively sees a point neutrino source, while the near detesgtes a line source, from the decay of
the muons along the decay straight in the muon storage riogeXample, let us assume we have
a straight section of length 500 m, and we place the neartdetaca distance of 500 m from the
end of the straight section. We assume that the muons dedf@ymily along the decay section,
that the angular distribution is Gaussian witb@= 0.5 x 103, and that the energy of the muons
is 40 GeV withog = 80 MeV. If negative muong~ decay, we obtain the flux distributions shown
in figure 11, for 10° muon decays simulated. We will assume&4muon decays in one year of
operation of the neutrino factory.
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Figure 10. Flux of v, (left panel) andve (right panel) at a near detector with a 0.5 m radius, 130 m from
the decay of au™ (top). Flux ofv, (left panel) andve (right panel) at a near detector with a 0.5 m radius,
1 km from the decay of a* (bottom).

One of the main issues to minimise systematic errors in taeared far detector is to determine
the flux and cross-sections separately, since normally bters the produc®(E,) x a(Ey). In
order to separate the latter, one can use the inverse muag ceaction:v, + € — Ve+ [, With
total cross-section:

G2 (s—mj)°

o(vue)=— T“, (3.3)

and muon production through annihilatione + e~ — v, + u~, with the following cross-section
in the Standard ModeP[7]:

2 - 2
ot 2 (B8 )

wheres = 2mcE,,.
The production threshold for these reactiong,js> % =10.9 GeV. The signature is a single

outgoing muon without any visible recoil energy at the iattion point, and with a transverse
momentum kinematically constrained to pe < 2meE,. These measurements were performed,
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Figure 11. Number of neutrinos per chper 1@ muon decays, at 500 m from the end of a decay straight
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for example, by the CHARM-II experimen28], in which they extracted the inverse muon decay
cross-section by observing the Igwy excess above the 10.9 GeV threshold, with an efficiency of
86.9%. A similar efficiency and much more accurate backgrouticheson should be achievable
at a neutrino factory.

Alternatively, one can also use the elastic scatteringasteons: v, +e- — v, +¢€ and
Ve+€ — Ve+ € that also have calculable rates:

do(vue’) 2GEmE, 1 . 2 4 >
B~ [(‘E +sm26\N> +sirf* By (1-y) ] (3.5)
and 5
— 2
da((;’;e ) _ 2GEmeEy (%Jrsinzﬁ\/v) +sin46\N(1—y)2]- (3.6)

The signature for these neutrino-electron events is a Igyled@iorward going lepton with no nu-
clear recoil. A similar signature was used by the CHARMA9] detector to measure Sifly
from neutrino-electron elastic scattering. An excess efev of neutrino-electron scattering can
be observed for low values of tHe8? variable (between 5 and 72 MeV) over the predominant
background from neutral currenf production and/e quasi-elastic scattering. A full analysis has
not been carried out yet but an accurate fit to the backgroande carried out at a neutrino fac-
tory, in a similar manner to the CHARM:-II experiment, whele humber of observeg,e” events
was 2677, with a background of 3886.

The reconstructed spectra of, +e~ — Ve+u~ andVe+€ — V, + U~ can be seen in
figure 12in a detector of radius 1 m, thickness 30 cm filled with sdimtilr (o = 1.032 g cn?),
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Figure 12. Energy spectrum o, (green) and/e (blue) passing through a cylinder with radius 1 m and
thickness 30 cm, and at 500 m distance from the end of thehtrag¢ction for polarizatioR = 41 (top left)
andP = —1 (top right). Red line indicates the energy threshold. isgenuon decay, +€~ — Ve+ U~
(green) ande+e~ — v+ U~ (blue) events in a detector of radius 1 m, thickness 30 cm andity 1.032

g cn? at a distance of 500 m from the end of the straight sectionefigtay ring for polarizatioR = +1
(bottom left) and® = —1 (bottom right).

for a total mass of 1 tonne. The neutrinos originate from #eag of 40 GeV muons in the 500 m
straight section of the decay ring at a neutrino factory &eddetector is 500 m from the end of the
straight section.

Tablel shows the event rate expected from the inverse muon decaztjorea It is clear that the
event rate is strongly dependent on the polarization andearsed as an independent verification
of the polarization of the decay muons. Since the two reast{g,e andvee™) are practically
indistinguishable, the statistical error in the flux willloe from the sum of the two, an accuracy of
better than 10° in the flux using these reactions can only be achieved for anrenergy of more
than 40 GeV within one year of data taking. However, the efficy and the background for these
reactions have not been determined yet, so the statisiigafisance will be diminished.

3.3.2 Cross-sections and parton distribution functions

The near detector will carry out a programme of cross-seati@asurements, necessary for the
far detector B0]. Due to the experimental control of the flux, it will be pddsi to extract the
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Table 1. Total number of muons per year from inverse muon decay iceecproduced in a cylindrical
detector with radius 1 m, thickness 30 cm and density 1.08@rg(scintillator, total mass 1 ton), 500
m distant from the end of the straight section of muon storagg (1?1 muon decays per year). The
last column shows the total number of muons per year prodircdte same cylinder from inclusive CC
reactions.

Eu (GeV) | Polarization| v e~ — Vell™ | Vg€ — VU~ VuN
40 +1 6.87x 1C° 5.81x 10° 1.92x 10°
40 -1 1.67x 1P 6.97x 10" | 2.81x 10°
30 +1 2.02x 1P 1.97x 10° 1.32x 10°
30 -1 5.89x 10° 1.60x 10* | 1.91x 10°
20 +1 1.83x 10* 1.14x 10* | 8.07x 10°
20 -1 7.83x 10* 7.76x 107 1.14x 10°

cross-section of the different interactions to be studgoth as deep inelastic, quasi-elastic and
elastic interactionsd™ andA™ " resonance and single and multi-pion production (see ajyp&)d
The aim will be to cover all the available energy range, widiitigpular emphasis at low energies
(where quasi-elastic events dominate), since this mighieleeled to observe the second oscillation
maximum at a far detector. At these lower energies, nuckiataractions and shadowing as well
as the role of Fermi motion play a role, and these effects tebe determined. Very low energy
interaction measurements might be achievable using allapgion TPC, or other very light tracking
detector. We should envisage also the possibility of usiffgrdnt nuclear targets, as well as the
direct access to nucleon scattering from hydrogen and denteargets.

3.3.3 Charm measurements

The wrong-sign muon signature of the neutrino oscillatigelien channel” can be identified,
for example, in a magnetised iron calorimeter, by distisgung between muons, hadrons and
electrons, and measuring the charge of the lepton. The naakgbounds for this signal are due to
wrong charge identification and to the production of wrorggngnuons from the decay of a charm
particle (for example, from ®7), produced either in neutral current interactions or inrgad
current interactions where the primary muon has not beeriiftbel. The charm background is the
most dangerous at high energies, but a combined cut in theemtoim of the muonR;,) and its
isolation with respect to the hadronic jet using the vag#pl= P, sir? Bun, Whereb, is the angle
between the muon and the hadronic shower (see settlol) can reduce the background to the 8
106 level for an efficiency of 45%48]. However, this background reduction relies on an accurate
knowledge of th&); distribution of charm patrticles that should be measurednaiza detector.

A near detector should be able to operate at a high rate amdveay good spatial resolution,
to be able to distinguish primary and secondary verticedeaéo identify charm events. It should
also have a small radiation length so that it may distingeigtttrons from muons in a magnetic
field. This can be achieved by a vertex detector of [o\either a solid state detector, such as
silicon, or a fibre tracker) followed by tracking in a magnodteld and calorimetry, with electron
and muon identification capabilitie8]]. A possible near detector geometry could be fit into the
NOMAD dipole magnet32], currently being used for the T2K 280 m detect®?][(figure 13).
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Figure 13. Possible geometry for a near detector at a neutrino factory

A prototype silicon detector, consisting of four passivgela of boron carbide (45 kg) and
five layers of silicon microstrip detectors (NOMAD-STAR) svemplemented within the NOMAD
neutrino oscillation experimen8g, 34]. Impact parameter and vertex resolutions were measured to
be 33um and 19um respectively for this detector. A sample of 45 charm caatéisl (background
of 22 events) was identifieB5]. The total charm meson production rate found wes472.4%
of the v, charged current rate, at an average energy of 33 GeV, whitipaes well with other
experiments assuming the semi-leptonic branching ratichafm particles 36] (see figurel4).
An efficiency of 3.5% forD® andD™, and an efficiency of 12.5% fdd{ were achieved. Even
with these low efficiencies, one could obtain more than1®® charm events per year. However,
using a fully active silicon pixel detector with more layean provide further improvements. For
example, 18 layers of 5@0n thick silicon of dimensions 5@ 50 cn¥ (total silicon area of 4.5 R)
corresponds to 52 kg of silicon. Efficiencies for recondingccharm events should vastly improve
with this geometry. Monolithic Active Pixel (MAPS3RJ, 38] or DEPFET B9] detectors would be
good candidates for this type of silicon technology.

Another possibility for a near detector dedicated to thelystf charm is an emulsion cloud
chamber followed by a tracking detector such as a scintitidtbre tracker (similar to OPER/A[]
or CHORUS f0]). Emulsion technology has already demonstrated thatatdsperb medium for
the study of charm41-46] due to its unrivalled spatial resolution. The main issuayéver, is
whether it can cope with the high rate that will be observeal @utrino factory.

In addition to the important measurement of the oscillabankground, this sample of charm
events can be used to determine the strange quark contené giet, the CKM paramet®tq
to unprecedented accuracy and search for CP violatidgiDg mixing. The sign of the lepton
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Figure 14. Opposite sign dimuon rate of NOMAD-STAR and other experitae Overlayed is a charm
mass fit of 1.3 GeVK[36].

produced at the primary vertex can be used to tag the inliedm particle, with the decay products
determining whether there was any change in the flavour aftlhem mesonZ6).

3.3.4 Outlook

The near detector at a neutrino factory is an essentialdimgmnein the overall neutrino factory com-
plex, necessary to reduce the systematic errors for theimewtscillation signal. There are many
choices for a detector technology that could be implementaquid argon TPCs in a magnetic
field would be able to carry out most of the near detector @nogne. Also, more conventional
scintillator technology (similar to Minerva B1]), a scintillating fibre tracker or a gas TPC (like in
the T2K near detecto2P]) would also be able to perform cross-section and flux comeasure-
ments. However, it seems likely that only silicon or emuisiletectors can achieve the necessary
spatial resolution to perform the charm measurements deed#etermine the background for the
oscillation search. It is desirable that the target nudeittie near and far detectors be the same,
although this may not be easy to achieve. At low energiesrevigasi-elastic, diffractive and co-
herent scattering dominate it is clearly an advantage te ey same nuclei, but at high energies,
where deep inelastic scattering dominates, it is more itapbto have an accurate measurement of
the cross-sections, so spatial resolution should be a mgertant factor. All of these options and
more detailed studies shall be explored further within tveext of the International Design Study.

4  Far detectors

4.1 Tracking calorimeters

In a Neutrino Factory thee — v, oscillation channel, the so-called golden channel, pesid
the cleanest experimental signature since it only requhiesdetection of “wrong-sing muons”
(ws-muon) — muons with the opposite charge to those cintigain the storage ring — in a
detector with charge measurement capabilities. Muon gnaction is well understood and can be
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performed with high efficiency keeping a negligible backgrd level. Assuming stored positive
muons, the main backgrounds for the ws-muon search4aré§:

e right-charge muons whose charge has been misidentifieg, @C events.
e ws-muons from hadron decays and ws-hadrons misidentifigdiass inv, or ve NC events,

e ws-muons from hadron decays and ws-hadrons misidentifi@duasis inv,, or ve charge
CC when the main lepton is not identified.

A detector aiming to study the golden channel should be &bigentify muons and measure
their momenta and charge with high efficiency and purity. Maiged iron calorimeters have
been considered in the padf7/[-[51]. The ws-muon detection efficiency can be kept above 50%
for a background level of the order of 10 This kind of detector is extremely powerful for the
measurement of very smdl|s, reaching values ofir(26y3) below 10, However, they may have
trouble in studying CP violation because the high densitthefdetector prevents the detection of
low energy neutrinos (below few GeV), which could provideywegaluable information for the
simultaneous measurementdgf and6;3.

An alternative to iron calorimeters, which follows the N® experiment $9] guidelines, has
been recently considered. A magnetised version of TotatliivA Scintillator Detectors (TASD),
could be very efficient for the ws-muon search, even for meatenergies below 1 GeV. The
non-magnetised TASD detector (as W& would be a good candidate for lower energy beams in
the few GeV range, as WBB or Beta-Beams. The physics perfazenaf such a detector in those
scenarios has been discussed elsewHgrelf this section the magnetised fully active and iron
calorimeters are described.

4.1.1 Magnetised iron calorimeters

The wrong-sign muon search at a neutrino factory requiresrg massive detector with good
muon and muon charge identification capabilities. Magnretic calorimeters can fulfil these re-
quirements using well known technologies. Indeed, theycareeptually similar to the existing
MINOS detector $2], but with a mass one order of magnitude larger. Several temmgntary
studies have being conducted so far: the Magnetic Iron Neubetector (MIND) B7—49] (called
LMD in the past) and Monolith49, 50]. Recently, a new option, the Indian Neutrino Observatory
(INO) [51], similar to Monolith, has been proposed to study the golcleamnel at 7000 km.

In this section the results of the MIND study are presentetie Gonceptual design of the
MIND detector consists of a sandwich of 4 cm thick iron plegesl 1 cm thick detection layers,
with transverse dimensions %44 m3. The detector has a length of 40 m and a total mass of
60 kton. The fiducial mass is of the order of 50 kton.

The nature of the detection layers is not yet specified. Aiplesshoice could be either solid
(as MINOS) or liquid (as N®A) scintillator bars. The radiation length of plastic sdlator is as-
sumed for the moment. A transverse resolutigmf 1 cm in both coordinates is considered. The
measurement of the charge of the muon forces the detecter naalgnetised. A realistic detector
would use atoroidal field produced by a superconductingtaikrsing the detector longitudinally
(as MINOS). This implies however unnecessary complicatfomm the point of view of the recon-
struction program, at this stage of the analysis. In thizeptual design an average dipole field of
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Figure 15. On the left panel, distribution of the trud.. On the right panel neutrino energy resolution as
a function of the true neutrino energy (solid line). The dakline corresponds to contribution of the muon
momentum measurement, while the dotted line is the hadesrgogy resolution.

1 Tesla (1.3 Tesla in the iron plates) in the Y direction isdugerom the performance point of view
both are similar except by the small radial decrease of tteédal field (see figur@3), which can
be ignored for the moment.

To study the performance of the MIND detector a Monte Carlousation based on the
GEANT 3 packaged5] has been performed. Deep inelastic (DIS) neutrino interas have been
generated using the LEPTO packagé]] From the point of view of computing time a full sim-
ulation is not practical because background rejection & tstudied to the level of 16, which
requires more than $Gevents for each kind of background. Thus the MIND study isstasn a
fast simulation in which the electronic response of theaetes not simulated and a smearing of
the relevant physics quantities is used instead. The pdilygi@ntities used in the analysis are the
muon momentumH,;), the muon angled;), the hadronic energyef) and the hadronic anglé).

In previous analysesAf—49] all of them were smeared as in the MINOS propo$#] [ In this
analysis a better hadronic angular resolution, as repbstédonolith [54], is used.

Muon identification.  Neutrino interactions in such a detector have a clear sigeat,, CC or
vV, CC events are characterized by a muon, easily seen as agigmetrack of typically sev-
eral metres length, and a shower resulting from the intienatof the final-state hadrons, which
extinguishes at short distances. Thus, the identificatiomuons can be easily done by range.
Figure15-left shows the distribution aiL = L, — L, wherel , andL are respectively the lengths
travelled respectively by the longest muon and hadrom,inCC events. The muon identification
criterion is set as follows: a particle will be identified asnaon if it goes a given lengthL —

to be optimised — beyond any other particle in the event. dédtinat this is a very conservative
approach since it assumes that the muon and the hadronieshawe the same direction.

Energy resolution. An estimator of the neutrino energg,,, is the total visible energy in the
event,Eis, which is the sum of the muon and hadron shower energies. @edéin be estimated
either by range or by curvature for fully contained muons anly by curvature when the muon
escapes the detector. A momentum resolutior3dP, +0.022Pﬁ)%, as an approximation to
the one quoted in the MINOS proposal, is used for the rangesunement, while the resolution
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Figure 16. Charge misidentification background as a function of manmarfor different configurations
of MIND, assuming a constant average field of 1 Teglas the transverse resolution,is the hit finding
inefficiency andl the distance betweeen measurement planes.

obtained by curvature is computed using the Gluckstern ditanf67]. On the other hand, the
hadron shower energy is computed by calorimetry, using éselution quoted in the MINOS
proposal:dEy/Ep = 0.03+ 0.76/+/Ep. Figurel5shows the averadg, resolution as a function of
Ey, for v, CC events. The contributions of the hadronic shower and tiennare indicated. The
former clearly dominates the, resolution.

Charge identification. As mentioned above, charge misidentification of primary nsum v,

CC interactions constitutes an important background towkenuon signal. Figurd6 (from
ref. [49]) shows the charge misidentification rate for differentfagurations of the MIND detector
assuming a constant average magnetic field of 1 Tesla (indepdly of the iron distribution). The
muon hits have been fitted to a cubic model taking into accowitiple scattering and energy loss.
High angle scatters have been removed by a Igéatriteria. The charge misidentification rate
is of the order of 10° for 5 GeV/c muons and close to 10 for 2 GeV/c muons. The distance
between measurement planes seems to be the crucial paramieéeoptimised. This analysis has
however two main limitations: i) the average magnetic fislthdependent of the distance between
measurement planes, which is unrealistic below some disten5cm) since the magnetic field is
only present in the iron; ii) all interactions were genedaite the center of the detector such that
there were no border effects.

In principle all high angle scatters can be removed by rémgiithe local and globak? of the
track fit to be within certain limits. In this case the chargsidentification rate can be computed
using simple equations that assume Gaussian multipleescattand no border effects. Figut@
shows the charge misidentification rate for muons of 1, 1 216GeV/c and different detector
configurations. For the default magnetic field (1.25 Tesleoin, corresponding to 1 Tesla average),
any iron plate thickness between 1 and 5 cm seems to worlg b@Emparameter more important at
lower momenta. The crucial parameter is the magnetic fietdl@eV/c the default performance
is 0.3%. An order of magnitud less is obtained when the field in ioimcreased from 1.25 to
1.7 Tesla and another order of magnitude for 2 Tesla.
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Signal and background efficiencies for very smalB;3. As it was shown in ref.48], muons
from the decay of hadrons (mainly charmed particle),inCC interactions constitute the leading
background at high neutrino energies. Fortunately, “reafing-sign muons ( from oscillatad 's)
will be in general more energetic and more isolated from #wdrdnic jet. Thus, this background
can be controlled to a reasonable level by a a combined cheimbmentum of the muoi() and
its isolation with respect to the hadronic jet, which is esgemted by the variabl@ = P, sir?6,,
wheref, is the angle between the muon and the hadronic shower. Fl@skows the fractional
bakgrounds irv;, CC events as a function of the cuts in b&thandQ;. The optimal cuts depend
on the baseline since signal and backgroud evolve diffgrarith the distance (see ref48]). For

a baseline of 3500 km the optimal cuts &g> 5 GeV/c andQ; >0.7 GeV/c (from ref. [49], P, >
7.5 GeV/c andQ; >1 GeV/c were used in48]), which give a total background rate of8106
for an efficiency of 45%.

Improving the signal efficiency at low neutrino energy . The analysis presented in refdg[
49] and described above was optimised for the measurementrgfsveall 6,3. Values of the
mixing angle below ®° (corresponding tsin?(26,3) < 5-10~°) were accessible. Being the signal
essentially proportional teir?(26;3), a very small background level was required, motivating the
strong cut on the muon momentum. However, this cut led taisdlg no efficiency below 10 GeV
neutrino energy. This is not a problem for the measuremeizpsince this parameter enters in the
oscillation probability as a normalization factor, whicancbe obtained at much higher energies,
where the neutrino flux and cross section are larger. Howthedetection of low energy neutrinos
is crucial for the simultaneous measuremenBgf and &cp. Indeed, the measurement &fp is
based on the experimental capabilities to distinguish Hudlation pattern of neutrinos from that
of anti-neutrinos 48]. This CP asymmetry is maximum for neutrino energies in #ggan of the
oscillation peak{ 7 GeV at 3500 km) and below. Refer to the Physics Ref@ifof more details.
Taking advantage of the correlation between the momentuttmeafnuon and the total visible
energy, the cuts can be optimised for b6t anddcp. Figurel9 shows theP, (top panels) an@;
(bottom panels) distributions as a functionkjs for signal (left panels) ang, CC background
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Figure 18. Fractional backgrounds from hadron decays as a functitimeatuts inP, andQ; for v, CC and
(Vi +Ve ) NC interactions (for stored™’s). The charge misidentification rate is also shown on tfidde a
conservative configuration: d=15 cwr2% ande=0.5 cm.

Table 2. The list of the relevant cuts used in the analysis. Kinecahttuts are only applied fdg,is >
7 GeV/c.

Fiducial Quality Muon id Kinematical
z< 1700 cm 8 < Bec<90® AL > 75,150,200cm Q; >0.2 GeV/c
X, |y| <600 cm P, > (0.2/c) - Evis

(right panels) events. This figure also shows the variabts: &, > (0.2/c) - Eyis and Q; > 0.2
GeV/c for E,is > 7 GeV and no cuts below this energy. The resulting efficieocytfe signal and
the hadronic backgrounds is shown in fig@

Experience from MINOS and Monolith. The hadronic energy resolution obtained experimen-
taly by MINOS [53], dEn/Ep = 0.55/+/Ep, WhereEy is in GeV, is significantly better than the one
qguoted in the proposal and mentioned above. This shouldowepthe currenk, resolution, as
shown in figure2 1.

The MINOS experiment has also demonstrated thatv, CC identification (based mainly
on muon identification) can be performed with high efficieaoyl purity down to 1 GeV neutrino
energy pbg|, as shown in figur@2. The MINOS analysis uses a full simulation, with QE and RES
interactions, and a full reconstruction, in which the dffetthe pattern recognition is included.
The event classification parameter shown in figdgight panel) combines information from track
length and pulse height in each measurement plane. Foimmuabove 1 GeV the signal efficiency
is better than 70% while the purity approaches 98% above 2 G&¥ main problem at such low
neutrino energies would be the identification of the muongha
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Figure 19. P, (top panels) an@); (bottom panels) distributions as a functionfs for signal (left panels)
andv,, CC background (right panels) events. The kinematical agtsiso shown.

Figure23 shows the magnetic field strength in the MINOS detector aacitrapolation to a
bigger toroid of 10 m radius. A 7 m radius toroid, as the ong@psed here, seems feasible.

The hadronic angular resolutiod,) used in the current analysis was obtained by the Mono-
lith group in a test beambl]. For a spacing between measurement planes of 7 cm they found
06, = 10.4°/\/En + 10.1° /Ep, which is significantly better than the resolution quotedhie MI-

NOS proposal for a spacing of 4.4 céé, = 16.67°//En+ 12.15° /Ey. This affects the&) reso-
lution, which was important for the analyses presented iis RE—49], since theQ; cut was in the
tail of the distribution, but it is not an issue when the cutdkxed, as it is the case in the current
analysis.

Discussion. Although a detailed study with a full simulation is still rsiag, the muon charge
misidentification seems to be the leading background at lewirino energies (below 10 GeV).
The charge misidentification rate depends primarily on tlagmtude of the magnetic field (the
curvature resolution is inversely proportional to the netgnfield), which must be as high as pos-
sible. A minimum average magnetic field of 1 Tesla should besiciered. The MINOS experience
suggests that fields of the order of 1.5 Tesla could be aathiefe discussed previously, a small
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Figure 20. Signal and hadronic background efficiencies as a functidheoreconstructed neutrino energy
for different cuts on the muon length: 75 cm (black boxes)) €& (empty circles) and 200 cm (stars).
top-left: v, CC; this plot also shows the signal efficiency obtained irviongs analyses?, >5 GeV/cand

Q >0.7 GeV/cfrom ref. [49] (solid line) andP, >7.5 GeVc and); >1 GeV/cfrom ref. [48] (dashed line).
Top-right panel:v, CC with charm decays. Bottom-left panel;, CC other than charm decays (mainly
pion and kaon decay). Bottom-right pane|; NC. 5x 10° events have been used both¥gr CC and NC
interactions. The bin size has been chosen taking into attbeE, resolution (& 20E,).

change in the field of 20% reduces the charge misidentificdiaackground by one order of mag-
nitude. Thus, the magnetic field issue should be studied camsfully.

One of the main issues in the MIND analysis is how well the aigfficiency can be deter-
mined at low neutrino energies. Given the high derivativeéhef efficiency curve below 10 GeV
(see figure20), the accuracy on the efficiency measurement would be higffiéeted by the reso-
lution on the neutrino energy. As discussed above, theuggnlassumed in this analysis is worst
than the one obtained by MINOS (see figut&sand?21).

The current simulation does not consider quasi-elastic) (@Eractions and resonance pro-
duction (RES), which should dominate below 2 GeV neutrinergn QE interactions would have
a possitive impact on the, resolution since the neutrino energy can be directly coetptrom the
muon momentum and angle. For these eventstheesolution would approach tH#, resolution
by range, which is of the order of 4% at these energies. Thageaesolution can be computed us-
ing the DIS and QE cross sections and the corresporigejmgsolutions. This is shown in figugd.
Another possibility is to use only QE events, below a ceréaiargy.

In the current analysis the impact of a realistic pattermgadion has been ommited. The cut
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Figure 22. On the left panel, CC selection efficiency and purity as a function of the retmesed neutrino
energy E.is) obtained for MC data. On the right panel comparison of theneelassification parameter
(likelihood function) for real data and MC.

in the muon length ensures that a sufficient number of muandné isolated from the hadronic
shower. This is a reasonable approximation at high neugimergies, since the primary muon
generally escapes the hadronic shower (true for muons ab@v&eV/c). Low energy muons,
which are lost in the current analysis, could be recoverdt am improved pattern recognition.
The clean topologies of QE and RES events would help in thieas Pattern recognition should
not be an issue for these kind of events, although the wroarmgehassignments would be frequent
for muons below 1.5 GeVey 2- 1072 for 1.5 GeV/c muons).

A satisfactory charge measurement is obtained for iroreghlitkness in the range 2-5 cm.
Thus, the longitudinal segmentation is mainly driven by tiaglronic energy resolution and the
pattern recognition efficiency. The former should improivéhe number of samples increases,
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Figure 23. On the left panel, magnetic field as a function of the trarsveoordinates in the MINOS far
detector. On the right, extrapolation of the MINOS field toigger torus.

although the current MINOS resolution seems to be suffici€m the other hand, an improved
pattern recognition efficiency at low momentum could be vergortant since the cut in the muon
length could be relaxed.

Tranverse resolution might be important for the charge mreasent at low momentum, for
the Q; resolution and for pattern recognition. Anything betteartii cm would be sufficient for the
charge and th€; measurements. Again, pattern recognition seems to be tineissae.

The v, +v, CC identification efficiency obtained by MINOS suggests tihat signal effi-
ciency in MIND could be much flatter in the energy range frono 1® GeV. This is the result of
using a powerful pattern recognition and event classificagilgorithms.

An optimised MIND detector could reach the required perfange down to neutrino energies
of 1-2 GeV. A sufficient overburden to make any cosmic ray gemlnd negligible is necessary.
However, a few questions remain open:

e How well can the efficiency be measured at low neutrino ersRyi

What would be the effect of pattern recognition? This isiplyt answered by MINOS,
although this effect should be included in the MIND recomstion.

What is the QE selection efficiency and purity?

What is the effect of non Gaussian effects in the charge meamnt? This is one of the
main issues and should be answered with a prototype.

What is the maximum magnetic field that can be afforded?

4.1.2 Totally Active Scintillating Detectors

The possibility of using totally active calorimeters in autino Factory was first considered at
NuFact05 6Q]. A first study of the performance of this design was prestatdhe ISS meeting in
August 2006 61].

The detector would consist of long scintillator bars witliartgular cross-section arranged in
planes which make x and y measurements in a 0.5 Tesla madje&dicThe scintillator bars con-
sidered have a length of 15 m and the triangular end has a basgoand a height of 1.5 cm. This
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Figure 24. GEANT4 view of the simulated TASD detector.

design is an extrapolation of the MINER experiment 62] to produce a detector with dimensions
15x 15x 100 m and a mass of approximately 22.5 kton.

This detector was simulated with GEANT4 version 8.1 (seeréid4) and the digitisation
took into account the dE/dx in the scintillator slabs andyhtliyield extrapolated from MINERA
tests. The magnetic field was simulated as a uniform 0.5 Tedthperpendicular to the beam
axis. The performance of the detector was studied by siingléhe passage of single muons and
positrons with a momentum ranging from 100 M@&\o 15 GeV/c. Future studies of this design
will include a more realistic field map based on recent degigrk to achieve the large magnetic
volume and the simulation of neutrino interactions.

The simulated hits were digitised with an assumed energyutisn of 2 photo electrons and
the reconstruction of clusters imposed a threshold of Odigklectrons before building space
points and performing a track fit using the Kalman Fittingkzeye RecPacl6].

In order to study the momentum resolution and the rate attwtiie charge of a muon is
mis-identified, 2.3 million muons were simulated of whick8 Inillion, divided equally in two
flat momentum ranges (0.1- 1 Gg&and 1- 10 GeYc), were analysed. The position resolution
was found to be approximately 4.5 mm RMS with a central Ganssgiith width of 2.5 mm. The
momentum resolution as a function of the muon momentum iwstio figure 25(top-left). The
tracker achieves a resolution of better than 10% over thept@immmomentum range studied.

A first attempt to establish the particle ID performance @ tletector is summarised in fig-
ure 25(top-right). This figure shows the reconstruciegfl/dx versus the reconstructed momen-
tum for muons (blue/clear) and positrons (red/dark). It banseen that above approximately
600 MeV/c it should be possible to separate muons and positrons onasis bf the recon-
structed energy.

Due to the low density of the Totally Active Scintillating etor (TASD), it is possible to
reconstruct muons down to a few hundred MeVFigure25(bottom-left) shows the efficiency for
reconstructing positive muons as a function of the initimnmentum of the muon. The detector
becomes fully efficient above 400 M¢V.

The charge of the muon was determined by performing two agpatalman track fits, one
with a positive charge and the other with a negative charge.charge mis-identification rate was
determined by counting the rate at which the track fit withitfuerrect charge resulted in a better
X2 per degree of freedom than that with the correct charge. r€igb(bottom-right) shows the
charge mis-identification rate as a function of the initialon momentum.
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Figure 25. Performance of the Magnetised TASD detector. Top-Lefghamuon momentum resolution as
a function of the muon momentum. Top-Right panel: recorstdd E/dx as a function of momentum for
muons (blue/clear) and positrons (red/dark). Bottom-paftel: muon identification efficiency as a function
of the muon momentum. Bottom-Right panel: muon charge destification rate as a function of the muon
momentum.

This first investigation of the TASD concept has shown it tavoethy of a more detailed study.
In particular, it has led to interest in the concept of a loerergy Neutrino Factong] (due to the
lower threshold than the baseline magnetised iron dejelstdmmore work is required in order to
bring the understanding of this device to a comparable kevide baseline.

4.2 Large Water Cerenkov detectors

Since the pioneering age of the Kamiokande and IMB detecanic after the success of the Super-
Kamiokande detector (an extension by a factor 20 with resjoegarevious detectors), the physics
community involved in this area is continuously growinghie three geographical regions, namely
Japan, USA and Europe.

To strengthen the know-how and R&D exchanges, a series efational Workshops have
been set up since 1999, the so-called NNN Workshop standiriiNéxt Nucleon Decay and Neu-
trino Detectors”. The last meetings were organized at Agsdtrance) in 2005, Seattle (USA
2006) and Hamamatsu (Japan 2007). As it is clearly stateldeiriile of this Workshop, detec-
tion techniques other than Water Cerenkov are also comsidas for instance Liquid Scintillator,
Liquid Argon as well as Iron detectors.
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Figure 26. Sketch of the Hyper-K detector (Japan).

Also, if the pioneering Water Cerenkov detectors were boiltook for Nucleon Decay, a
prediction of Grand Unified Theories, Neutrino physics hasrbthe bread and butter since the
beginning. Just to remind the glorious past: first deteatiba Super Novae neutrino burst, Solar
and Atmospheric anomaly discoveries that were explainethass and mixing of neutrinos, the
latter being confirmed by the first long base line neutrinanfeand by reactor experiments.

Nucleon decay and neutrino physics are closely linked #ieally (ie. most if not all of
the GUT theories predict nucleons to decay and neutrinosat@ Imon zero masses and mix-
ings). Hence, these are areas of equally strong interesbtivate the R&D program extension
of the next generation Water Cerenkov mass to the megatde @zout a factor 20 more than
SuperKamiokande). One should keep in mind that, in additidhe physics addressed by the ISS,
the physics potential of such a detector includes: nuclemay] supernovae neutrinos from bursts,
relic neutrinos, solar and atmospheric neutrinos, longlbas low energy neutrinos (beta beam,
super beam and combined with atmospheric neutrinos) ard agitrophysical topics.

The physics performancé]| scalability and robustness of Water Cerenkov detecta svall
established and the R&D efforts are concentrated now in twgineering aspects: the excavation
of large cavities and the cost reduction of the photodetecithe addition of Gadolinium salt, once
it is demonstrated that it can be safely used in a 1 kton prp#oand also in SuperKamiokande,
could be a decisive ingredient for the new detectors, ealheéor neutrinos from Supernovae.

4.2.1 The present detector design

Up to now the three geographical regions have proposed deteetor designs with a fiducial mass
around 500 kton. Some characteristics are presented m3abl

The Japanese design (figu2é) is based on two twin tunnels with 5 optically independent
cylindrical compartments, each 43 m in diameter and 50 m,leagh covered by about 20,000
photodetectors to realize a 40% surface coverage. The Ughdéigure27) is composed of 3 cubic
optically independent compartments (660 x 60 n). The inner detector regions are viewed by
about 57,000 20” PMTs, with a photocathode coverage of 4Q%him central compartment and
10% for the two side compartments. An outer detector serses\eto shield of 5 m depth and
is instrumented with about 15,000 outward-facing 8” PMT&e European design (figus8) is
based on up to 5 shafts (3 are enough for 500 kton fiducial meash 65 m in diameter and 65 m
height for the total water container dimensions. The PMTazear defined as 2 m inside the water
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Present Laboratory

MEMPHYS

Figure 28. Sketch of the MEMPHY'S detector under the Fréjus mountainrdgpe).

container is covered by about 81,000 12" PMTs to reach a 30%&cicoverage equivalent to a
40% coverage with 20" PMTs (see secti2.3. The fiducial volume is defined by an additional
conservative guard of 2 m. The outer volume between the PNfacaiand the water vessel is
instrumented with 8" PMTs.

4.2.2 Large underground cavities

All the detector projects are located in underground latooies. The water equivalent depth of the
different detectors sites arez 1500 m.w.e for the Tochibora mine in Japan, and around 420Cem.
for the Homestake mine, chosen as the Deep Underground (D)U&Eility by the NSF in the
USA, and= 4800 m.w.e for the Fréjus road tunnel in Europe. A deeper wiith a smaller cosmic
ray induced background, is especially important in the o&selic supernovae and solar neutrinos,
but in case of nucleon decay the detector segmentation mpytdeeduce background. For long
baseline neutrinos, the duty cycle of the accelerator helliscriminate the signal from atmo-
spheric neutrinos but studies carried out in the case ofaaliEgm tend to show that the Fréjus site
is at the right depth and that if it were shallower, then cesmy backgrounds would be a problem.
The main difficulty is the non existence yet of large man-mealdties (see tabl8) at the
depth envisaged. But on an other hand, there are no a pridigaiions that one could not built
such large cavities and engineering studies are underiakie three geographical regions. In
Japan, a preliminary survey of the candidate place for H{fp&r already done, and the rock
properties at the Tochibora mine have been checked. Thiycawvidel has been analyzed in a real
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environment. The egg transversal shape and the twin tuceabsio is envisaged as baseline for
Hyper-K. In the US, various engineering models have beed bgdlifferent consultants. It turns
out that, with the present knowledge, the UNO cavity seemsilide, although more refined work,
with experimental inputs from rock quality measurements geplogical fault knowledge in situ is
needed to go further in the project design. In Europe, atudyshas been performed by the Italian
and French companies involved in the building of the existivad tunnel. These companies have
taken advantage of the numerous measurements made dugirgdhvation of the present road
tunnel and (relatively small) LSM Laboratory to establishadid estimation of the rock quality as
input for simulations. The main outcome of this pre-studiha very large cavities with a “shaft”
shape are feasible, while a “tunnel” shape looks disfavofidt: next step that can be undertaken
in an European Founding framework, is to validate the rocdityuat the exact detector location
and to finalize the detailed shape of the cavities and acoesgls in close conjunction with the
detector design optimization.

Beyond the cavity shape and excavation scenario optirnizatiere is the need of an extensive
R&D on water containers (vessels versus multi-liners).sThian important aspect for radioactiv-
ity background suppression and also in detector mechadesagn with its associate impacts on
detector cost.

4.2.3 Photodetector R&D

The surface coverage by photodetector is not yet optimizeti@e feedback is needed from the
analysis from the SuperKamiokande I-Il and Ill phases aothfMonte Carlo studies of the fore-
seen detectors. Nevertheless, one may already stateghadrihlow energy neutrino events (Super
Novae neutrinos®B Solar Neutrinos) as well as the searchrdfin Nucleon Decay or thet® /e
separation inve appearance experiment, all demand good coverage.

In all the detector design there are at least one order of ituaignmore photodetectors than
SuperKamiokande | (or lll). The R&D is largely shared amang three regions and in very close
contact with the two manufacturers, namely Hamamatsu iarJapd Photonis in Europe and USA
(since July 05, Photonis has acquired the DEP and Burle coiega

The research axis on large HPDs in Japan has been mainlydwvthe need to get a lower
price for a new photodetector than the presently availallm&matsu 20" PMTs, especially to get
rid of the dynode amplifier system which is introduced malyual such a tube. Their measured
characteristics are encouraging: single photo-electeositivity, wide dynamic range limited only
by the readout, good timing and good uniformity over the dapipoto-cathode. But these HPD
need to be operated at 20kV High Voltage and a low noise fastrehics. So, the cost per channel
is a real challenge.

In Europe, Photonis is very competitive on 12” PMTs and athaéthe main parameter to op-
timize is thecost/ (cn? x QE x CE), including electronics. Some French laboratories arelvieeb
with Photonis in a joint R&D programme concerning the cheeastics of the 12” measurements
and improvements and also concerning the integrated etectr front-end. The main idea is to
adopt smart-photodetectors which provide directly digiti data. The front-end requirements are:
a high speed discriminator for autotrigger on single ptademtron, a coincidence logic to reduce
dark current counting rate (to be defined by MC studies), gizkdgion of charge over 12 bits with a
dynamical range up to 200 p.e, a digitization of time of airiwver 12 bits to provide nano-second
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accuracy, and a variable gain to equalize photomultipisponse and operate with a common high
voltage (cost reduction). This electronics R&D takes atlvgm of the R&D from previous years
and concrete realizations for OPERA, LHCb and WSi caloran&ir ILC among others.

Another R&D line which is pursued at CERN in collaborationttwPhotonis is on the so-
called X-HPD, an almost spherical phototube with a cylioaricrystal scintillator anode mounted
in the centre of the sphere and read out by a small convehtiivid (1”). The concept which is a
modern implementation of Philips’ SMART tube and the QUASWRe (Lake Baikal experiment),
has been demonstrated with a 208 mm prototype t6#e5h] and promises excellent performance
in terms of viewing angle~ 3m), quantum efficiency¥ 40% peak), collection efficiency and
timing. The radial field geometry makes the X-HPD immune ®dhrth magnetic field. The X-
HPD is operated around 20 kV. Due to the pre-gain of the dleitti stage of about 30—40, gains
in excess of 10are easily reached. A design for a 15” tube exists.

4.3 Liquid Argon TPCs

The liquid Argon Time Projection Chamber (LArTP@&4, 67] is a powerful detector for uniform
and high accuracy imaging of massive active volumes. It s2tan the fact that in highly pure
Argon, ionization tracks can be drifted over distances efdhder of meters. Imaging is provided
by position-segmented electrodes at the end of the drift, matntinuously recording the signals
induced. The absolute timing of the event is given by the mtosgintillation light, providing the
To reference signal for the TPC. Such a device allows real-fimagging of events with bubble
chamber quality, with a longitudinal granularity of the eraf a percent of a radiation length. An
example of a simulated neutral-current event in a LArTP@cter can be seen in figuB®.

The use of the LAITPC in high energy physics was pioneeredhbylCARUS collabora-
tion [69-71]. The successful operation of the ICARUS T600 half-modul&{0 tons) demon-
strated the feasibility of the technique on this mass s&tg Building very large mass LArTPCs
necessary for long-baseline neutrino physics will reqoee techniques.

Two different R&D efforts are described in the next two sees. The GLACIER project
investigates a scalable concept based on an industrialfieidgiNatural Gas (LNG) tank to build
very large LArTPCs with masses up to 100 kton. It includesifabity studies to magnetize a
LArTPC of a few 10 kton, allowing for charge discrimination a-necessary requirement at a
Neutrino Factory. The North American LArTPC effort, agaiasbd on the industrial LNG tank
concept, is towards the design of an unmagnetized deteatarske in experiments involving a
“standard” neutrino super-beam.

4.3.1 The GLACIER project

A very large LArTPC with a mass ranging from 10 to 100 kton would deliver extraordinary
physics output owing to the excellent event reconstructiapabilities. Coupled to future Super
Beams 72, 73], Beta Beams or Neutrino Factories it could greatly improue understanding of
the mixing matrix in the lepton sector with the goal of measythe CP-phase. At the same time,
it would allow to conduct astroparticle experiments of wgadented sensitivity’l]. Preliminary
simulations show that a “shallow depth” operation at abdd@ #h rock overburden would not
significantly affect the physics performance, including #strophysical observationay|.
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Figure 29. Tanker for a 100 kton LArTPC based on industrial LNG teclogg!

The possibility to complement the features of the LArTPQwitiitose provided by a magnetic
field would open new possibilities’§, 77]: charge discrimination, momentum measurement of
particles escaping the detectad, high energy muons), and precise kinematics. The magnetic
field is required in the context of the Neutrino Factorg]f (1) a low field,e.g. B=0.1 T, for the
measurement of the muon charge (CP-violation); (2) a stfiefdy e.g. B=1 T for the measurement
of the muon/electron charges (T-violation).

A concept for a LAITPC, scalable up to 100 kton (see F89y, has been proposed§]. It
relies on (a) industrial tanks developed by the petrochahiicustry (no R&D required, readily
available, safe) and their extrapolation to undergrounghailow depth LAr storage, (b) novel
readout method for very long drift paths with e.g. LEM realda) new solutions for very high
drift voltage, (d) a modularity at the level of 100 kton (liedl by cavern size) and (e) the possibility
to embed the LAr in a magnetic field.

Such a scalable, single LAr tank design is the most attmcdlution from the point of view
of physics, detector construction, operation and cryamgerind finally cost. The first experimental
prototype of a magnetized LArTPC has been operaf&I§0]. These encouraging results allow
to envision a large detector with magnetic fiedd]. Beyond the basic proof of principle, the main
challenge to be addressed is the possibility to magnetizxyalarge mass of Argon, in a range of
10 kton or more. The most practical design is that of a vdlyistanding solenoidal coil producing
vertical field lines, parallel to the drift direction, by in@rsing a superconducting solenoid directly
into the LAr tank.

A rich R&D program is underway with the aim of optimizing thegign of future large mass
LArTPC detectors§2] and is briefly summarized below.

The development of suitable charge extraction, amplificesind collection devices is a crucial
issue and related R&D is in progress. A LEM-readout is beiogsaered and has been shown
to yield gains up to 10000 with a double stage LEM in gaseoustAcryogenic temperature.
Experimental tests are presently ongoing on charge eiireftbom the LAr phase, coupled with a
LEM-based amplification and collection in gaseous argon.
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Parameters

UNO (USA)

HyperK (Japan)

MEMPHYS (Europe) |

Underground laboratory

location Henderson / Homestake Tochibora Fréjus
depth (m.e.w-5%) 4500/4800 1500 4800
Long Base Line (km) 1486 2760 / 1280=- 2530 290 130
FermiLab-BNL JAERI CERN
Detector dimensions
type 3 cubic compartments 2 twin tunnels =3 shafts
5 compartments
dimensions 3 (60x 60x 60)m3 2x5x (@=43mx L =50m)

(3+5) x (¢=65mx H = 65m)

fiducial mass (kton) 440 550 449730
Photodetectors
type 20" PMT 20" H(A)PD 12" PMT
number 38,000 (central) & 2 9500 (sides) 20,000 per compartment 81,000 per shaft
surface coverage 40% (central) & 10% (sides) 40% 30%

Cost & Schedule
estimated cost

tentative schedule

500M$

~ 10 yrs construction

500 Oku Yen?

~ 10 yrs construction

161ME per shaft (50% cavity)
+ 100M€E-infrastructure
ty" + 8 yrs cavities digging
to+ 9 yrs PMTs production
to+ 10 yrs detectors installation
Start of Non Accelerator Prog.
as soon as a shaft is commissioned

Table 3. Some basic parameters of the three Water Cerenkov detsasetine designs!: Only inner detector photodetectors are mentioned in #titet
*:Target cost, no realistic estimate yet.**: Thedate envisaged is 2010.



The understanding of charge collection under high predsumvents occurring at the bottom
of the large cryogenic tank is also being addressed. Fomilnigose, a small chamber will be
pressurized to 3—4 bar to simulate the hydrostatic presgute bottom of a future 100 kton tank,
to check the drift properties of electrons.

Another important subject is the problem of delivering vieigh voltage to the inner detectors
trying to avoid the use of (delicate) HV feedthroughs. Aeeidf device prototypes were realized
based on the Greinacher or Cockroft-Walton circuit allayvhe feeding into the vessel of a rela-
tively low voltage and operation of the required amplifioatdirectly inside the cryogenic liquid.
Tests reaching 120 kV in cold have been successfully peddrm

The realization of a 5 m long detector column will allow to exmentally prove the feasibility
of detectors with long drift path and will represent a veryortant milestone. The vessel for this
detector has been designed by a collaboration of the UiitiyefBern, ETH Zurich and University
of Granada and will be mounted in Bern in 2007. The device hélloperated with a reduced
electric field value in order to simulate very long drift @istes of up to 20 m. Charge readout will
be studied in detail together with the adoption of possildeehtechnological solutions. A high
voltage system based on the previously described Greinagpeoach will be implemented.

For the immersed magnetic coil solenoid, the use of higiptature superconductors (HTS)
at the LAr temperature would be an attractive solution, Buatithe moment hardly technically
achievable with the 1st generation of HTS ribbons. We haagext a R&D program to investigate
the conceptual feasibility of this ide®3] with BSCCO HTS wires from American Supercon-
ductor B4] and are now investigating the performance of second géorraBCO wires from
American Superconductors and from SuperPower, Bf. [

Technodyne International Limited, U], which has unique expertise in the design of LNG
tanks, has produced a feasibility study in order to undedstend clarify all the issues related to the
operation of a large underground LAr detector. The studydeafirst engineering design, address-
ing the mechanical structure, temperature homogeneityhaat losses, LAr process, safety, and
preliminary cost estimate. Concerning the provision of L&dedicated, likely not underground
but nearby, air-liquefaction plant was foreseen.

The further development of the industrial design of a largeime tank able to operate un-
derground should be pursued. The study initiated with Tediine should be considered as a first
“feasibility” step meant to select the main issues that wikd to be further understood and to
promptly identify possible “show-stoppers”. This work sitebproceed by more elaborate and de-
tailed industrial design of the large underground (deephatiew depth) tank also including the
details of the detector instrumentation. Finally, the gtofl logistics, infrastructure and safety
issues related to underground sites should also progressibpy in view of the two typical geo-
graphical configurations: a tunnel-access undergrounardatry and a vertical mine-type-access
underground laboratory.

In parallel, a program to study the technical feasibilityaofarge scale purification system
needed for the optimal operation of the TPC is being planneambilaboration with the cryogenic
department at Southampton University (UK) and the Insfitutuft und Kaltetechnik (ILK, Dres-
den, Germany).

The strategy to eventually reach the 100 kton scale foreme&®&D program leading to the
detailed design study for a tentative 100 kton non-mageetend 25 kton magnetized detector,
including cost estimates. A 1 kton engineering module ctndldoreseen to investigate the tank
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Figure 30. A simulated neutral current event with a 1 GHQ/(VH +n—vy+mt4+m + m°+n). Sampling
rate is every 3.5% of a radiation length in all three views.

concept, large scale purification, shallow depth operatago. A 10 kton detector would have
complementary physics reach to the Superkamiokande detaatently in operation.

In addition to a successful completion of the technologiR&D, in the medium term a mea-
surement campaign on charged particle beams is envisagkedhei goal to demonstrae” / °
separation. Also a 100 ton LArTPC is being considered forTi2k 2km site, which will provide
a high statistics sample of neutrino interactions.

4.3.2 Off-axis NuMI or Wide-band Superbeam Detector

The purpose of future long-baseline neutrino experiments observey,, — Ve transitions. While
this doesn't give a direct measurement of(26y3) or the mass hierarchy, a combination of results
from experiments with different baselines and results freactor neutrino experiments could al-
low for the extraction of the neutrino parameters. In thetebhBtates there is the NuMI facilit@7]

at Fermilab which provides &, beam for the MINOS experiment located 732 km away in a mine
in the state of Minnesota. The beam has been operating sincery 2004.

The ultimate background to & appearance experiment is the inherentontent of they,,
beam. The other serious background to theppearance signal (i.e., electron appearance from
charged-current, interactions) isn®s produced in neutral-current events. Reducing this puts a
premium on detectors that can differentiate electrons fpbrotons. The image of a simulated
neutral-current event with a 1 GeR? (v, +n — v, + " + m + n°+n) in a LATPC detector,
as simulated by a GEANT3-based Monte Carlo, is shown in fi§0reThe lower photon shower
is clearly identifiable in LAr based on the displacement friti@ vertex and the high pulse height
at the shower start. The efficiency for detectng in a LArTPC is~80-90% with a negligible
neutral-current® event background.

A group of physicists from some North American universitsl Fermilab have collaborated
over the past several years in an effort to design a largeqB® tkton) LArTPC as the detector
for a long-baseline/, — ve appearance experimer@d. In the baseline 15 kton detector, the LAr
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Figure 31. Proposed R&D programme towards realization of a large [FCT

argon is stored in a large, cylindrical, industrial Liquifidatural Gas (LNG) tank. The tank is 29.1
m in diameter and 25.6 m high. The design employs 8 distirifttrdgions with 3 metres between
cathode planes and signal wires. The drift field is 500 V/cvingi a drift velocity of 1.5 m/ms and
a maximum drift time of 2 ms. Following ICARUS, each signaldipe” contains three wire planes
— a vertical collection plane and two induction planes gframn+30° to the vertical. The wire
pitch is 5 mm. There are also a number of new ideas, includiitiging wire-wrapped “panels”
instead of wire planes, which are described in r&9].[

A schematic of the R&D programme that was proposed in theofal005 is shown in fig-
ure 31 The programme included:

1. A series of technical test setups directed to answeriagifsp questions pertaining to a mas-
sive LArTPC (e.g., long drift, argon purity, wire tensioginetc.). A number of these have
been accomplished, as described in r89] [

2. The construction of a 30-50 ton fiducial mas€.00-130 ton total argon mass) detector in
which electron-neutrino interactions can be fully recamsted and a range of 2 GeV neutrino
interactions studied. This detector will operate whereait obtain a sizeable number of
neutrino interactions from the Fermilab NuMI and/or Boosteutrino beams. This is still
in the proposal stage.

3. The construction and partial outfitting of a commerciaktaf ~1 kton capacity using the
same techniques as proposed for the 15-50 kton tank. THisevile as the test-bed to
understand the issues of industrial construction.

In conclusion, there is a vigorous programme under way irtiNamerica towards the design
and testing of a large liquid argon TPC for use in long-basetieutrino physics. Specifically, the
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LArTPC is the ideal detector fora, appearance experiment as it is very efficient for reconsiigic
Ve events while allowing for almost complete rejection of tkeeitmal current background.

4.4 Emulsion cloud chambers
4.4.1 Introduction

Anideal detector for a Neutrino Factory should be able tdakall the oscillation channels that are
available with the well defined neutrino flux compositiop:— v, (the so-calledjolden channgl

Ve — V¢ (the so-callecsilver channe), v, — ve (the so-calledplatinum channéland v, — v;
when au™ circulates into the decay ring and their CP conjugates ircéise of gu— circulating.
Therefore, an ideal detector should perform a complete aagrate kinematical reconstruction of
neutrino events and be able to:

e measure the momentum and the charge of the leptons (muoretesntichns);
¢ identify the decay topologies of theleptons.

So far, the previous tasks have been separately tacklediy different techniques. A mag-
netized iron calorimeter is being optimized for the studyhaf golden channel requiring the muon
detection and the charge determination with a high effigieand a small pion to muon misidenti-
fication probability (sectiod.1.1). The task of identifying electrons and of measuring thiearge
is very tough and so far only a study based on a magnetized lajgon detector has been pre-
sented (sectiod.3.]), although totally active scintillating detectors are qutally able to do it
(sectiond.1.2.

A detectorala OPERA P1, 92], based on the Emulsion Cloud Chamber (ECC) technig8g [
94], has been proposed to search for the silver channel thritggtlirect detection of the muonic
decay thanks to the micrometric space resolution of thesan@mulsionsds, 96).

Here, the idea of using an ECC detector placed in a magndtqfitagnetized ECC, MECC)
is discussed. This combination provides good charge réemti®n and momentum determination
capabilities, while providing at the same time the micrametpace resolution and compactness
of an ECC. Such a detector has, in principle, the ambitioostaifulfill all the requirements for an
ideal detector for a Neutrino Factory.

4.4.2 The emulsion cloud chamber

The ECC consists of a sequence of passive material platespersed with emulsion films. It
combines the high-precision tracking capabilities of raclemulsions with the large mass achiev-
able by employing passive material as a target. By assegbliarge quantity of ECC modules,
it is possible to realize @'(kton) fine-grained vertex detector for the direct obseovabf the
T’s produced inv; charged current interactions. This concept has been atityytethe OPERA
Collaboration for a long-baseline searchuaf— v; oscillations in the CNGS beamT].

The basic element of the OPERA ECC isal made of a 1 mm thick lead plate followed by
an emulsion film, which consists of 44m thick emulsion layers on either side of a 208 plastic
base §7]. The number (15-20) of grains of metallic silver producé&erthe chemical development
in each emulsion layer ensures redundancy in the measur@hparticle trajectories and allows
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Figure 32. Schematic view of a Magnetized Emulsion Cloud Chamber.

the measurement of their energy loss that, in the nonwvitti regime, can help to distinguish
different particle masses.

Thanks to the dense ECC structure and to the high granufandtyided by the nuclear emul-
sions, the detector is also suited for electron gmtktection, with an efficient electron/pion sepa-
ration [98]. The energy resolution for an electromagnetic shower @itB0%. By measuring the
number of grains associated to each track a two-track résolaf ~ 1 um or even betterd9] can
be achieved. Therefore, itis possible to disentangle siptgctron tracks from electron pairs com-
ing from y conversion in lead. The outstanding space resolution canka used to measure the
angle between subsequent track segments with an accurabputf 1 mrad100q. This allows the
use of Coulomb scattering to evaluate the particle momemtitma resolution of about 2094.p]]
and to reconstruct the kinematical event variabi?].

A lead-emulsion detector has been propos#s) 96] to study the silver channel, — v; at
a Neutrino Factory, with a detector similar to OPERA but vatkotal mass of 4 kton. The main
limitation factor of this detector is the possibility of neaing the charge only for muons, by an
external magnetic spectrometer. The fraction oftttecays which can be exploited is thus given
by the muonic decay branching ratio, about 20%.

4.4.3 The magnetized emulsion cloud chamber

The MECC here envisaged has the modular structure shownuie88. The upstream partgrgel)

is a sandwich of passive plates and nuclear emulsions. Tigghl@f the target section in terms of
radiation lengths must be such to prevent the majority oéthetrons to shower before their charge
has been measured by the downstream modules. More work basitmne for the optimization of
the passive material. Here the stainless steel is presaatagossible choice.

An emulsion spectrometas located downstream of the target. It consists of a saridwic
nuclear emulsions and a very light material caligzhcer providing gaps in between emulsion
films. The function of the spacer is to provide a lever arm leefwtwo consecutive emulsions
films (tracking devices) with a stable mechanical structéréew centimeter thick Rohacell plate
fulfills this requirement. The trajectory measured withéheulsion films which precede and follow
the spacer provides the measurement of the charge and momenthe particle. The target and
the spectrometer could mechanically form a sirtgiek of about 10 cm length.
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Figure 33. Muon momentum resolution as a function of the momentum fiferént spacer thicknesses
and different values of the magnetic field: B=0.25 T, B=0.5nd 8=1.0 T for the upper, middle and lower
curves, respectively.

Downstream of the spectrometer, an electroaiget trackerhas the aim of providing the time
stamp of the events. The time information is mandatory ieotd match the emulsion information
with the information from the electronic detectors allogitihe identification of charged-current
and neutral-current events. The scanning of the emulsiors fshould be carried out without any
track prediction.

The most downstream element of the detector isefleetron/pion discriminator Its aim is
to provide the electron identification, having already nuead the charge and momentum of the
primary tracks in the spectrometer sector. A good electlentification with a low pion misidenti-
fication probability could be achieved at the same time eiblyea conventional electronic detector
or by an emulsion calorimeter (emulsion-lead sandwich&gke choice between the two will be
done according to a cost/effectiveness optimization.

The MECC performance both for minimum ionizing particleslfyland electrons has been
studied by considering different parameters: particlegynim the 1 to 10 GeV range, spacer thick-
ness in the 2-5 cm range and three values of the magnetic @igld, (0.5 and 1 T). The same
nuclear emulsion films as used by the OPERA experiment wersidered. The thickness of the
stainless steel plates has been taken to be 1 mm with a t@&lplates (about 2.%8y). The number
of spacers is four.

Monte Carlo simulations have been performed in order touaalthe momentum resolution
and the charge identification efficiency. The momentum aacttiarge of the particles have been
measured with four different methods, for consistency kbeslope measurement, sagitta mea-
surement, parabolic global fit and Kalman filter. In the foling only the results obtained with
the Kalman filter are shown. The muon momentum resolutionbkeas studied in the 1-10 GeV
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panel) and electrons (right panel), assuming a 3 cm spaic&ntss and 0.5 T magnetic field.

range as a function of the detector parameters that havedptheized: the spacer thickness and
the magnetic field intensity. The results are shown in fig@&s34, 35. With a spacer thickness
of 3 cm (more would be better but the detector would be too)l@amgl a magnetic field of 0.5 T,
a 30% (10%) momentum resolution at 10 (1) GeV can be achielVkd.charge misidentification
rate, shown in figur@6(left panel), is better than 1% below 10 GeV.

The electron momentum and charge measurements are staffegiyed by the showering. It
has been shown that only 30% of the electrons with energyeimahge 1 to 10 GeV exit the target
region without showering. For these events the momentuoiutisn and the charge identification
efficiency, shown in figur@6(right panel), are similar to those obtained for muons (peftel). It
is worth noting that the electron reconstruction has beefopeed at the true hit level, i.e. without
taking into account the error in the reconstruction. In tieispect, it is optimistic. On the other
hand, it does not take into account showering electrons factwa pattern recognition program
could allow the track reconstruction, hence the charge ammentum measurement.

Finally, the previous results have been obtained by coriegl@ single emulsion spectrome-
ter. Better results can be obtained, at least for MIP padijdby combining the information from
consecutive emulsion spectrometers.

Another important issue is related to the number of intéastthat can be stored in a brick
preserving the capability of connecting unambiguouslyetents occurring in the emulsion target
with the hits recorded by the electronic detectors. It hantshown 103 that by using a tracker
made of 3 cm strips up to 100 events may be stored into a simigle @ his is a very conservative
number that ensures the capability of the detector to stéyeilheam for several years.

A first test of an emulsion spectrometer exposed to a pion Hdessnbeen performed in a
KEK-PS T1 pion beam104]. The setup is shown in figur&?7. It consisted of 2 spacers of 1.5 cm
thickness sandwiched with 3 emulsion films, for a total ler@jt3 cm. They were located inside a
1 T permanent magnet. The emulsion spectrometer has beesegkip pion beams with momenta
0.5, 1 and 2 GeV. The beam spots in the emulsions are showruie 8§. The results have been
presented inJ05. The achieved momentum resolutiondip/p ~ 0.14, and almost constant in
the studied energy range. This test shows that it is poswildeudy the performance of a MECC
in a simple way, given the high modularity of the setup. Nstaso that in the measurement
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Figure 37. Schematic view of the MECC exposed at the KEK-PS T1 pion beam

performed, the alignment among the elements of the speetesris much more accurate than in
the complete MECC structure (a few microns with respect tmuaten microns). Conversely, the
smaller number of spacers (2 with respect to 4 of the prop®4EEC) and the thinner spacers
(1.5 cm with respect to 3 cm of the proposed MECC) determineraening of the resolution with

respect to the standard emulsion spectrometer.

4.4.4 Conclusion and outlook

The Magnetized Emulsion Cloud Chamber (MECC) should be tabtketectt decays measuring
the charge of muons, electrons and hadrons. It should alpogsgble to study the golden channel
by using an associated electronic detector. Before assgeisiphysics reach the maximum mass
affordable in terms of scanning power and cost should betdiggh A smaller scale MECC
detector would be suitable as a near detector.

The first tests that have been carried out gave promisindtsedn order to have a realistic
estimate of the physics reach, in the future the followingigs should be performed:

¢ define, also on the basis of the experience with OPERA, thémmems MECC mass that can
be affordable in terms of scanning power and cost, as welnindmum mass to have good
sensitivity to the silver channel;

e carry out a realistic and cost effective design of the magnet

e study the synergy with other detectors that could act asldmren/pion discriminator. This
will open the possibility to search for the golden, the gilgad the platinum channels with

the same detector;

e once the previous points have been studied, a full simulatiith neutrino events has to be
performed in order to evaluate the detector sensitivitytiergolden and the silver channels,
and for the oscillations that produce an electron in the fitegte.
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Figure 38. Spatial distribution in the transverse plane of the beaatsspf different energies impinging
onto the emulsion spectrometer in the KEK-PS test.

4.5 Hybrid detectors

All detectors mentioned above use different technologies @e suitable for different kind of
measurements. However a number of interesting synergresecéound.

In the previous section the possibility of merging an enwldbased detector with other de-
tectors (acting as pion/electron discriminator) has beentioned. As described in sectidnl.2
the TASD detector could efficiently discriminate betweesction and muons/pions for momenta
above~0.5 GeV/c. In addition it could also act as a spectrometer for the nreasent of the
lepton momentum and charge. Thus, an ECC-TASD hybrid woeldide to measure golden (in
TASD), silver (ECC-TASD) and platinum channels (ECC and DASAn important issue concern-
ing channels involving muons (golden and silver) is the asknd from pion to muon decay and
pion/muon mis-identification due to the low density of liducintillators.

The combination ECC-MIND would be interesting for the gaoidand silver channels, but not
for platinum, since pion/electron separation in iron isywpoor. The golden channel would be
measured by MIND alone. For platinum, MIND would act as spmueter for the measurement of
the muon momentum and charge, and also as a muon identifiesirfgg), while the target and the
tau vertex detection would be provided by the ECC. It is waoidting that MIND should be fully
efficient and have very little background in the energy ramigaterest for the silver channel.
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Combinations with LArTPCs could be also considered.

An interesting combination would be the one between MIND @A&D. In this case the
detector would consist of a sandwich between MIND and TASDutes of about 1 m thick each.
MIND would provide most of the target mass, muon identifimatiand would act as an hadronic
shower container. TASD would allow the measurement of themuaharge for low energy muons
and the detection of electrons.

MIND would help TASD in triggering hadronic showers, aveigithe potential background
from pion to muon decay and pion/muon mis-identification SDAwould help MIND in measuring
the charge of low momentum muons.

The above arguments should be taken with the appropriatesgare none of the combinations
mentioned have been bench-marked with simulations yet.

5 Baseline detectors and conclusion

The detector group of the International Scoping Study setmdetermine the baseline detector
options for each of the possible neutrino beams and to deftesaarch and Development (R&D)
plan necessary to develop those detector options (appéxdixThis programme of work will
continue throughout the International Design Study in otdeachieve the optimal configuration
for a future neutrino facility.

This study has found that the best possible option for lowgynbeams that do not require a
magnetic field remains the very large (500 kton) water CHarenletector, since it is the cheapest
option using technology that has been shown to work. Whilargel volume (100 kton) Liquid
Argon detector would provide much better pattern recognitind, perhaps, energy resolution, this
technology needs to continue to carry out intensive R&D tmalestrate that it is a viable option
for the future. At intermediate energies, a Totally Activariillation Detector (TASD) would have
a low enough threshold to be able to reconstruct both eleetnol muon events. Liquid Argon and
water Cherenkov detectors could also be options in thigggnmange, but implementing a magnetic
field for either of these detectors still remains very chgiag. At a high energy neutrino factory,
which would require a magnetic field, the Magnetised Irontiea Detector (MIND) has shown
to be the best option, since it matches the ability to creatagnetic field with proven technology.
How low a threshold can be achieved with MIND is one of the k&DRasks that needs to be
pursued. The main issue is to reduce the energy thresholdhanee the sensitivity at lower
energies, where a second oscillation maximum might occto bave electron sensitivity. For this
reason, the TASD is also being considered for high energljcapions, if the issue of magnetising
a very large volume can be resolved.

So, in conclusion, the baseline detectors defined by thedS&ich neutrino beam energy can
be found in tablet and are summarised below:

1. Sub-GeV Beta Beam (BB) and Super Beam (SB) very massive (Megaton) water Cherenkov
(WC) detector is the baseline option. The main R&D necesgairthis detector option is the
development of an inexpensive photosensor technologyrendadst and engineering for the
cavern and infrastructure needed for such a detector.

—54—



Table 4. Baseline detectors for each beam energy range.

Beam energy Beamtype Far detector R&D
Sub-GeV BB and SB Megaton WC Photosensors, cavern
and infrastructure

1-5GeV BB and SB TASD Photosensors and detectors.
or LAr TPC Long drifts and wires, LEMSs, ett
or Megaton WC

20-50 GeV Nufact 100 kton MIND (golden) Simulation + physétsdies
+ 10 kton NM-ECC (silver) Charge at low momenta

2. 1-5GeV (high energy) Beta Beam (BB) and Super Beam (SBJhere are a number of
possibilities in this scenario, and a totally active stliting detector (TASD) a liquid argon
TPC or a water Cherenkov detector would possibly be able évadg in this regime. The
R&D for these detector options include photosensor tedgybnce more, and the R&D
for liquid argon detectors (including long drifts and wirésrge Electron Multipliers, etc.).

3. 20-50 GeV high energy neutrino factory from muon decay beamsMagnetic detectors
are necessary, so the baseline is a 100 kton magnetizederdrino detector (MIND) for
the wrong sign muon final states (golden channel), or thelpbgsof ~ 10 kton of a hybrid
neutrino magnetic emulsion cloud chamber (NM-ECC) detdctovrong sign tau detection
(silver channel). A full physics simulation of these detestis needed to demonstrate the
efficiency as a function of energy and to determine the chdegification at low momenta.

Furthermore, there are more exciting possibilities of cleis that go beyond the baseline,
which could achieve improved performance to the physicarpaters in question if these detectors
are found to be feasible and affordable. These are sumrdariseble5. Finally, some beam
instrumentation and near detector options have also bdereddor each of the neutrino beams
and energy ranges. These are summarised in @ble

The International Scoping Study (ISS) has laid the foumdatio proceed towards a full Inter-
national Design Study (IDS) for future high intensity néutrfacilities. The aim of the community
is to have a full Conceptual Design Report of a future neatfacility by the year 2012. The detec-
tor options covered in this ISS Detector Report and the R&dymmme identified in appendix
will form a road map towards defining the detectors at futugh ntensity neutrino facilities that
will be included in the Conceptual Design Report.

A R&D program

The Research and Development (R&D) programme for deteetditgure neutrino facilities will

rely on a number of international initiatives aimed at detfimg the optimal technology for each of
the possible neutrino beam options. The aim is to define thB R&ded over the next four years
to be able to carry out a Conceptual Design Study of the coedbatcelerator- detector system.
The following sub-sections will define the R&D tasks that chée be carried out in each of the
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Table 5. Detectors beyond the baseline for each beam energy range.

Beam energy Beamtype Far detector R&D
Sub-GeV BB and SB 100 kton LAr TPC Clarify advantage of
LAr with respect to WC

1-5GeV BB and SB TASD Photosensors and detectors.
or LAr TPC Long drifts and wires, LEMs, ett
or Megaton WC

20-50GeV  Nufact Platinum detectors  Engineering study.

Magnetised TASD Large volume magnet.
Magnetised LAr Simulations, physics. studies
Magnetised ECC

Table 6. Beam instrumentation and Near Detectors for each bearyeresnge.

Beam energy Beam instrumentation R&D
Near Detectors
Sub-GeV T2K concept Concept simulations, theory.
1-5GeV Naa concept Concept simulations, theory.
for precision measurement
20-50 GeV Beam intensity (BCT) Need study.
Beam energy, polarization Need study.
Beam divergence Need study.
Shielding Need concept.
Leptonic detector Simulation and study.
Hadronic detector Simulation, study and vertex detectoDR&

detector systems to carry out the Conceptual Design Studytabe able to perform a critical
comparison of the neutrino facilities as a whole.

Al

Magnetized Iron Neutrino Detector (MIND) and Totally Active Scintillator Detector
(TASD)

e Design, cost and engineering solutions for the magnetsy&iean iron calorimeter.

e Design, cost and engineering solutions for the magnet isy$be a large volume totally

active scintillation detector.

e R&D on magnetic field resistant photon detector technolagyich could include testing

of Multi-Pixel Photon Counters (MPPC), Silicon Photo-nipller tubes (SiPM), Avalanche
Photo Diodes (APD) or other similar technologies.

e Feasibility and cost of long strips of extruded scintillatath optic fibre readout.

e Building proptotype scintillator-fibre detection systemisvarying lengths (5-20 m) and

measurements of the attenuation of the signal as a funcfidheolength of scintillator,
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measurement of the number of photoelectrons collected tyiag the optimal geome-
try for the scintillator strips (for example, a comparisdrite performance of square versus
triangular cross-section of the scintillator strips).

e Study whether a different detector technology (such assiesiPlate Chambers, RPC)
would deliver the same performance at a reduced cost.

e Build a prototype to put in a suitable test beam and test itfopeance inside a mag-
netic field.
A.2 Water Cherenkov detector

The detector R&D on large water Cherenkov devices is basetth@experience of running the
Super-Kamiokande detector. However, for a Megaton scaler@herenkov device, further R&D
is needed on a variety of topics:

e Engineering and cost of cavern excavation for Megaton walterenkov detectors at differ-
ent sites, including the optimal modularity of such a system

e R&D on photon detectors, such as large area Hybrid Photoadb®s (HPD), or standard
Photo Multiplier tubes, including the reduction of the photdetection cost, reducing the
risk of implosion, electronics readout costs and reductibenergy threshold through the
selection of low activity materials for the detectors ansbasated mechanics.

e Engineering studies of the mechanics to support the phatactbrs.

e Studies of energy resolution of water Cherenkov detectespgecially at low energy (ie
250 MeV).

A.3 Liquid Argon detector

The Liquid Argon R&D programme is well advanced in the USA d&wope. The main R&D
issues include:

e Feasibility and cost of using industrial tankers developgdhe petrochemical industry and
their deployment for underground liquid argon storage.

e Demonstration of detector performance for very long drifths, including liquid argon pu-
rification.

e R&D on detectors for charge readout (for example, with a edfectron Multiplier, LEM).

e Photon detector readout options (for example, wavelenigiftirey coated photomultiplier
tubes).

e R&D on ASICs for electronics readout and data acquisiticsteay.

e Development of new solutions for drift in a very high voltagech as the Cockcroft-Walton
style Greinacher circuit).

—-57—



e The possibility to embed the liquid argon in a B-field has beenceptually proven. How-
ever, the magnetic field strength needs to be determined Ysigshrequirements and the
feasibility and cost of the magnetic field design for largpiiil argon volumes needs to be
established. Study of high temperature superconductiilg toooperate at liquid argon tem-
peratures is an essential R&D task to demonstrate thisoiégsi

e Dedicated test beams to study prototype detectors andfturpetracking and reconstruction
of clean electron and® samples.

A.4 Emulsion Cloud Chamber

There has been a significant amount of R&D done on the use ofsamufor particle physics
experiments, such as CHORUS, Donut and, more recently, @PERe main issues associated
with the emulsion cloud chamber that need to be addresseuitivef R&D are:

e Improvement to the automated scanning stations to red@cewvrall scanning time and to
improve the scanning accuracy.

e Further R&D on operating emulsion-iron sandwich systenenmagnetic field and adapting
the scanning algorithms to recognise tracks inside a miagfiet.

A.5 Near detectors

e Silicon vertex detector for the study of the charm backgdbaha neutrino factory: study
a comparison of performance and cost of pixel versus stripctirs. Possible solutions
could include standard hybrid strip or “stripxel” detestdnybrid pixel detectors, Monolithic
Active Pixels (MAPS) or DEPFET pixel detectors. The lattex aurrently being studied in
the context of the linear collider, so could provide usefuieygy between the two projects.
Study whether layers of passive material (boron carbidaplyte or other low Z material)
are necessary as a neutrino target.

e Tracking device: determine the tracking medium at a nearati@t A possibility could be to
use a scintillating fibre tracker that serves both as a tamgt tracking medium. Determine
its performance, feasibility and cost. Are there any otleions for the tracker such as drift
chambers or a gas Time Projection Chamber (TPC)?

e Determine the performance needs for the other sub-desewiitiin the near detector. For
example, what is the required energy resolution for a aaleter? Is particle identification
necessary in the near detector? An example of a particldifidation system could be the
use of a DIRC (Detection of Internally Reflected Cherenkoght) [106] such as the one
used in Babar. What detector technology should be used éamtion chambers of the near
detector?

e Determine the accuracy of the neutrino flux measuremengubmnear detector design and
determine whether it meets the specification of 0.1% fluxreRerform a study of the charm
background for the wrong sign muon signal. and measure thet@ff aQ; cut to reduce the
charm background.
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e Determine the accuracy of cross-section measurementsiast&oh of energy. Above 5 GeV,
where it is dominated by deep-inelastic scattering, theistmperform a measurement at the
0.1% level. For less than 5 GeV, determine ways of measuniaditferent components. The
near detector should be able to go to an energy thresholgasttas low as the far detector.

B Large magnetic volumes

B.1 Introduction

All detector concepts for the Neutrino Factory (NF) reqanmagnetic field in order to determine
the sign of muon (or possibly the electron) produced in there interaction. For the baseline
detector, this is done with magnetized iron. Technicallg ik very straightforward, although the
100 KT baseline detector does present challenges becaitsesafe. The cost of this magnetic
solution is felt to be manageable. Magnetic solutions fer dther NF detectors become much
more problematic. No serious consideration has been givamagnetizing a MT water Cerenkov
detector, but we have considered magnetizing volumes gs &8 60,000n for a liquid Argon
detector or a totally-active sampling scintillator dete¢TASD). In addition the magnetic emulsion
cloud chamber (MECC) would also require a relatively largenetic volume. We have considered
the following technologies:

e Room Temperature Coils (Al or Cu)

e Conventional Superconducting Coils

e High Tc Superconducting Coils

e Low Temperature Non-Conventional Superconducting Coils

For the cases of the TASD, the MECC, and the LAr approach ethyréeing studied by a
US-Canadian group providing the required magnetic volusiagul0 solenoids of roughly 1%
diameterx 15mlong has been considered with the solenoids configured imagnetic cavern as
shown in figure39. We have considered a number of field strengths, but chodeasedine to be
0.5T. For the LAr concept being developed by the Glacieataltation, field coils could be wound
inside the large LAr tank. In addition, we have also congdea dipole configuration for a TASD
based on a concept that would use coils similar to those ustx iAtlas toroids.

B.2 Conventional room temperature magnets

In order to get adequate field strength with tolerable povissiation, conventional room-tempe-
rature coils would have to be relatively thick. We first calesed Al conductor operating at 150K.
We then determined the amount of conductor necessary tapeoa reference field of 0.1T. In
order to keep the current density at approximatelyA@d?, 10 layers of lcn? Al conductor

would be required for our 15 m diameter, 15 m long referendensad. Using a $20/kg cost
for conventional magnetd 7], the estimated cost for 1 solenoid is $5M. The power dig&ipa

(assuming R=%k 10-8 Ohm-m) is approximately 1 MW. Ten magnets would then be $50k a
we felt that this number would be acceptable for a large Nealet. However, the operating
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Figure 39. Magnetic cavern configuration.

costs for 10 MW of power would be $13M/year (based on typic8l fpbwer costs). The cost
of the magnet system including 10 years of operation is tHi80®. If the cost of cooling the
coils to 150K is included, the costs increase substanti@tudies have showrd (g that there is
little cost benefit to operating non-superconducting (ACar) coils at low temperature vs. room
temperature. If we consider that the power dissipation @nrtemperature for Al coils triples (vs.
150K operation), then the operating cost for conventionahr temperature magnets of this size
will be unmanageable. Obviously trying to reach our baseajjoal of 0.5T with room temperature
magnets is totally unmanageable.

B.3 Conventional superconducting coils

One of the first configurations that we considered used sapducting coils similar to the coils
used in the Atlas toroids to magnetize a roughly 30 KT TASD lemnv in figure40. In this
configuration, 10 coils are used along each side of the deietVe estimated that the coil cost
(extrapolated from the Atlas experience) would be on theeroad $120M and was considered
acceptable. The field strength for this design was chosere @ 15T and at this field a 5 sigma
determination of muon sign could be obtained at a muon mamemf 2 GeV/c. However, we
determined that the field quality in this configuration wasamtequate. In addition, the amount of
iron required for the return flux was quite large.

Conventional superconducting solenoids are certainlypdioo for providing the large mag-
netic volumes that are needed. Indeed coils of the size weamrgidering were engineered (but
never built) for the proposed GEM experiment at the SSC. Mdyical geometry (solenoid) does
imply that a fraction of the magnetic volume will not be odtsithe volume of the active detec-
tor which will likely be rectangular in cross section. Thisdertainly a disadvantage in terms of
efficient use of the magnetic volume, but would provide pengb access paths to detector com-
ponents inside the magnetic cavern. It is certainly posdiblconsider solenoids of rectangular
cross section and thus make more efficient use of the magratime, but the engineering and
manufacturing implications of this type of design have rexti evaluated.

Technically, superconducting magnets of this size coulddnt#, but at what cost? There
have been a number of approaches to estimating the cost peacemducting magnet and we will
mention two of those there. The first comes from Green and &trit [L09. They looked at all
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Figure 40. Magnetic dipole configuration.

the magnets that had been built at the time of their study3L88d developed two formulas for
extrapolating the cost of a superconducting magnet: onangday stored energy and one scaling
by magnetic volume times field. They are given below:

C = 0.5E5%%

and
C = 0.4(BV)%5%,

wherekEs is the stored energy in MJ, B is the field in Tesla, V is the vatimm? and C is the cost
in M$. The formulas given above give a cost for each 15 m diamé&6 m long, 0.5T magnet of
approximately $20M (based dfy) and $38M (based on magnetic volume). As another reference
point, we used the CMS coilll(q] (B=4T, V=340 m?, Stored energy = 2.7 GJ, Cost = $55M).
The Green and St. Lorant formulas give costs for the CMS ntagfr®93M and $41M based on
stored energy and magnetic volume respectively. From thhetsewe can make “Most Optimistic”
and “Most Pessimistic” extrapolations for our baseline Nfesoid. The most optimistic cost
comes from using the formula based on stored energy and agbairit over-estimates by a factor
of 1.7 (93/55), based on the CMS as built cost. This gives & @o$14M for each of our NF
detector solenoids. The most pessimistic cost extrapolatbmes from using the formula based
on magnetic volume and conclude that it under- estimatesdsieby a factor of 1.3 (55/41), based
on the CMS as built cost. This then gives a cost of $60M for edatur NF detector solenoids.
There is obviously a large uncertainty represented here.

Another extrapolation model was used by Balbekov et.1dl1] based on a model developed
by A. Herve [L14)]. The extrapolation formulae are given below:

Py = 0.3338
P- = 0.17E%7
and
P=P+F

whereP, is the price of the equivalent zero-energy magnet in MCIRtHs the price of magneti-
zation, and P is the total price. S is the surface am@ ¢f the cryostat and E (MJ) is the stored
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energy. This model includes the cost of power supplies,gag@s and vacuum plant. From the
above equations you can see that the model does take intarddbe difficulties in dealing with
size separately from magnetic field issues. Balbekov etuséd three “as- builts” to derive the
coefficients in the above equations:

e ALEPH (R=2.65m, L=7m, B=1.5T, E=138MJ, P=$14M)
e CMS (R-3.2m, L=14.5m, B=4T, E=3GJ, P=$55M)
e GEM (R=9m, L=27m, B=0.8T, E=2GJ, P=$98M)

The GEM magnet cost was an estimate based on a detailed @gggigengineering analysis.
Using this estimating model we have for one of the NF detesttenoids: Py = 0.33(707)%8 =
63MCHF, P= = 0.17(265%7 = 8. 5SMCHF. The magnet cost is thus approximately $57M (which
is close to our most pessimistic extrapolation given aho@e thing that stands out is that the
magnetization costs are small compared to the total cose riiéchanical costs involved with
dealing with the large vacuum loading forces on the vacuwuostat assumed to be used for this
magnet are by far the dominant cost.

B.4 High Tc magnets

We did not explore in detail the possibilities of building & Metector solenoid with high Tc
superconductor, but we recognized the potential in thia.a@urrently the cost of high Tc super-
conductor is 100-200 time412] that of conventional SC for the same field and there are many.
engineering issues that would have to be investigated ffing are to conclude that this technology
was applicable (cost + manufacturability) to our applimatiHowever since the technological sta-
tus of high Tc superconductor is moving so fast, we did do speneth-order estimates regarding
one of these NF detector solenoids fabricated with high pestonductor. We assumed a low-
temperature operation of 35K. This might still allow for anreacuum insulated (foam) cryostat
and thus have no vacuum loading to give higher current eagrgapacity. The cost of the super-
conductor for 10 NF detector solenoids was estimated to BM$Based on studies that have been
done on foam-insulated vessels for GLACIER, we estimatedtist of the cryostats also at $50M.
Assembly and engineering could not be reliably estimatetianthey will depend on the particu-
lars of the conductor being used and the currently existingufacturing and assembly capabilities
for high Tc superconducting magnets are not yet at the sthgeeweliable estimates can be made.
However the possible cost savings afforded by using noowadnsulated cryostats are large and
high Tc superconductor cable technology is advancing \agidty.

B.5 Low temperature non-conventional superconducting cds

In this concept we solve the vacuum loading problem of thestat by using the superconducting
transmission line (STL) that was developed for the Very kdradron Collider superferric mag-
nets [L13. The solenoid windings now consist of this supercondgctable which is confined
in its own cryostat. Each solenoid consists of 150 turns andires~7500 m of cable. There is
no large vacuum vessel in this design. We have performed alation of the Magnetic Cavern
concept using STL solenoids and the results are shown irefigurWith the iron end-walls (1 m
thick), the average field in the XZ plane is approximately80T5at an excitation current of 50 kA.
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¥ VECTOR FIELDS

Figure 41. STL Solenoid Magnetic Cavern Simulation.
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V VECTOR FIELDS

Figure 42. STL Solenoid Magnetic Cavern Field Uniformity in XZ plane.

The maximum radial force is approximately 16 kN/m and the imaxn axial force approx-
imately 40 kN/m. The field uniformity is quite good with theoir end- walls and is shown in
figure42.

B.6 Superconducting Transmission Line

The superconducting transmission line (STL) consists ofp@conducting cable inside a cryopipe
cooled by supercritical liquid helium at 4.5-6.0 K placesdidte a co-axial cryostat. It consists of
a perforated Invar tube, a copper stabilized supercontyctble, an Invar helium pipe, the cold
pipe support system, a thermal shield covered by multilayeerinsulation, and the vacuum shell.
One of the possible STL designs developed for the VLHC is shiaigure43. Its overall diameter
is approximately 83 mm.

The STL is designed to carry a current of 100 kA at 6.5 K in a netigrfield up to 1 T. This
provides about a 50% current margin with respect to the redwurrent in order to reach a field
of 0.5T. This operating margin can compensate for temperatariations, mechanical or other
perturbations in the system. The superconductor for the &Lild be made in the form of braid
or in the form of a two-layer spiral winding using Rutherfazdble. The braid consists of 288
NbTi SSC-type strands 0.648 mm in diameter and arranged atterp of two sets of 24 crossing
bundles with opposite pitch angle about the tube. A conduntde of Rutherford cables consists
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Figure 43. Superconducting transmission line.

of 9 NbTi cables that were used in the SSC dipole inner layaropper braid is placed inside the
superconductor to provide additional current carryingatélfity during a quench. The conductor
is sandwiched between an inner perforated Invar pipe, wgehies as a liquid helium channel,
and an outer Invar pressure pipe that closes the helium sgzath braided and spiral-wrapped
conductors and the 10 cm long splice between them have beeessiully tested with 100 kA
transport current within the R&D program for the VLHC. ThelSias a 2.5-cm clear bore, which
is sufficient for the liquid helium flow in a loop up to 10 km imigth. This configuration allows
for cooling each solenoid with continuous helium flow comirgm a helium distribution box.

The thermal shield is made of extruded aluminum pipe segnevttich slide over opposite
ends of each support spider. The 6.4-mm diameter Invar pipsdd for 50 K pressurized helium.
It is placed in the cavities at the top and the bottom of boghsthield and the supports. The shield
is wrapped with 40 layers of a dimpled super insulation. Theuum shell is made of extruded
aluminum or stainless steel. Heat load estimates for theritbesl STL are:

e Support system: 53 mW/m at 4.5 K and 670 mW/m at 40 K
e Super insulation: 15 mW/m at 4.5 K and 864 mW/m at 40K

The estimated cost of the described STL is approximatelp®B0Further STL design opti-
mization will be required to adjust the structure to the ii@dtion and operating conditions of the
desired NF detector solenoids and to optimize its fabicadind operational cost. Although what
has been described here has been directed at the MagneémGancept, the STL could also be
used in a very large LAr detector following the Glacier cquiceThe fact that the STL would be
operating in liquid Argon would allow for a simplified STL dgs since the heat-load environment
would be very different.

B.7 STL solenoid power

The relatively low inductance of the STL solenoids (0.3 H¥roid) allows powering all solenoids
from a single 50 kA power supply. A power supply with a voltagfet50 V will allow ramping
the magnet system up or down in less than 1 hour. A single p&id &A current leads is required
for powering the solenoids. These could either be convealticopper leads or current leads based
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on High-Temperature Superconductor. The cryogenic wallgg@ssociated with the conventional
50 kA leads could be reduced by a factor of 4 with high Tc leads.

B.8 Conclusions

Magnetizing volumes on the order of 30,000 to 60,060at fields up to 0.5T presents techni-
cal challenges, but is certainly within the current engimgecapabilities. The cost, however, in
most scenarios is prohibitive. The use of room temperatw®CAl conductor could provide a
modest field €0.1T), but operating costs are likely to be excessive. Quimeal superconducting
magnet technology could provide the necessary field at #alglepoperating costs, but the magnet
construction costs using a conventional vacuum-insulatgdstat are not affordable. High Tc su-
perconducting coils using foam insulated cryostats shawnse, especially given the rapid pace
in which this technology is developing. The current stét#he-art in high Tc cable might present
an affordable technical solution to this problem, but muabrerR&D on coil assembly, magnet
guench performance and cryostat would need to be done. Wn§TL concept presents some
very interesting possibilities. It eliminates the costvdriof large conventional superconducting
coils, the vacuum-insulated cryostat, and has already pemotyped, tested, and costed during
the R&D for the VLHC. A full engineering design would still ed to be done, but this technique
has the potential to deliver the large magnetic volume reduwith a field as high as 1T with very
uniform field quality and at an acceptable cost. Developsedith high Tc superconducting cable
could also have an impact on the STL design concept, withgiatecost savings.

C Matter effects

The matter effect causes different oscillation pattermsnfutrinos and antineutrinos, depending
on the mass hierarchy. Observing this difference is the rfieastible way to determine the mass
hierarchy. The difference may be observable with baselorager than about 1000 km, depending
on the quality and quantity of achievable data and osaltagiarameters.

The difference is most visible at the MSW resonance, whereskillations of one channel are
enhanced and those of the other suppressed. For the usti@hogarameters the resonance en-
ergy is about 10 GeV in the lithosphere, about 7 GeV in the laattdepths relevant for the magic
baseline, and about 3 GeV in the core. (The uncertaintiegwifrimo parameters cause an uncer-
tainty of about 20% at@ for this prediction.) For energies much higher than themasoe energy
all oscillations are suppressed, and for energies welvb#he resonance energy the oscillations
can be treated as in vacuum.

The detailed simulation of the propagation of neutrino®lgh the Earth requires a suffi-
ciently accurate knowledge of the density profile along thgetine. The uncertainties of the den-
sity profile cause correlations in the parameter space thrapticate the analysis and reduce the
accuracy of results. For a larghks the density uncertainty of 5% may cause rather large errors
while 1% accuracy would make the correlations ignorableth\&imallerf,3 the requirements for
the accuracy are milder, and with $&8;5 < 102 the dominant error comes from elsewhere and
any reasonable density model will be sufficiently accur@tee correlations can be also reduced by
a suitable choice of multiple baselines and chanrEl§][
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Within first order, one can use the average density unceytairthe baseline an indicator of
goodness. Uncorrelated local variations around the agaragstly smooth out for realistic density
profiles, when not in resonance, and all small-scale densitiations with a scale up to a few
kilometres are completely irrelevant. However, a bettesraanalysis in a variable density requires
numerical treatment, as different densities contribuféeidintly, and particularly the resonance
case should be studied with more care.

According to geophysical studies, the difference betwéendensity of the Earth and the
density defined by a standard spherical Earth model (e.gMPRE6]) does not exceed 5% The
uncertainties are due to both global or systematic effecthe average density distribution and un-
known local variations. The local variations can be rathege, particularly for complicated zones
like active mountains, subduction zones, hot spots, plumesiperplumes. Such variations may
extend down to the border of the inner core. Also it is to beddhat the inner core is in rotation
relative to the mantle, even its axis deviates from the i@tatxis of the Earth. The detailed models
for the inner parts are not yet free from inconsistencied,tharefore must be treated with care.

Using the data of local and regional geophysical measurenogre can construct local models
much better than the 1-dimensional PREM model. Specifid lmed regional models may reach
up to 1% accuracy. With good geophysical measurements aneltain knowledge to define the
density profile even for complicated regions. Neverthelsgsmost part of the Earth, particularly
oceans, sufficiently accurate measurements cannot be aluthene has to rely on general models.
The models for ocean crust are usually very simple, but opeldhbe careful when using such
models as the simplicity may be due to our ignorance.

A specific model for the baseline CERN-Pyhasalmi was cansd in ref. L17] (figure 44).
For this specific baseline there are abundant geophysital @ad a realistic density profile can be
built up, despite some parts of the baseline being ratheplicated. The most challenging part
is the upswelling asthenosphere under Germany which calusdargest uncertainty. It was con-
cluded that one can reach about 1% accuracy in estimatingnadglensity variations (e.g. density
inhomogeneities of more than several dozens kilometerd)dselines from CERN to Pyhasalmi.
All later geophysical studies support the previous vievd ao surprises have occurred.

It was shown explicitly in ref. 117] that the uncertainties in this model do not cause any
significant error in the interpretation of the data, withlistec experimental scenarios.

Similar studies for other baselines would be welcome (&€ ffor a study in Japan). While
waiting for other studies, we can extrapolate the expeégrimom modelling of the above baseline
and from general considerations, to predict the accura€iether profiles. Also, opinions different
from those above have been expressed].

In order to get the best accuracy for the density profile, tlewing general conclusions can
be drawn:

1. It is recommendable to use well known continental areasipg tectonically stable flat re-
gions.

2. One should avoid complicated zones like high mountaidssaismically active or volcanic
areas.

2The errors here and throughout this section do not correspoGaussian distributions, but are rather “maximal
reasonable deviations”. For any decisions on the locati@xeriments we need more thaa tertainty.
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Figure 44. The estimated density profile for the baseline CERN-PghéiqFinland).

3. One should avoid oceans where little data are available.

4. Similarly one had better avoid baselines passing undelalged or politically challenging
countries where geophysical measurements will be too.risky

These conditions may be rather contradictory: some of thst mamplicated zones are also the
most studied, like Japan. On the other hand, particulariiehging zones are the Atlantic ridge
and most of the Pacific that are both complicated and difftoutte studied.

To reach the best accuracy for the density profile, the faacbeam directions are:

e From CERN towards North-East. Baseline lengths up to 270Gikerachievable with 1%
accuracy for the density. On-going and planned geophyse&asarements can improve the
accuracy even more.

e Across North-America. Similar accuracies are reachabléHe USA when the USArray
gives data. Baseline lengths up to 4000 km are possible frblh 8 West Coast of the
USA, and baselines up to 4000-5000 km can be achieved th@aghda to Alaska.

Geophysically disfavoured directions include beams frdBR@l to Canary Islands, Azores, Madeira
or Iceland, as well as any baseline around Japan.

For other long baselines the accuracy of density may not berbdban 2—3%. The above
favoured baselines cannot be extended due to firm geographitraints, and hence the longer
baselines necessarily must pass through complicated gewarown zones. Baselines 4500—
6000 km may be particularly difficult when the baseline cessthe transition zone and touches
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Figure 45. Several baselines projected through the model of the Ha#dhor (not to scale). A baseline of
0O(5000 km) may be problematic as it largely intersects withttansition zone, where the density changes
quite abruptly from 4.0 to 4.4, and errors on its depth mayltés large errors in the density profile. We
see that the second and third magic baselines (11000 km &@D)Zraverse through the outer core that
dominates their refraction lengths.

tangentially boundary layers at the depths of 400 km and &0with density jumps of 5% and
10%, respectively. In such a case a small error in the modglaaase a considerable error in the
baseline density profile. For the most difficult oceanic bass one can hardly reach 5% accuracy
for the average density.

When the baseline length equals the refraction length omitftiples one can do a clean
measurement of thé,3 mixing angle, independent on the CP-phak20F12Z. These baselines
are called magic, and can be solved analytically in consdansity, but in varying density they
must be computed numerically, for example by solving theaéquo:

/0 Lmagicexp (i /0 XV(y)dy) dx=0, (C.1)

whereV (y) is the interaction potential in matter, which is proportibto the electron density.
EquationC.1 gives a good first order approximatioh22, 123 to the magic baseline. Integrating
the above using the PREM model and two extreme cases wittraagbb% uncertainties for the
density, and a 5 km uncertainty for the core-mantle boundaeyfirst magic length turns out to be
(7300+ 300) km long, the secon@L0060" ) km and the third (12280}79) km. For the first magic
baseline, the dominant error comes from the deep mantledetailed knowledge of the crust in
start and end points is rather irrelevant. For the other twgimbaselines the uncertainty of the
length is surprisingly small, considerably smaller thantfe first one. This may sound paradoxi-
cal, but is understandable from figutb. These baselines pass through the dense outer core which
gives the largest contribution to the total refraction kengnd also to the error. For these baselines,
the details of the lithosphere are completely ignorabléthmiquoted 5% accuracy for the core den-
sity and particularly the 5 km accuracy for the core-mantlartdary may be rather optimistic.
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Figure 46. A sample plot presenting the effect of the uncertaintiehéndensity profile of figurd4 to the
muon neutrino appearance probability due to errors in theriBhese correspond to the absolute deviation
in the probability with typical parameters.

The first magic baseline is not very sensitive to such unicei¢a [124] (See also respective
sections in ISS Physics Report for analyses and referen@s)he other hand, the second and
particularly the third magic lengths are more sensitivertors, which makes them less usable for
neutrino studies until better certainty on the core coodgican be reached. Alternatively, it has
been suggested to use neutrinos to measure the densityrobtttée or core124-128,.

There is no geophysically optimal candidate for a magiclb@s&om the proposed sites of the
accelerator. In any case it is safest to use continentalibasgand avoid oceans and complicated
zones. Most important is to choose the baseline so that waneasimize the accuracy in the
deepest parts of the trajectory, while the properties oflithesphere at the end points are less
relevant. CERN to Eastern Siberia or Northern China may bsest to optimal, and from Japan
the best direction is towards Northern Europe.

We conclude that it is possible to obtain sufficient accuraeythe density profile to avoid
correlations. Future measurements may improve the agcuaad if necessary, a dedicated geo-
physical measurement campaign for the selected baselnieecanade, at a cost which is marginal
to total cost. However, in practice such measurements assilge only in limited parts of the
Earth, and particularly oceanic measurements will remanealistic for a long time. If the mixing
angle is small enough, density uncertainties are irretesad any baseline is good enough. For
defining the length of the magic baseline, however, unctita of the density are relevant for all
parameters, but in practice the physics is not very seaditithem.

D Low energy cross sections

Existing cross-sections measurements cover properlyiginednergy regime, above 5 GeV, but not
the low-energy where many of the new oscillation experimentl operate. In this region, the
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energy is crossing several thresholdwinteractions. The knowledge of the cross-section in this
regime is very limited, seelpP9 for a recent compilation. In addition to the intrinsic kniedge of
the interaction, the final state particles are affected gleaun effects like nuclear re-interactions,
Pauli blocking and Fermi motion that alters the topology kimématics of the outgoing particles.

The final state interactions could change the momentum andenaf nucleons and pions
produced in thev interactions. Both charged and neutral pions contributdhéobackground in
disappearance (charged pions faking a muon) and appeafia@geal pion faking an electron)
experiments and should be understood to a 10% level for tktege@eration of superbeamzd].

The nuclear effects also alter the kinematics of the finakstauon in charged current interac-
tions by inhibiting the reaction (Pauli blocking) or chamgithe center of mass energy where the
reaction takes place (Fermi Motion). These phenomena ehbasjc kinematic properties of the
interaction like theg? or the threshold of the reaction. The dependency of the @eston with
the nuclear mass (A) has to be considered, since most of theureaments are done in light nuclei
(deuterium, carbon, oxygen, etc.). The measurement oféperdlency of cross-section with A is
part of the experimental program of the Mimarexperiment131].

The dominant neutrino interactions from 500 MeV to few Ge¥:ar

e Charged current quasi-elastic and neutral current eledécactions.
e Neutral and charged current single pion production.
e Neutral and charged current multi pion production and mieetaistic interactions.

e Neutral and charged current coherent pion production.

A compilation of actual knowledge on cross-sections is shimfigure47 for charged current
neutrino and anti-neutrino interactions.

In general, the available data is old (from the 70’s and 8@isymalized to charged current
guasi-elastic using obsolete form factors and the beantrsipe@nd flux was based on dubious
hadron production models. The nuclear corrections areraisavell documented or inconsistent,
the data is sparse, low statistics and some times inconsisiéie panorama is even worse when
we consider production of more than one pion in the final state

Note that all existing cross-sections measurements atligv#2V refer always to muon neu-
trinos and anti-neutrinos. Thg andve cross sections have not being measured due to the intrinsic
difficulties to produce the appropriate neutrino beam aredtduneutrino detection techniques. The
cross-section can be safely assumed to be equal to that of meudrinos, except when we are
close to the threshold and the mass of the final state lepg®iher with the nuclear effects play
an important role. This is specially critical in the caselad tow-y B beams. Thg8 beams search
for the transition ofve to v, the low y version is being designed for energies from 100 MeV to
500 MeV. This is the energy region that has the largest uaicgiks in the relative cross-sections
betweenve andv,,. Dedicated experiments will be needed in this case to cbtiteosystematic
errors to the required level, 0.1%.

D.1 Neutral current elastic and charge current quasi-elast interactions

This interaction is of vital importance since it provides athod to reconstruct the neutrino energy.
The actual knowledge of the cross-section is not better 2086, Theory is based on Conserved
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Figure 47. Cross-section experimental values as a function of thérineuenergy (left). Results are
compared to NEUT 132 Monte Carlo simulation. Points show the experimental d&alL 82 [133,
CCFR 90 [L34, CDHSW 87 [L35, IHEP-JINR 96 13§, IHEP-ITEP 79 [L37, CCFRR 84 139, ANL
82 [139, BNL 86 [140, ANL [141], GGM 77 [144, GGM 79 [143 and Serpukhov144. Cross-section
experimental values as a function of the anti-neutrinognéight). Results are compared to NEUT3P|
Monte Carlo simulation. Points show the experimental da@FR 90 L34, CDHSW 87 [L35, IHEP-JINR
96 [136, IHEP-ITEP 79 [L37, CCFRR 84 [L38, GGM 77 [149, GGM 79 [143, and Serpukhovi44].

Vector Current (CVC), Partially Conserved Axial CurrenC@C) and form factors measured in
electron nucleus scattering. The axial form factor is naivikm and it is normally parametrized
as a dipolar form factor with the axial mass as a free paraméteshould be noticed that this
parameter changes the total cross-section and@fué the interactions. Both methods had been
used to measure the parameter, coming to contradictorjtsessiit was noted in1[30]. Future
experiments?2, 23, 131] will be able to measure if the axial form factor departs fribra simplistic
dipole format.

The neutral current elastic scattering is not of relevamdrtance for oscillation experiments,
although they can be used to determine the strange quar&tanside nucleons.

D.2 Charge and neutral current resonance: single and multi ppn production

The production of charged and neutral pions are importackdraunds to both disappearance and
appearance experiments. The knowledge of the resonansg sotion is difficult to model. To
the lack of knowledge of the standard axial form factors weeha add the uncertainties on the
amplitude of high mass resonances in the transition regidhd deep inelastic. There are also
models [L45 showing that the non-resonant contributions could bevegieand affect the cross-
sections very close to threshold. The non-resonant conitrito is clearly present im,n channels.
Nieves [L45 argued that it is probably necessary to depart f@0) ~ 1.2, which is the PCAC
dictated value of the leading axial form factor for thexcitation.

The neutral current resonant pion production should alsméasured since they are back-
ground for appearance and also disappearance experimétiishe pion being identified as a
neutrino flavor tagging lepton. The nuclear reinteractiamsvery relevant at this stage altering the
sign of the pion leaving the nucleus. The nuclear reintemaatross-sections are known to a 20
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to 30% and they are difficult to measure in standard neutripements. It is possible that T2K
will be able to address this measurement with the near ettt has good particle identification
capabilities and momentum resolution, s2g||

D.3 Neutral and charged current multi pion production and deep inelastic interactions

Deep inelastic cross-sections have been measured at highiesn The theoretical framework,
based on structure functions, is well established and ibeaa measured in different experimental
conditions. But, there are still some unclear items: nucfacts, Iowq2 region and the transition
region to the resonant (single and multi pion) neutrinorad#ons.

As an example of the situation, the implementation of theiiteon region in the NEUT Monte
Carlo is done as a mixture of experimental results and stdridante Carlo tools. NEUT produces
pions in the final state according to FNL-I4[g] results for a region where 1.3 Ge¥YW < 2.0 GeV
(W is the invariant mass of the hadronic current) and acogrdo JETSET 7.4 147] above
this value.

D.4 Charge and neutral current coherent pion production

The neutral current coherent pion production has been mezhatirelatively high energies (2.0 GeV)
and heavy nuclei. The values for light nuclei and low energiee not available and they might de-
pend on the theoretical model for extrapolations. Migefl31] and the near detector of T2R2]
will be able to provide measurements for these reactiortsatteavery important to determine the
background owe appearance. Anyhow, this background will be mainly produmginterations of
high energy neutrinos.

The charged current coherent production is related to theadeurrent cross-section at higher
energies but the relation might be distorted at low energg&ei was suggested by a recent K2K
result [L48 due to the mass of the muoh49.

D.5 The cross-section double ratio
As discussed already in secti@nthe precise measurement of the CP asymmetry

P(vy —Ve)—P(Vy —Ve)

Acp = (D.1)

or precise measurement of any appearance probabilityremgillire knowledge of the cross-section,
efficiency and background of both the initial channel (fag trear detector normalization) and of
the appearance channel. The ratio to worry about is therefetd-muon neutrino cross-sections.
Indeed, the troublesome quantity is the double ratio:

, (D.2)

whereavu really meansy, x &-—B, including a correction for efficiency and backgrounds.
Although it would seem that many systematic errors woulaehim this ratio, this is only partially
true. The effects that ensure a deviation of this quantaynfunity are quite difficult to master:

e the muon mass effect;
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e Fermi motion and binding energy;

e the non-isoscalarity of the target (this is particularlievant for water where anti-neutrinos
and neutrinos interact very differently on the free projpns

e the different neutrino and antineutrilyaistributions; and

¢ the different appearance of the final state lepton in thectiate

These effects are particularly relevant for the low energytrinos, as will be discussed here.
One can legitimately wonder whether everything needs to &&sored or if theory cannot help by
predicting the double ratio using safe assumptions. Suelmalysis was developed by Jan Sobczyk
and collaborators1s(. If one concentrates on low energies, the dominant cressems will be
guasi-elastics. The cross-sections for the four relevagtiss of neutrinos are shown on the top
line of figure48.

The muon threshold effect is clearly visible. Due to theatit inelasticity (oy distribution)
of neutrinos vs antineutrinos, the muon mass correctiovgker not the same for neutrinos and
antineutrinos, by an amount that can be quite large (20%).

The next thing to worry about are nuclear effects, which adeus dependent and particularly
relevant in water where antineutrinos can interact on e rotons, while neutrinos cannot. These
can be broadly separated in two classes, binding energy emai Fnotion. The description of the
effect of binding energy is considered to be quite uncegaian that the debris of the nucleus from
which the struck nucleon originates probably take away softtee binding energy in the reaction,
and it cannot entirely be attributed to the struck nucleohe flesulting effect on the double ratio
is extremely large at low energies, because of the existehagtineutrino interactions on the free
protons. The region below 250 MeV probably cannot be trustadl the region above should be
seen as having an uncertainty given by the following factors

e The uncertainty on the description of Fermi motion could ba&lwated with the guidance
given by the difference between the Spectral Function amtrand the Fermi Gas model.
Around 250 MeV this leads to an uncertainty of about 2% on tingbte ratio.

e The uncertainty due to the binding energy modelling. A shyft say, 50% of the binding
energy itself would change the double ratio by another 2%.

e There is also a large uncertainty related to the Impulse é&yppration (IA) used in cross
section computations. The IA assumes that the relevaneds@f freedom are individual
nucleons. The analysis of electron scattering data clestudyvs that the IA is reliable only
for momentum transfergj| >~ 400 MeV [151]. On the other hand, at a neutrino energy
~ 400 MeV, about 40% of the cross section calculated withinlgheorresponds to lower
values of|d| (figure49). This is a source of large uncertainty which is difficult &timate.
Of course, one can be optimistic and believe that the rat@siat affected much by the use
of the IA, but it is a source of additional systematic error.

Thus from considerations on total cross-sections alongn@amental uncertainty of the order
of 3-4% can be ascertained. The energy of 250 MeV incidgntaliresponds to the oscillation
maximum for the distance between CERN and Frejus. Takitmgaocount the difficulties that will
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Figure 48. Top Left: quasi-elastic cross-sections on free nucle@utfion for neutrinos and protons for
anti-neutrinos) for electron and muon neutrinos and antim@s. The muon threshold is clearly visible.
Top Right: thev, to ve andVv, to Ve cross-section ratios showing the effect of the differedistributions.
Middle: the cross-section ratios between muon- and electentrinos (left) and antineutrinos (right) taking
into account nuclear effects, compared to those on freeenuthe binding energy shows up as a shift in
the threshold, but the exact description of this is considemcertain; the curves correspond to modelling
the nucleus with the Fermi Gas Model (FG) or with the Speé&tuaction approach. Bottom left: the double
ratio in water from threshold to 1 GeV, and in the 'reliablegion above 250 MeV (right).

be associated with the different energy spectra and deteefiiciencies for muons and electrons, it
seems very unlikely that an uncertainty of less than 5% oddble ratiodDR can ever be achieved
at low energies from a combination of simulations and theory

— 74—



Vgt B0 = p+X

.14 l
% 1o B, (GeV)
=l 0.4— |
=] .

g 101 0.6— |
S08F 0.8—
Tnal 1.0— |
30.6

hg 04 .
g 0.2r .
=

=0

] ] ] ]
0 200 4)0 600 800 1000 1200 1400
la| (MeV/c)

.safe"” region

Figure 49. Differential cross section af, on'°0 as a function of momentum transfer, at several values of
neutrino energy. The Impulse Approximation is only rel@alvl the region witHg| > 400 MeV.

Acknowledgments

We would like to thank the management of Rutherford Applétahoratory, CCLRC and PPARC,
for their support during the study and to Professor J. Woopairticular for initiating the study.
During the course of the year, we were welcomed at a numbeabair&tories across the world
and therefore thank the management of the CERN, KEK, RALrktbdes and the University of
Irvine for hosting the ISS plenary meetings. This work wontd have been possible without the
existing network of the ECFA/BENE study groups and the UStNieol Factory and Muon Collider
Collaboration (NFMCC). Finally, our warm and sincere thaugio to all those who contributed to
the plenary and working group meetings, either through ntagresentations or by contributing to
the discussion, and to those who contributed to the proalucti this report.

The authors acknowledge the support of CARE, contract nurfR-CT-2003-506395.
This work was supported by the Science and Technology EesilCouncil under grant num-
bers PPA/G/S2003/00512, PP/B500790/1, PP/B500815/B3@PB82/1, and through the SLAs
with STFC supported laboratories. This research was figrsiapported by the Director, Office of
Science, Office of High Energy Physics, of the U.S. DepartroEBnergy, under contract nos. DE-
AC02-05CH11231, DE-AC02-76CH03000, DE-AC02-98CH108868 BE-AC02-07CH11359.

References

[1] http://www.Inf.infn.it/conference/2005/nufact05/
[2] http://dpnc.unige.ch/users/blondel/detectors/detestudy.htm

[3] 1SS PHYsics WORKING GRoOUP collaboration, A. Bandyopadhyay et. @hysics at a future
Neutrino Factory and super-beam facilifRAL-TR-2007-019arXiv:0710.4947.

— 75—


http://www.lnf.infn.it/conference/2005/nufact05/
http://dpnc.unige.ch/users/blondel/detectors/detector-study.htm
http://arxiv.org/abs/0710.4947

(4]

(5]

(6]

[7]

(8]

(9]

(10]

(11]

(12]
(13]

(14]

(15]
[16]
(17]

(18]

(19]

(20]

(21]

E. Keil, Power Deposition due to Muon Decay Losses in a Neutrino Fgc@ERN-NUFACT
Notes 54 (2000) available frohttp://molat.home.cern.ch/molat/neutrino/nf54.pdf

E. Keil, Electron Cloud at the CERN Muon Storage RifGERN-NUFACT Notes 56 (2000)
available fromhttp://molat.home.cern.ch/molat/neutrino/nf56.pdf

M.L. Mangano et alPhysics at the front-end of a neutrino factpity ECFA/CERN studies of a
Neutrino Factory comple)A. Blondel et al. eds CERN report 2004-002

A. Broncano and O. Men&;orrections to the fluxes of a neutrino factory
Eur. Phys. JC 29(2003) 197 hep-ph/0203052].

A. Blondel, Energy calibration by spin precession Prospective study of muon storage rings at
CERN CERN 99-02, ECFA 99-197 (1999) p. 51-54.

R. Raja and A. TollestrugGalibrating the energy of &0 x 50GeV Muon Collider using g 2 spin
precessionPhys. RevD 58(1998) 13005.

|. Papadopoulosmpact of the muon beam divergence and polarisation on tediption accuracy
of the neutrino flux at a distant detector of a neutrino fagtam Proceedings NUFACTQO/onterey
California, (2000).

R. Piteira,Measurement of the muon beam size and divergence in the Nwrage ring of a
neutrino factory internal report, Stage de Magistere, Ecole Normale sepi de Paris, (2001).

A. Blondel,Muon polarisation in the neutrino factoryNucl. Instrum. MethA 451 (2000) 131

R. Fernow, J. Gallardo and Y. Fukdiuon polarisation effects in the front end of the neutrino
factory, MUCOOL-note 129 (2000),
http://www-mucool.fnal.gov/imcnotes/public/pdf/mu@muc012%bs.txt

see also A. Blondel, M. Donega and S. Gilard@tiydy of (anti-)Neutrino Fluxes from a Horn
Neutrino beam using 2.2 GeV protQi@ERN NUFACT-Note-078 (2000),
http://slap.web.cern.ch/slap/NuFact/Nufact/nf78.pdf

R.B. Palmer, C. Johnson and E. Kdilcost-effective design for a neutrino factory
Nucl. Instrum. MethA 451 (2000) 265

EURISOL Beta beam Design Stutitp://beta-beam.web.cern.ch/beta-beam/task/ingpx.a
NUMI Technical Design handboghttp://www-numi.fnal.gov/numwork/tdh/tdimdex.html

K. Elsener et al.The CERN Neutrino beam to Gran Sasso (Conceptual TechnesiB)
CERN-98-02 INFN-AE-98-05 (1998);

R. Bailey et al.,The CERN Neutrino beam to Gran Sasso (N@8dendum to report CERN 98-02,
CERN-SL-99-034-DIINFN/AE-99-05 (1999);

M. Clement et al.Update of changes to CNGS layout and paramet@ksNote-2002-012

THE MINOS collaboration, P. Adamson et dllINOS Detectors, Technical Design RepdtMI
Note NUMI-L-337,http://www-numi.fnal.gov/Minos/info/minatdr.html

J. McDonald et. al.lonization chambers for monitoring in high-intensity ched particle beams
Nucl. Instrum. MethA 496 (2003) 293

A. Ferrari, A. Guglielmi adn P.R. Sal&NGS neutrino beam systematics 63,
Nucl. Phys. (Proc. Suppl45(2005) 93

Y. Ajima et al., Tokai-to-Kamioka (T2K) Long Baseline Neutrino Oscillatiéxperiment Proposal
Program Advisory Committee for Nuclear and Particle Prg/Eigperiments, Proposal 060611,
J-PARC, Japarhttp://j-parc.jp/NuclPart/pa6606/pdf/pl1-Nishikawa.pdf

—76 —


http://molat.home.cern.ch/molat/neutrino/nf54.pdf
http://molat.home.cern.ch/molat/neutrino/nf56.pdf
http://cdsweb.cern.ch/search?ln=en&amp;sysno=002447427CER
http://dx.doi.org/10.1140/epjc/s2003-01224-3
http://arxiv.org/abs/hep-ph/0203052
http://dx.doi.org/10.1016/S0168-9002(00)00378-8
http://www-mucool.fnal.gov/mcnotes/public/pdf/muc0129/muc0129_abs.txt
http://slap.web.cern.ch/slap/NuFact/Nufact/nf78.pdf
http://dx.doi.org/10.1016/S0168-9002(00)00393-4
http://beta-beam.web.cern.ch/beta-beam/task/index.asp
http://www-numi.fnal.gov/numwork/tdh/tdh_index.html
http://cdsweb.cern.ch/record/359028
http://cdsweb.cern.ch/record/390779
http://cdsweb.cern.ch/record/693935
http://www-numi.fnal.gov/Minos/info/minos_tdr.html
http://dx.doi.org/10.1016/S0168-9002(02)01768-0
http://dx.doi.org/10.1016/j.nuclphysbps.2005.03.042
http://j-parc.jp/NuclPart/pac_0606/pdf/p11-Nishikawa.pdf

[22] T2K collaboration, D. KarlenNear detectors for the T2K experiment
Nucl. Phys. Proc. Suppl59(2006) 91

[23] Y. Yamada,The T2K programNucl. Phys. Proc. Suppl55(2006) 28 T2K phase-l and |l
Nucl. Phys. Proc. Suppl55(2006) 207

[24] P. PerezMeasurements of neutrino cross-sections with a near datect
Nucl. Instrum. MethA 451 (2000) 216

[25] A. Blondel et al. ECFA/CERN Studies of a European Neutrino Factory Com@&RN-2004-002-
ECFA-04-230, CERN, Geneva (2004), 365 p.

[26] K.S. McFarlandShort-baseline opportunities and challenges at a neutié@otory,
Nucl. Instrum. MethA 451 (2000) 218

[27] L.B. Okun,Leptons and Quark$North-holland, Amsterdam, Netherlands (1982).

[28] CHARM-II collaboration, P. Vilain et. al A Precise measurement of the cross-section of the
inverse muon decay muon-neutrino +-e-mu- + electron- neutrinp Phys. LettB 364(1995) 121

[29] CHARME-II collaboration, P. Vilain et. alPrecision measurement of electroweak parameters from
the scattering of muon-neutrinos on electro®hys. LettB 335(1994) 246

[30] See International Workshop on Neutrino-Nucleus latgions, NUINT-04,
http://nuint04.Ings.infn.if/NUINT-05, http://fphy.hep.okayama-u.ac.jp/Nulnt05/

[31] M. Ellis and F.J.P. SoleNear detector at a neutrino factory
Nucl. Instrum. MethA 569 (2006) 127

[32] NOMAD collaboration, J. Altegoer et. alThe NOMAD experiment at the CERN SPS
Nucl. Instrum. MethA 404 (1998) 96

[33] NOMAD collaboration, G. Barichello et. alh B4C silicon target for the detection of neutrino
interactions Nucl. Instrum. MethA 419(1998) 1

[34] G. Barichello et al.Performance of the NOMAD-STAR detector
Nucl. Instrum. MethA 506 (2003) 217

[35] M. Ellis and F.J.P. SoleCharm identification using silicon detectors in a neutriperiment
J. PhysG 29(2003) 1975

[36] NOMAD collaboration, P. Astier et. alNeutrino production of opposite sign dimuons in the
NOMAD experimentPhys. LettB 486(2000) 35

[37] R. Turchetta et. alA monolithic active pixel sensor for charged particle trexckand imaging using
standard VLS| CMOS technologiucl. Instrum. MethA 458 (2001) 677

[38] J.J. Velthuis et. alA monolithic active pixel sensor for particle detection i2®-mu CMOS
technology Nucl. Instrum. MethA 560 (2006) 40

[39] J.J. Velthuis et. alStatus of DEPFET Nucl. Instrum. MethA 569 (2006) 57

[40] CHORUS collaboration, E. Eskut et. aTlhe CHORUS experiment to search fpr— nu/tau
oscillation, Nucl. Instrum. MethA 401(1997) 7

[41] CHORUS collaboration, A. Kayis-Topaksu et. lleasurement of topological muonic branching
ratios of charmed hadrons produced in neutrino induced gher current interactions
Phys. LettB 626(2005) 24

[42] CHORUS collaboration, G. Onengut et. Alleasurement of D*+ production in charged-current
neutrino interactions Phys. LettB 614(2005) 155

—77-


http://dx.doi.org/10.1016/j.nuclphysBPS.2006.08.062
http://dx.doi.org/10.1016/j.nuclphysbps.2006.02.005
http://dx.doi.org/10.1016/j.nuclphysBPS.2006.02.050
http://dx.doi.org/10.1016/S0168-9002(00)00389-2
http://dx.doi.org/10.1016/S0168-9002(00)00551-9
http://dx.doi.org/10.1016/0370-2693(95)01298-6
http://dx.doi.org/10.1016/0370-2693(94)91421-4
http://nuint04.lngs.infn.it/
http://fphy.hep.okayama-u.ac.jp/NuInt05/
http://dx.doi.org/10.1016/j.nima.2006.09.060
http://dx.doi.org/10.1016/S0168-9002(97)01079-6
http://dx.doi.org/10.1016/S0168-9002(98)00770-0
http://dx.doi.org/10.1016/S0168-9002(03)01379-2
http://dx.doi.org/10.1088/0954-3899/29/8/384
http://dx.doi.org/10.1016/S0370-2693(00)00612-2
http://dx.doi.org/10.1016/S0168-9002(00)00893-7
http://dx.doi.org/10.1016/j.nima.2005.11.232
http://dx.doi.org/10.1016/j.nima.2006.09.012
http://dx.doi.org/10.1016/S0168-9002(97)00931-5
http://dx.doi.org/10.1016/j.physletb.2005.08.082
http://dx.doi.org/10.1016/j.physletb.2005.03.081

[43] CHORUS collaboration, G. Onengut et. lleasurements of DO production and of decay
branching fractions in neutrino nucleon scatterjinghys. LettB 613(2005) 105

[44] CHORUS collaboration, G. Onengut et. ifleasurement of charm production in antineutrino
charged- current interactionsPhys. LettB 604(2004) 11

[45] CHORUS collaboration, G. Onengut et. ifleasurement of fragmentation properties of charmed
particle production in charged-current neutrino interamis, Phys. LettB 604(2004) 145

[46] CHORUS collaboration, A. Kayis-Topaksu et. @etermination of the semi-leptonic branching
fraction of charm hadrons produced in neutrino chargedreut interactions
Phys. LettB 549(2002) 48

[47] A.Cervera, F. Dydak and J. Gomez Caderalgrge magnetic detector for the neutrino factory
Nucl. Instrum. MethA 451 (2000) 123

[48] A. Cervera et. al.Golden measurements at a neutrino factoNucl. PhysB 579(2000) 17

[49] A. Cervera-VillanuevaReview of large magnetic calorimeters
Nucl. Phys. B Proc. Supfg49(2005) 201

[50] M. Selvi, Neutrino oscillation studies with a massive magnetizedatet, Ph. D. thesis, Bologna
University, Italy (2002)http://www.bo.infn.it/selvi/tesi.ps.gz

[51] http://www.imsc.res.intinol.

[52] MINOS collaboration, E. Ables et aR-875: A Long-baseline Neutrino Oscillation Experiment at
Fermilab, Fermilab Proposal P-875 (1995),
http://minos-docdb.fnal.gov/cgi-bin/ShowDocumentfide63

[53] A. Cabrera and J. Hartnellhe MINOS Calibration Detector
Nucl. Phys. B Proc. Supdl43(2005) 533
P. Adamson et. alThe MINOS calibration detectpNucl. Instrum. MethA 556 (2006) 119

[54] G. Bari et. al. Analysis of the performance of the MONOLITH prototype
Nucl. Instrum. MethA 508 (2003) 170

[55] GEANT 3.21, CERN Program Library, Long Writeup W5013,
http://wwwasdoc.web.cern.ch/wwwasdoc/pdfdir/geatit.p

[56] G.Ingelman, A. Edin and J. Rathsm&ikPTO 6.5 - A Monte Carlo Generator for Deep Inelastic
Lepton-Nucleon ScatteringComput. Phys. Commuh01(1997) 108

[57] R.L. GlucksternUncertainties in track momentum and direction, due to mldtscattering and
measurement erroysNucl. Instrum. Meth24(1963) 381

[58] D. Harris,Minos and NovaTalk given at WINO7, Kolkata, India (2007).

[59] http://www-nova.fnal.gov/

[60] http://www.Inf.infn.it/conference/nufact05/talks2@1/NelsonMagneticTrackingWG1.pdf
[61] http://dpnc.unige.ch/users/blondel/ISS-4/iss4-20060821.ppt

[62] http://minerva.fnal.gov/

[63] A. Cervera-Villanueva, J.J. Gomez-Cadenas and J.An&felo, RecPack’ a reconstruction toolkit
Nucl. Instrum. MethA 534 (2004) 180

[64] A.Braem et al.The X-HPD: Development of a large spherical hybrid photedér,
Nucl. Instrum. MethA 581 (2007) 469 CERN-PH-EP-2007-007

78—


http://dx.doi.org/10.1016/j.j.physletb.2005.03.036
http://dx.doi.org/10.1016/j.physletb.2004.10.037
http://dx.doi.org/10.1016/j.physletb.2004.11.001
http://dx.doi.org/10.1016/S0370-2693(02)02865-4
http://dx.doi.org/10.1016/S0168-9002(00)00558-1
http://dx.doi.org/10.1016/S0550-3213(00)00221-2
http://dx.doi.org/10.1016/j.nuclphysbps.2005.05.090
http://www.bo.infn.it/selvi/tesi.ps.gz
http://www.imsc.res.in/~ino/
http://minos-docdb.fnal.gov/cgi-bin/ShowDocument?docid=63
http://dx.doi.org/10.1016/j.nuclphysbps.2005.01.198
http://dx.doi.org/10.1016/j.nima.2005.10.072
http://dx.doi.org/10.1016/S0168-9002(03)01345-7
http://wwwasdoc.web.cern.ch/wwwasdoc/pdfdir/geant.pdf
http://dx.doi.org/10.1016/S0010-4655(96)00157-9
http://dx.doi.org/10.1016/0029-554X(63)90347-1
http://www-nova.fnal.gov/
http://www.lnf.infn.it/conference/nufact05/talks2/WG1/Nelson_Magnetic_Tracking_WG1.pdf
http://dpnc.unige.ch/users/blondel/ISS-4/iss4-scifi-20060821.ppt
http://minerva.fnal.gov/
http://dx.doi.org/10.1016/j.nima.2004.07.074
http://dx.doi.org/10.1016/j.nima.2007.08.029
http://cdsweb.cern.ch/record/1025829

[65] A.Braem,The X-HPD — conceptual study of a large spherical hybrid pHetector
Nucl. Instrum. MethA 570(2007) 467 CERN-PH-EP-2006-025

[66] C. Rubbia,The Liquid Argon Time projection Chamber: a new concept featkino Detectoy
CERN-EP-77-08 (1977).

[67] E. Aprile, K.L. Giboni and C. Rubbiag study of ionization electrons drifting large distances in
liquid and solid argon Nucl. Instr. Meth A 241 (1985) 62

[68] ICARUS collaboration, S. Amerio et. aDesign, construction and tests of the ICARUS T600
detector Nucl. Instrum. MethA 527 (2004) 329

[69] P. Benetti et. al.A 3-ton liquid argon time projection chamber
Nucl. Instrum. MethA 332(1993) 395

[70] P. Cennini et. al.Performance of a 3-ton liquid argon time projection chamber
Nucl. Instrum. MethA 345(1994) 230

[71] ICARUS-MiLANO collaboration, F. Arneodo et. aPerformance of a liquid argon time projection
chamber exposed to the WANF neutrino bed@thys. RevD 74 (2006) 112001
[physics/06092085].

[72] A. Ferrari, A. Rubbia, C. Rubbia and P. SdPapton driver optimization for new generation neutrino
Super Beams to search for sub-leading— ve oscillations @3 angle) New J. Phys4 (2002) 88

[73] A. Meregaglia and A. Rubbidyeutrino oscillation physics at an upgraded CNGS with |amggt
generation liquid argon TPC detectoi3HEP 11 (2006) 032 hep-ph/0609106].

[74] A.Rubbia,Review of massive underground detegtor®roceedings of the finternational
Conference on Calorimetry in High Energy Physiegsrugia Italy (2004), p. 485-506,
hep-ph/0407297.

[75] A.Bueno et. al.Nucleon decay searches with large liquid argon TPC detscbshallow depths:
atmospheric neutrinos and cosmogenic backgroudid&P 04 (2007) 04 hep-ph/0701101].

[76] A. Rubbia,Neutrino factories: detector concepts for studies of CP amiblation effects in
neutrino oscillationsin Proceedings of the®International Symposium on Neutrino Telescopes
Venice Italy (2001), pg. 435—46Rep-ph/0106088.

[77] A.Bueno, M. Campanelli, S. Navas and A. Rubtim the energy and baseline optimization to
study effects related to the delta-phase (CP-/T-violgtiomeutrino oscillations at a neutrino
factory, Nucl. PhysB 631(2002) 239hep-ph/0112297].

[78] A. Rubbia,Experiments for CP-violation: a giant liquid argon scittilion, Cerenkov and charge
imaging experimentan Proceedings of the™ International Workshop on Neutrino Oscillations
(NO-VE 2003) Venice lItaly, pg. 321-35®,ep-ph/0402110.

[79] A.Badertscher, M. Laffranchi, A. Meregaglia and A. Ruidp, First operation of a liquid argon TPC
embedded in a magnetic fieltllew J. Phys7 (2005) 63[physics/0412080].

[80] A.Badertscher, M. Laffranchi, A. Meregaglia, A. Mulland A. RubbiaFirst results from a Liquid
Argon Time Projection Chamber in a Magnetic Fielducl. Instrum. MethA 555 (2005) 294
[physics/0505151].

[81] A. Ereditato and A. Rubbiaionceptual design of a scalable multi-kton supercondgctin
magnetized liquid argon TRQNucl. Phys. B Proc. Suppl55(2006) 233 hep-ph/0510131].

[82] A. Ereditato and A. Rubbialhe liquid argon TPC: a powerful detector for future neutrin
experiments and proton decay searchidsicl. Phys. B Proc. Supal54(2006) 163
[hep-ph/0509022].

—79—


http://dx.doi.org/10.1016/j.nima.2006.10.174
http://cdsweb.cern.ch/record/980201
http://dx.doi.org/10.1016/0168-9002(85)90516-9
http://dx.doi.org/10.1016/j.nima.2004.02.044
http://dx.doi.org/10.1016/0168-9002(93)90297-U
http://dx.doi.org/10.1016/0168-9002(94)90996-2
http://dx.doi.org/10.1103/PhysRevD.74.112001
http://arxiv.org/abs/physics/0609205
http://dx.doi.org/10.1088/1367-2630/4/1/388
http://dx.doi.org/10.1088/1126-6708/2006/11/032
http://arxiv.org/abs/hep-ph/0609106
http://arxiv.org/abs/hep-ph/0407297
http://dx.doi.org/10.1088/1126-6708/2007/04/041
http://arxiv.org/abs/hep-ph/0701101
http://arxiv.org/abs/hep-ph/0106088
http://dx.doi.org/10.1016/S0550-3213(02)00211-0
http://arxiv.org/abs/hep-ph/0112297
http://arxiv.org/abs/hep-ph/0402110
http://dx.doi.org/10.1088/1367-2630/7/1/063
http://arxiv.org/abs/physics/0412080
http://dx.doi.org/10.1016/j.nima.2005.09.031
http://arxiv.org/abs/physics/0505151
http://dx.doi.org/10.1016/j.nuclphysBPS.2006.02.059
http://arxiv.org/abs/hep-ph/0510131
http://dx.doi.org/10.1016/j.nuclphysBPS.2006.01.050
http://arxiv.org/abs/hep-ph/0509022

[83] T. StraussFirst test of a liquid Argon TPC in magnetic field productedesbd TS coil ETHZ
diploma work, available dtttp://neutrino.ethz.ch

[84] American Superconductdnitp://www.amsuper.com
[85] SuperPower, Inchttp://www.superpower-inc.com

[86] Technodyne International Limited, Unit 16 Shakespdusiness Center, Hathaway Close,
Eastleigh, Hampshire, SO50 4SR, $tp://www.technodyne.co.uk

[87] J. Hylen et al.Conceptual Design for the Technical Components of the MeuBeam fo rthe Main
Injector (NuMI), FERMILAB-TM-2018(1997).

[88] C. Bromberg et al. A large liquid argon time projection chamber for long-b&eel| off-axis
neutrino oscillation physics with the NuMI beaRERMILAB-FN-0776-e(2005).

[89] D. FinleyLiquid Argon TPC activities at Fermilghialk atNNN2006 Seattle Washington, 21
September 2006ittp://lartpc-docdb.fnal.gov/cgi-bin/ShowDocumerd@di=211

[90] A. Cervera et. al.Golden measurements at a neutrino factoNucl. PhysB 579(2000) 17
[Erratum ibid.B 593(2001) 731] hep-ph/0002108].

[91] M. Guler et al. An appearance experiment to search fgroscillations in the CNGS beam:
experimental proposaDPERA ProposaCERN-SPSC-2000-028
P. Strolin,Status report on the OPERA experimeé®ERN-SPSC-2001-025
Y. Declais et al. SPSC Meeting 5L ERN-SPSC-2002-029
http://operaweb.web.cern.ch/operaweb/documents{iakianl

[92] OPERA collaboration, R. Acquafredda et &lirst events from the CNGS neutrino beam detected in
the OPERA experimeritlew J. Phys8 (2006) 303

[93] M. Kaplon, B. Peters and D.M. RitsoEBmulsion cloud-chamber study of a high energy interaction
in the cosmic radiation Phys. Rew85 (1952) 900

[94] W.H. BarkasNuclear research emulsiondcademic Press, London U.K. (1963);
C.F. Powell et al.The study of elementary particles by the photographic nektRergamon Press,
New York U.S.A. (1959).

[95] A. Donini, D. Meloni and P. MigliozziThe silver channel at the Neutrino Factory
Nucl. PhysB 646(2002) 321[hep-ph/0206034].

[96] D. Autiero et. al.,The synergy of the golden and silver channels at the Neuaatory,
Eur. Phys. JC 33(2004) 243 hep-ph/0305185].

[97] T. Nakamura et. alThe OPERA film: new nuclear emulsion for large-scale, higdzeision
experiments Nucl. Instrum. MethA 556 (2006) 80

[98] L. Arrabito et. al. Electron/pion separation with an emulsion cloud chambeusing a neural
network 2007JINST2 P02001[physics/0701192].

[99] T. Toshito et. al.pi/p separation at 1.2-GeV/c by an emulsion cloud chamber
Nucl. Instrum. MethA 516 (2004) 436

[100] M. De Serio et. al.High precision measurements with nuclear emulsions usisigdutomated
microscopes Nucl. Instrum. MethA 554 (2005) 247

[101] G.D. Lellis et. al. Momentum measurement by the angular method in the Emulsiard Chamber
Nucl. Instrum. MethA 512 (2003) 539

[102] K. Kodama et. al.Detection and analysis of tau neutrino interactions in DON&mulsion target
Nucl. Instrum. MethA 493 (2002) 45

—80 —


http://neutrino.ethz.ch
http://www.amsuper.com
http://www.superpower-inc.com
http://www.technodyne.co.uk
http://lss.fnal.gov/archive/1997/tm/TM-2018.html
http://lss.fnal.gov/archive/test-fn/0000/fermilab-fn-0776-e.shtml
http://lartpc-docdb.fnal.gov/cgi-bin/ShowDocument?docid=211
http://dx.doi.org/10.1016/S0550-3213(00)00221-2
http://arxiv.org/abs/hep-ph/0002108
http://cdsweb.cern.ch/record/456523?ln=en
http://cdsweb.cern.ch/record/545312?ln=en
http://cdsweb.cern.ch/record/578443?ln=en
http://operaweb.web.cern.ch/operaweb/documents/index.shtml
http://dx.doi.org/10.1088/1367-2630/8/12/303
http://dx.doi.org/10.1103/PhysRev8.5.900
http://dx.doi.org/10.1016/S0550-3213(02)00894-5
http://arxiv.org/abs/hep-ph/0206034
http://dx.doi.org/10.1140/epjc/s2004-01606-y
http://arxiv.org/abs/hep-ph/0305185
http://dx.doi.org/10.1016/j.nima.2005.08.109
http://dx.doi.org/10.1088/1748-0221/2/02/P02001
http://arxiv.org/abs/physics/0701192
http://dx.doi.org/10.1016/j.nima.2003.08.167
http://dx.doi.org/10.1016/j.nima.2005.08.017
http://dx.doi.org/10.1016/S0168-9002(03)02016-3
http://dx.doi.org/10.1016/S0168-9002(02)01555-3

[103] P. Migliozzi, Status Report on the performances of a magnetized ECC (MHEE&Egtor talk given
at2nd Meeting of the International Scoping Study for a Newtfactory and Super-beam Faciljty
23-25 January 2006, KEK.

[104] C. Fukushima et alA thin emulsion spectrometer using a compact permanent etagn
Nucl. Instrum. MethA 592 (2008) 56

[105] L.S. EspositoStatus Report on the performances of a magnetized ECC (MB&€EStor talk given
at3rd Meeting of the International Scoping Study for a Newtactory and Super-beam Faciljty
24-28 April 2006, Rutherford Appleton Laboratory.

[106] BABAR-DIRC collaboration, I. Adam et. alThe DIRC particle identification system for the
BaBar experimentNucl. Instrum. MethA 538 (2005) 281

[107] M. Green, private communication.
[108] M. Green, private communication.

[109] The VLHC DesIGN STubY GROUP, G. Ambrosio et al.Design study for a staged Very Large
Hadron Collider, Fermilab-TM-2149, 4 June 2001.

[110] M.A. Green and S.J. St. Lorafistimating the cost of Large Superconducting Thin Solenoid
Magnets Advances in Cryogenic Engineeringl. 39 (1994), Also LBL-35002.

[111] A. Herve et. al.Status of the CMS MagneEEE Trans. Appl. Supercof?2 (2002) 385

[112] V. Balbekov et. alPreliminary design of the magnets for the double flip coohgnne] MuCool
Note 216, MUC/NOTE/COOL-EXP//216 (2001),
http://nfmcc-docdb.fnal.gov/cgi-bin/ShowDocument@ide216

[113] http://lwww.amsuper.com/products/htsWire/index.cfm
[114] A. Herve, private communication (2007).

[115] A. Blondel et. al.Future neutrino oscillation facilitiesActa Phys. PolorB 37 (2006) 2077
[hep-ph/0606111].

[116] A.M. Dziewonski and D.L. Andersotreliminary reference Earth model
Phys. Earth Planet. Inte25(1981) 297

[117] E. Kozlovskaya, J. Peltoniemi and J. Sarkaiftoe density distribution in the Earth along the
CERN- Pyhaesalmi baseline and its effect on neutrino @digihs hep-ph/0305042.

[118] L.-Y. Shan et. al.Modeling realistic earth matter density for CP-violatianmeutrino oscillation
Phys. Re\D 68(2003) 013002hep-ph/0303112].

[119] M. Warner,International Scoping Study presentatjon
http://www.hep.ph.ic.ac.uk/uknfic/iss0406/detectonlh

[120] V. Barger, D. Marfatia and K. Whisnarreaking eight-fold degeneracies in neutrino CP-violatio
mixing and mass hierarchyPhys. RevD 65 (2002) 073023hep-ph/0112119].

[121] P. Huber and W. WinteNeutrino factories and the 'magic’ baseline
Phys. Re\D 68(2003) 03730Thep-ph/0301257].

[122] A.Y. Smirnov,Neutrino oscillations: what is magic about the 'magic’ blse?, hep-ph/0610198.

[123] E.K. Akhmedov, M. Maltoni and A.Y. Smirno@scillations of high energy neutrinos in matter:
precise formalism and parametric resonanéthys. Rev. Let®5 (2005) 211801
[hep-ph/0506064].

— 81—


http://dx.doi.org/10.1016/j.nima.2008.03.109
http://dx.doi.org/10.1016/j.nima.2004.08.129
http://dx.doi.org/10.1109/TASC.2002.1018425
http://nfmcc-docdb.fnal.gov/cgi-bin/ShowDocument?docid=216
http://www.amsuper.com/products/htsWire/index.cfm
http://arxiv.org/abs/hep-ph/0606111
http://dx.doi.org/10.1016/0031-9201(81)90046-7
http://arxiv.org/abs/hep-ph/0305042
http://dx.doi.org/10.1103/PhysRevD.68.013002
http://arxiv.org/abs/hep-ph/0303112
http://www.hep.ph.ic.ac.uk/uknfic/iss0406/detector.html
http://dx.doi.org/10.1103/PhysRevD.65.073023
http://arxiv.org/abs/hep-ph/0112119
http://dx.doi.org/10.1103/PhysRevD.68.037301
http://arxiv.org/abs/hep-ph/0301257
http://arxiv.org/abs/hep-ph/0610198
http://dx.doi.org/10.1103/PhysRevLett.95.211801
http://arxiv.org/abs/hep-ph/0506064

[124] R. Gandhi and W. WinteRhysics with a very long neutrino factory baseline
Phys. Re\D 75(2007) 053002hep-ph/0612158].

[125] T. Ohlsson and W. Winte€ould one find petroleum using neutrino oscillations in mtt
Europhys. Lett60(2002) 34[hep-ph/0111247].

[126] T. Ohlsson and W. WinteReconstruction of the earth’s matter density profile usirsjngle
neutrino baseling Phys. LettB 512(2001) 357 hep-ph/0105293].

[127] W. Winter,Probing the absolute density of the earth’s core using aie@rheutrino beam
Phys. RewD 72(2005) 037302hep-ph/0502097].

[128] H. Minakata and S. Uchinam@n in situ determination of earth matter density in neutriactory,
Phys. RewD 75(2007) 073013hep-ph/0612002).

[129] J.A. Nowak and J.T. Sobczykjodelling CC Neutrino Cross sections in the Few GeV Energy
Region Acta Phys. PolonB 37 (2006) 1955.

[130] K.S. Kuzmin et al.Axial Masses in Quasielastic Neutrino Scattering and Sifigjbn
Neutrinoproduction on Nucleons and Nuglécta Phys. PolonB 37 (2006) 2337.

[131] MINERVA collaboration, K.S. McFarlandVINERVA: a dedicated neutrino scattering experiment
at NuMI, Nucl. Phys. Proc. Suppl59(2006) 107 physics/0605088].

[132] J. KamedaKashiwa 2004, Sub-dominant oscillation effects in atmesipmeutrino experiments
Proceedings of the International Workshop on Sub-Domi@eaillation Effects in Atmospheric
Neutrino Experiments, 9-11 December 2004, Kashiwa, Ja3@0%{, pg. 131-141.

[133] N.J. Baker et. al.Total cross-sections for muon-neutrino N and muon-neatArcharged current
interactions in the 7-ft bubble chambhePhys. Re\D 25(1982) 617

[134] P.S. Auchincloss et. aMeasurement of the inclusive charged current cross-sedtioneutrino
and anti-neutrino scattering on isoscalar nuclepizs Phys.C 48(1990) 411

[135] J.P. Berge et. alTotal neutrino and anti-neutrino charged current crosset&m measurements in
100 GeV, 160 GeV and 200 GeV narrow band beam$?hys.C 35 (1987) 443

[136] V.B. Anikeev et. al.]Total cross-section measurements for muon-neutrino; antbn-neutrino
interactions in 3 GeV-30 GeV energy range with IHEP-JINRtiiieo detector
Z. PhysC 70(1996) 39

[137] A.l. Mukhin et al.,Energy Dependence of Total Cross-sections for NeutrinoAaridneutrino
Interactions at Energies below 35 GeSov. J. Nucl. PhyR0(1979) 528.

[138] D. MacFarlane et. alNucleon structure functions from high-energy neutrinefattions with iron
and QCD results Z. PhysC 26(1984) 1

[139] G. Radecky et al.Study of single-pion production by weak charged currentewenergy vd
interactions Phys. Re\D 25(1982) 1161

[140] T. Kitagaki et. al.Charged current exclusive pion production in neutrino @eium interactions
Phys. RewD 34 (1986) 2554

[141] S.J. Barish et. alStudy of Neutrino Interactions in Hydrogen and DeuteriunrDéscription of the
Experiment and Study of the Reaction Neutrine:gi — pps, Phys. RevD 16 (1977) 3103

[142] S. Bonetti et al.Study of Quasielastic Reactions of Neutrino and anti-nieatin Gargamelle
Nuovo Cim38(1977) 260.

[143] M. Pohl et al. Experimental Study of the Reaction neutrine-NMU — P, Lett. Nuovo Cim26
(1979) 332;

— 82 —


http://dx.doi.org/10.1103/PhysRevD.75.053002
http://arxiv.org/abs/hep-ph/0612158
http://dx.doi.org/10.1209/epl/i2002-00314-9
http://arxiv.org/abs/hep-ph/0111247
http://dx.doi.org/10.1016/S0370-2693(01)00731-6
http://arxiv.org/abs/hep-ph/0105293
http://dx.doi.org/10.1103/PhysRevD.72.037302
http://arxiv.org/abs/hep-ph/0502097
http://dx.doi.org/10.1103/PhysRevD.75.073013
http://arxiv.org/abs/hep-ph/0612002
http://dx.doi.org/10.1016/j.nuclphysBPS.2006.08.073
http://arxiv.org/abs/physics/0605088
http://dx.doi.org/10.1103/PhysRevD.25.617
http://dx.doi.org/10.1007/BF01572022
http://dx.doi.org/10.1007/BF01596895
http://dx.doi.org/10.1007/s002880050078
http://dx.doi.org/10.1007/BF01572534
http://dx.doi.org/10.1103/PhysRevD.25.1161
http://dx.doi.org/10.1103/PhysRevD.34.2554
http://dx.doi.org/10.1103/PhysRevD.16.3103

N. Armenise et. al.Charged current elastic anti-neutrino interactions in pene
Nucl. PhysB 152(1979) 365

[144] S. Belikov et al.Quasielastic neutrino and antineutrino scattering totadss-sections, axial-vector
form-factor, Z. Phys A 320(1985) 625.

[145] E. Hernandez, J. Nieves and M. Valver#éak pion production off the nucleon
Phys. Re\D 76 (2007) 03300%hep-ph/0701149].

[146] M. Derrick et. al.Properties of the Hadronic System Resulting from anti- Moeatrino p
Interactions Phys. RevD 17(1978) 1

[147] T. Sjostrand et alRYTHIA 5.7 and JETSET 7.4 physics and manpG&RN-TH-7112-931994).

[148] K2K collaboration, M. Hasegawa et. gbearch for coherent charged pion production in neutrino
carbon interactions Phys. Rev. LetB5 (2005) 25230 hep-ex/0506008].

[149] D. Rein and L.M. SehgaPCAC and the Deficit of Forward Muons in“pProduction by Neutrings
Phys. LettB 657(2007) 207 hep-ph/0606185].

[150] J. Sobczyk et alNeutrino cross-sections in the few MeV regit®S meeting, RAL, April 2006,
unpublished.

[151] A.M. Ankowski and J.T. SobczylGonstruction of spectral functions for medium nugclei
Phys. RevC 77(2008) 04431 farXiv:0711.2031].

— 83—


http://dx.doi.org/10.1016/0550-3213(79)90087-7
http://dx.doi.org/10.1103/PhysRevD.76.033005
http://arxiv.org/abs/hep-ph/0701149
http://dx.doi.org/10.1103/PhysRevD.17.1
http://cdsweb.cern.ch/record/287231?ln=en
http://dx.doi.org/10.1103/PhysRevLett.95.252301
http://arxiv.org/abs/hep-ex/0506008
http://dx.doi.org/10.1016/j.physletb.2007.10.025
http://arxiv.org/abs/hep-ph/0606185
http://dx.doi.org/10.1103/PhysRevC.77.044311
http://arxiv.org/abs/0711.2031

