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We propose to measure the very rare kaon decay K+ — 7tvw at the CERN SPS to make a

decisive test of the Standard Model by extracting a 10% measurement of the CKM parameter

|Via|. The physics motivation is given in Section 2. The proposed experiment aims to collect

about 80 K — 7 v events for a 107!° Branching Ratio, with a signal to background ratio
(S/B) of 10:1 in two years of data taking. With respect to the Letter of Intent presented at
the SPSC meeting held in Villars we have:



1. chosen to build a straw-tracker, operated in vacuum, instead of traditional drift cham-
bers to minimise the effects due to the multiple scattering introduced by the vacuum

window and the helium placed between the tracking stations,

2. envisaged the addition of a RICH counter to the layout to control better the back-

grounds coming from Kt — ptr and its associated radiative decay.

We propose to use 400 GeV/c protons from the SPS to perform the experiment. The
advantage of using a high energy proton machine is two-fold: the cross section to make
kaons increases as a function of proton energy so that fewer protons are needed to produce
the same kaon flux, thus reducing the non-kaon-related accidental activity. In addition, the
higher kaon energy leads to easier photon detection which simplifies the suppression of the
backgrounds originating from K+ — 77 7% for example, employing a 75 GeV /¢ kaon beam
and limiting the momentum of the reconstructed =+ to 35 GeV/¢, there are at least 40
GeV of electro-magnetic energy deposited into the photon vetoes. This reduces significantly
the probability that both photons from the 7% decay are left undetected because of photo-
nuclear reactions and detector inefficiencies. The disadvantage of high energy protons and,
consequently, of a high energy secondary beam, is that the pions and the protons cannot
be efficiently separated from kaons. The consequence is that the upstream detectors which
measure the momentum and the direction of the kaons are exposed to a particle flux about
17 times larger than the useful (kaon) one. It is important to point out that the magnetic
spectrometers and the other principal detectors placed downstream of the decay region do

not suffer from the same limitation because:

1. The protons and the undecayed kaons and pions are kept in vacuum without illumi-

nating the detector elements.

2. The muons from pion decays are mostly contained in the non-instrumented region
of the straw tracker because of the small transverse momentum released by the pion

decay.

The experiment is not limited by the flux of protons that can be delivered by the SPS. We
assume a duty cycle of the SPS similar to the one available during the 2003 and 2004 data

taking. There are several challenging aspects for this experiment. They include:

e Performing tracking at 1 GHz total rate, ~ 60 MHz/ cm?, within a minimal material

budget, with minimal detector dead-time and excellent time resolution.



e Achieving positive kaon identification in a high rate environment by means of a dif-
ferential Cherenkov counter insensitive to pions and protons with minimal accidental

mistagging.
e Constructing and operating hermetic photon vetoes to provide a 7° rejection of ~ 108.
e Achieving a muon rejection of at least 10° using a magnetised iron /scintillator detector.

e Achieve a two standard deviations 7/u separation up to 35 GeV/c momentum by

means of a RICH counter.

e Performing redundant measurement of the momentum of the incoming K and out-
going w1 for suppression of the tails in the reconstruction of the missing mass for

two-body decays.
e Vetoing the charged particles coming from three- and four-body kaon decays.

e Minimising the accidental activity from non-kaon decays (e.g. muons from the produc-
tion target and proton dump and tracks coming from pion and kaon decays occurring

upstream of the decay region).

This experiment benefits from the existing infrastructure of the NA48 setup and an effort is
made to reuse as much as possible of it in order to keep the overall cost at a reasonable level.
Notably, we plan to re-use the NA48 liquid krypton electro-magnetic calorimeter (LKR) for
photon vetoeing and electron rejection.

It is important to place this initiative in the world context. So far the study of the decay
Kt — 7t has only been performed with kaon decays at rest. BNL-AGS-E787 (E949)
have collected data from 1995 until 1998 (2002) and have published [1] a measurement of the
branching ratio BR(K* — ntvp) = 1.477539 x 1071° based on three events interpreted as
signal. The follow-up experiment BNL-AGS-E949 [2] may collect more data in the future,
possibly to reach 10 signal events. Plans to pursue further the decay-at-rest technique
at J-PARC have been expressed [3]. As far as decay-in-flight is concerned, the CKM [4]
Collaboration has proposed an experiment to measure 100 Kt — 7ntvi at the Fermilab
Main Injector. The experiment was not ratified by the HEPAP P5 sub-panel for cost reasons.
We have invited the proponents of that experiment to join our initiative at CERN to benefit
from their long research and development in the subject of our approach. The experimental
technique is described in Section 3 and in Section 4 we give a description of the kaon beam.

The proposed detectors are described in Section 5-12 while a description of the trigger and



DAQ architecture is presented in Section 13. Cost estimations and the timeline of the

experiment are summarised in Section 14.

2 Physics Motivation

2.1 The K — 7wy decays

Ov are extremely attractive processes to study the

The rare decays K™ — wtvvand K — 7
physics of flavour because they both are exceptionally clean modes. The hard (quadratic)
GIM mechanism is active; thus, these decays are dominated by short-distance dynamics.
Moreover, the short-distance amplitude is then governed by one single semileptonic operator
whose hadronic matrix element can be determined experimentally by the semileptonic kaon
decay; so the main hadronic uncertainties can be eliminated by experimental data. In view
of these facts, the two rare kaon modes offer unique opportunities for testing the Standard
Model and deepening our knowledge of the CKM matrix, which are complementary of those
in B decays. Furthermore, they are extremely sensitive to possible new degrees of freedom
beyond the Standard Model. For a recent review with extensive references of these decays
and of the CKM matrix in general, see [5] and also [6].

At the quark level the two processes arise from the s — dvv process, which in the Standard

Model originates from a combination of the Z; penguin — the first two graphs in Figure 1

— and a double W exchange, the third graph.
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Figure 1: Graphs for s — dvi in the Standard Model

In these graphs the u,c,t quarks appear as internal lines. The hard GIM mechanism im-
plies on the amplitude level A, ~ m?/mi, Vi Vs, ¢ = u,c,t; the top-quark contribution
dominates, with a smaller contribution, in the case of the K+ — wTvi decay, from the
charm. The up-quark contribution is in both cases negligible, so that s — dvv is essentially

a short-distance process, well described by a Fermi-like coupling:
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Heg = Z %(Sd)V—A(VlVl)V—A> (1)

l=e,p,7
where G is the effective coupling constant’. Given G, the branching ratios are directly

related by isospin to that of the K% decay,

2
BR(KY — 7iw) = 6rg+ BR(K' — 7T06+I/)2|C¥71| (2)
TKL (Im Gl)2 .

BR(K® — %) =6

0
Tt TKLBR(K+ — T €+I/)m X (3)

here, 7+ = 0.901 and rg, = 0.944 are isospin-breaking corrections [7] that include phase-
space and QED effects. The effective coupling constant GG; can be expressed as the sum of
two contributions, the first arising from an internal top-quark line, the second from a charm

quark:
« GF

T o aZ2o
27 sin” Oy

Gy [ViViaX () + ViVeaXivr] (4)

where z; = m?/MZ,. The X coefficients have been computed, including the leading QCD
corrections [8] [9]. The top-quark contribution is precisely known, the main source of error
arising from the uncertainty in the value of the ¢ mass. The smaller contribution from the
c-quark is affected by a larger error; averaging over the three neutrino species, the authors

of ref. [5] quote the result

Py(X) = % E o+ %X]TVL} =0.42+0.06, (5)
which is reflected in a theoretical error of ~ 5 — 7% on the determination of V,4. This makes
the K — wtvw one of the most attractive tools for the exploration of the unitarity triangle
and also of possible degrees of freedom beyond the Standard Model — a member of a very
short list of theoretically clean processes.

To evaluate the importance of egs. (2), (3) and (4), we recall the composition of the CKM
matrix in the popular Wolfenstein parametrization [10], whose accuracy is fully sufficient for

the present discussion. The parameters A and A can be defined to be positive:

Via Vs Vb 1-2 A AN (o —in)
Vokm = | Via Ves Vo | = -\ - AN + O\ (6)
Vie Vis Vi AN (1 — o —in) —AN? 1

TThere is a small difference between the couplings for v, and v, . Taking for G, the average of the three

implies a negligible (0.2%) error on the rates.
As discussed in [5], the final analysis would use a more exact parametrization and the modified Wolfen-

stein parameters p = p(1 — A2/2) and 77 = n(1 — \2/2).



Comparing with eq. (4), we see that the charm-quark contribution to GG; depends on the well
determined elements V.4, Vs, and that this term is (in this approximation) a real number,
so that it will not contribute to the K; — 7% decay. The theoretical prediction for this
process is thus inherently cleaner than that for K+ — 7+,

Since in our approximation V;; = —V,,;, and the latter is determined accurately from semilep-
tonic B decays, |Vy| = (41.5 4+ 0.8) x 1073, a measurement of the branching ratios for the

two decays leads to a determination of V4, i.e. of the Wolfenstein parameters p, n that define

the “unitarity triangle”, which is central in the analysis of the CKM matrix.

(&3]

Figure 2: The unitarity triangle; the dashed line represents the measurement of K+ — 7tuvi.

At present, the ( angle (Figure 2, from [11]) has been determined accurately in B-factory
experiments through the CP violation in B — 1K decays, a process that allows for a very
clean theoretical analysis. The length of the right-hand side of the triangle is determined by
the analysis of BYB° oscillations, whose theoretical interpretation requires lattice QCD.

The rate of K™ — 7w determines the absolute value of G, which is represented by
the dashed segment in Figure 2. The displacement from 1 of the lower extremity of this
segment is due to charm-quark contributions. A measurement of this rate would offer a valid
alternative to the measurement of B°BY oscillations, but with different, possibly smaller,
theoretical uncertainties. Combining the measurement of K™ — 7T
data on 3 and BB oscillations offers [12] a significant test of the Standard Model.

The rate of K; — 7vi offers a direct measurement of 7, the height of the unitarity triangle.

v with the existing

Its detection and measurement would establish the second example of direct CP violation
after the measurement of €'/e in the K° system, but with the advantage of a very clean
theoretical analysis [13].

0

Besides their rich CKM phenomenology, the decays K; — 7’vi and K — 77w as loop-

induced processes are very sensitive to new physics beyond the Standard Model. Thanks to



N
o

Figure 3: Graphs for s — dvv in supersymmetry

the cleanliness of the theoretical predictions, the measurement of these decays leads to very
accurate constraints on any new physics model. Moreover, there is the possibility that these
clean rare decay modes themselves lead to direct evidence of new physics when the measured
decay rates are not compatible with the Standard Model. New effects in supersymmetric
models, for example, can be induced through new box- and penguin-diagram contributions,
which involve new particles such as charged Higgs or charginos and stops (Figure 3) that
replace the W boson and the up-type quark of the SM (Figure 1). Analyses of possible post-
Standard Model scenarios with direct new-physics contributions in the s — dvr amplitude
or in BB mixing are given in [12] and [6].

0

In summary: the rates of K™ — 7ntvy and K; — 7’vi offer an accurate determination

of the unitarity triangle, which is completely independent of that executed within the B

Opi probe the short-distance behaviour of the

system. Moreover, K* — ntvi and K — 7
Standard Model and are extremely sensitive to possible new degrees of freedom beyond the

Standard Model.

2.2 Other physics opportunities

While we admit that the experiment focuses on just one compelling aim, we must stress
that the new setup will allow us to produce many measurements on rare and medium-rare
kaon decays. In particular, the good energy resolution for photons will allow us to study
the radiative kaon decays with unprecedented precision. The study of these decays offers
important input to the extraction of Chiral Perturbation Theory parameters. The situation
is similar to the case of the NA48 experiment, which, in addition to accomplishing the

measurement of Re(¢’/¢) for which it was designed, also led to many valuable by-products.
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3 Experimental Strategy

The two undetectable neutrinos in the final state require the design of an experiment with
redundant measurement of the event kinematics and hermetic vetoes to achieve a background
rejection S/B ~ 10. Particular care has to be taken to suppress the two-body decays K+ —
atn% and KT — ptv which have branching ratios up to 10'° times larger than the expected
signal. The reconstruction of the two body kinematics may suffer from reconstruction tails

0 are not detected or if muons from

and backgrounds can originate if photons from K+ — «trw
K* — pTv are mis-identified as pions. To suppress backgrounds from the two body decays,
kinematics and Particle Identification (PID) have to be used in conjunction. Backgrounds
from KT three- and four-body decays are also potentially dangerous. For convenience we
remind the reader of the most frequent K+ decay modes in Table 3, where they are reported
together with the techniques intended to reject them. The kinematics of the most frequent

K™ decays are compared to that of K+ — 7tvp in Figure 3.

Decay Mode Branching Ratio Background Rejection

Kt — utv 63% (called K,;2) u PID, Two-Body Kinematics
Kt — qtq0 21% Photon Veto, Two-Body Kinematics
Kt — atgta~ 6% Charged Particle Veto, Kinematics
K+ — 7tn070 2% Photon Veto, Kinematics

Kt — nutv 3% (called K ;) Photon Veto, p PID

Kt — mlety 5% (called KJ) Photon veto, E/p

Table 1: The most frequest Kt decay modes.

Two acceptance regions can be defined to be kinematically free from most of the frequent
kaon decays. The kinematic of the decay under study is schematically sketched in Figure 5,
where the momentum of the incoming kaon Py, the momentum of the outgoing pion P,
and the angle between the mother and the daughter particle, 0, are the only measurable
quantities. It is convenient to use the squared missing mass variable, m?2 .., defined under

the hypothesis that the detected charged particle in the final state is a pion:

Pl | Pk |
2 e (1o 21— — | Pg|| P |0 7
Miniss mK( |PK| +m7r |P7r| | K|| |7rK ()

2

In Figure 6 the m_ ... for the signal and the kaon decays with the largest branching ratios

are shown for P = 75 GeV/c. If resolution effects are ignored, the KT — 77% decay

11
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Figure 4: A comparison of the charged track angle-momentum relation for the most frequest
K™ decays and K — 7w viv. For the three-body decays, the curves indicate the kinematical

limit.
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Figure 5: Kinematics of the decay under study.

is constrained to a line at m2,,, = m2,; the m2,, . of the three-pion decays shows a lower

bound. The m? 2

miss miss

of K,o does not appear as a line at m = 0 because it is wrongly
evaluated, under the assumption that the track is a pion. For this decay the shape depends
on the momentum of the particle in the final state and has m? = 0 as the upper boundary.
In conclusion, about 92% of the kaon decays are kinematically limited and their rejection

relies on the reconstruction of the kinematics.
K+—)T[+‘rp

K* e

Arbitrary Units

I Region |

Region Il
1 1 1 1
0.05

P T R TS N S R ) Lo

-0.15 -0.1 -0.05
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m2.__ GeV?/c*

miss

o

Figure 6: Distribution of the missing mass squared for the signal and the most frequent kaon

decays.

Because the line of the K™ — 7+7% decays lies within the signal region, we are forced to

divide the signal acceptance into two different regions:

e Region I: 0 < m2,;,, < m2, — (Am)?

. ) 2 2 .9 - 2
e Region II: m7 + (Am)? < m,,;,, <minm; ;. (777 777) — (Am)

2

The Am term depends on the m; ;.. resolution.

13



Kt —wetrv | KT — utvy | Kt — nfnf%y
BR 4.87 %1072 | 5.50 x 1073 2.75 x 1074
Acceptance 13.4% 15.3% 17.9%
Ny — 107° —
o 5% 108 — 5% 108
- - 2 % 10~ 10~
Nre 107* - -
S/B 30 ) 4000

Table 2: S/B after selection for some backgrounds not kinematically constrained. The
S/B are obtained for a signal acceptance of 10% and a signal branching ratio of 1071, The
K* — ptn% is negligible due to the simultaneous presence of 7 and p. Further suppression
of the radiative K5 background given by the RICH has not been taken into account in this
table.

Assuming the veto inefficiency on 7° to be of the order of 10~® and the muon veto inefficiency
at the level of 5 x 1075, simulations have shown that S/B > 10 with a signal acceptance
larger than 10% can be achieved with (Am)? ~ 8 x 1072 GeV?/c!. With a resolution on
kaon momentum at the level of 0.3%, a resolution on the pion momentum better than 1%
at 30 GeV/c and a resolution of 6, of 50 — 60 urad, we will be able to achieve the m?
resolution in order to reject kinematically the backgrounds at the required level.

The above specifications define the required performance of the upstream and downstream
spectrometer, namely the Gigatracker and the Double Spectrometer.

Due to practical constraints on the achievable spatial resolution of the double spectrometer,

the spatial resolution in the Gigatracker is not a critical issue: pixels of 300 pm x 200 pm
2

give resolutions in kaon momentum and direction which contribute negligibly to m: ....
A critical aspect of the experiment is that the high rate in the Gigatracker can lead to
a situation in which a pion track measured in the downstream spectrometer is wrongly
associated to a kaon candidate in the Gigatracker. When this happens, the kinematical
rejection power is degraded. To avoid the combinatorial background, a very good time
resolution of the Gigatracker is essential.

Semi-leptonic and radiative decays can populate the acceptance region because the kinemat-
ics do not constrain them. In Table 3 the signal over background expected for selected three

body decays is shown together with the assumed rejection factors.

14



In order to suppress all K+ decay modes that might fake the K+ — «tvp signal, it is
necessary to render the detector hermetic with respect to photons from 7° originating in
the KT fiducial decay region. This can be provided, in order of increasing angular coverage,
by a forward Small Angle Calorimeter (SAC), two Intermediate Ring Calorimeters (IRC-1
and 2), the Liquid Krypton Calorimeter (LKR) and , finally, 13 Large Angle Photon Veto
(ANTI) counters (covering angles out to ~ 50 mr.). The layout of these elements is shown
in Figures 8 and 9.

There also exist decay modes (with branching ratios > 107°), e.g. K (KT — 7ta etv)
and K4, in which the e* (p*) may escape detection. By analogy to the case of decays to
7Y, it is mandatory that the 7= be observed and that the detector therefore be rendered
hermetic with respect to negatively charged particles of momentum < 60 GeV/c.

This function can most readily be provided by the 6 tracking detectors (chambers composed
of straw tubes - described in Section 9), which form the active elements of a Double Magnetic
Spectrometer. The 7~ have to be deflected away from the +75 GeV/c beam by a distance
greater than the gap in the straw chambers which surround the beam. This condition can
be fulfilled for the proposed spectrometer layout with magnets providing pT-kicks of -270%)
and +360 MeV /¢, respectively, combined with straw chambers having an active coverage
outside + 5 cm, aligned along the central trajectory of a +60 GeV/c particle through the
spectrometer. The layout of the spectrometer and straw chambers surrounding the beam
are shown in principle in Figure 8.

A complementary approach could be to detect the 7~ that remain close to the beam in a
detector following the Magnetised Muon Detector MAMUD (pr -kick = +1500 MeV/c¢) at
the downstream end of the experiment, where they will be deflected to the opposite side
of the SAC with respect to the +75 GeV/c beam (Figure 8). However, this would require
opening up the the horizontal aperture of MAMUD, with a resulting reduction in acceptance

for detecting muons.

Scorresponding to the strength of the existing MNP-33 spectrometer magnet.

15



4 The Beam for the K™ — n7viy Experiment

4.1 Rationale
4.1.1 Choice of Accelerator and Primary Proton Momentum

Once the attempt is abandoned to separate kaons with respect to other charged particles
by super-conducting r.f. cavities (realistically limited to momenta smaller than 30 GeV/c
for cavities of frequency less than 4 GHzY), there appear to be distinct advantages in per-
forming a charged kaon, rare-decay experiment at high energy and, in particular, at the 400
GeV/c SPS I. Based on a simple empirical formula, fitting the measured particle produc-
tion data [14], we derive that, per primary proton of fixed momentum pg, the maximum
K*(K~) production in a given momentum bite Ap/p and solid angle occurs at momentum
pr ~ 0.35 po (= 0.23 pg). Moreover, at fixed pr/po, KT (K~) production increases as
p% (and therefore as p2). It follows that the number of K™ (K~) decays in a fixed fiducial
length is maximum for px ~ 0.23 py (= 0.15 py) and, at fixed px/po: the number of
KT (K™) decays in a fixed length increases as px (and therefore as py). Furthermore, the
acceptance, efficiency and resolution of certain detector elements, e.g. photon veto counters,

calorimeters and muon detectors, improve at higher energy.

4.1.2 Comparison with the FNAL Main Injector

We may compare the advantages and disadvanges of the CERN-SPS with respect to the only
other high energy proton machine: the FNAL Main Injector (MI). Since, in an unseparated
beam, the experiment is not proton limited and both machines have similar duty cycle, there
is no advantage to perform the experiment at the MI. On the contrary, the fraction of kaons
at the SPS is 6 % to be compared to 4 % at the MI. Therefore, for the same fraction of kaons
decaying in the fiducial volume, which depends only on the geometry of the experiment, the
accidental rate due to unwanted particles per kaon is 50% smaller at the SPS, which is a

considerable advantage.

IThe distance between the cavities has to increase as p%, whereas the kaon decay length increases only
as pr. Thus the proposed [4] 216 m long, 22 GeV/¢, FNAL KT beam would suffer from a survival factor of

only 0.27 without considering losses from the separation mechanism.
1400 GeV/c is the highest proton momentum of the SPS, at which a duty cycle of ~0.3 can be sustained.

16



4.1.3 Choice of a Positive Kaon Beam

The choice of a positive rather than a negative (unseparated) beam is motivated by the fact
that, at a possible beam momentum of 75 GeV/c (see 4.1.4), the ratio of production rates:
KT /K~ per 400 GeV/c proton is & 2.1 and the ratio: (K*/x")/(K~/7n~) ~ 1.2, whilst the

(K™t /Total positive beam flux) __ 1.0
(K —/Total negative beam flux) "~ ~"°

ratio:

4.1.4 Choice of Beam Momentum

The choice of 75 GeV /c as the central beam momentum is a compromise among the cri-
teria for which the variations with momentum (from 400 GeV /¢ protons at zero production
angle™) are listed in Table 3. The KT beam fluxes reported in the table are estimated using
an empirical formula, fitting the measured particle production data [14]. The numbers in
italics are taken from measurements made at 60 and 120 GeV/c from 400 GeV/c protons
on 300 and 500 mm Be targets - interpolated to a 400 mm long target. Hence, secondary
interactions in the target may contribute to the beam flux, particularly at 60 GeV/c.
Moreover, 75 GeV/c appears to be nearly the maximum momentum for which a beam in-
corporating stages for large solid-angle acceptance, momentum selection, K+ tagging, beam
momentum measurement and tracking, can be constructed using conventional beam elements
and fitting into the existing length of 102 m from production target (T10) to the beginning
of the NA48 decay fiducial region.

4.2 High-Intensity K™ Beam
4.2.1 Beam Design and Layout

We propose to employ an unseparated beam of positive hadrons, to be derived from a readily-
attainable flux of 400 GeV/c¢ protons, in the SPS North Area High Intensity Facility [15],
comprising the underground target and beam tunnel, TCCS, followed by the experimental
cavern, ECN3, where the NA48 detectors are now installed. Furthermore, we plan to reuse
the existing target station T10 and the present (straight) K12 beam line, of length 102 m
to the exit of the final collimator, marking the beginning of the decay fiducial region and
leading to the NA48 detectors (notably the liquid krypton e.m. calorimeter, LKR).

**For the present, we assume a production angle centred around zero, though it may be worth considering
another production angle: e.g. at 75 GeV/¢, a 5 mr central production angle could lead to a factor 1.2

increase in KT / Total beam flux, however, requiring a factor 1.5 increase in primary proton flux to restore
the KT yield.
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pr (GeV/c)

60 75 90 | 120
K7 beam flux at production x10% | 1.1 | 1.5 | 1.9 | 24
for 3 x 102 incident protons 1.3 2.9
K™ survival factor over 102 m 0.80 | 0.83 | 0.86 | 0.89
K% / Total beam flux x1072 | 52 | 5.5 | 5.6 | 5.2

6.8 47
K*/mt flux x1072 | 83 | 8.6 | 9.0 | 9.7

11.2 8.6
K™ decays in 50 m x10% | 89 |10.7 | 11.6 | 11.4
K+ decays in 50 m / Total beam flux | x107™ | 4.3 | 3.9 | 3.4 | 2.5
K™ — ntvp Acceptance 0.08 { 0.11 | 0.12 | 0.11
(Region I, no 7+ momentum cut)
Accepted K™ — wtvw / Total flux x1071 1 0.34 | 0.43 | 0.41 | 0.21

Table 3: Variation of relevant KT production and decay parameters with secondary beam

momentum for 400 GeV /¢ primary protons.

Compared to the present, simultaneous K and K~ beams [16], the single-charge beam
begins with a triplet of radiation-resistant quadrupole magnets to collect a large solid angle
acceptance at 75 GeV/c central momentum and to provide a focus in the vertical plane
at the longitudinal position of the proton beam-dump (TAX). This is located (as in the
present beam) at the centre of a ’front-end achromat’, consisting of four, radiation-hard
dipole magnets, the first pair of which displace the 75 GeV/c beam vertically downward
by 100 mm onto a momentum-defining slit contained in the TAX to permit the selection
of a narrow (~ 1% Ap/p) momentum band. The second pair of magnets then return the
wanted particles onto the undeviated axis. Thereafter, a pair of quadrupoles focuses the
beam through redefining collimators in both planes. In between these, it passes through a
field-free bore traversing magnetic iron blocks, filling the normal gap of three large dipole
magnets, which serve to sweep aside muons accompanying the beam. A further pair of
quadrupoles renders the beam parallel at the location of an upgraded, hydrogen gas-filled,
CEDAR differential Cerenkov counter [17], capable of tagging only the KT in the beam. A
final pair of quadrupoles produces a beam which converges slightly towards a waist, located

at the downstream end of the experiment. The last 30 m length to the final collimator
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incorporates a ’second achromat’ of four dipole magnets and three sets of ’GIGATRACKER”
detectors (SPIBES-1,2 and FTPC-3) to provide momentum and direction measurements on
all particles. Upstream of the final collimator the beam is surrounded by a pair of 5 m-long,
magnetic iron ’scrapers’ of 60 mm horizontal and vertical aperture, respectively. They are
toroidally magnetised so as to defocus p* from the beam. The layout and schematical optics
of the beam, calculated using TRANSPORT [18], are shown in Figure 7.

The decay fiducial region is housed in a large, ~ 120 m long, evacuated tank, which is closed
off by a thin (= 0.05Xj) aluminium window. The centre of this window is traversed by
a thin-walled beam tube (of inside diameter varying from 160 to 220 mm), which allows
the beam to be transported in vacuum through the principal detectors downstream of the
tank. This part of the layout is shown schematically in Figure 8. The detector components
are described in later Sections. Of relevance for the beam are a double magnetic spec-
trometer, comprising tracking chambers composed of straw-tubes (ST.CH-1-6), covering
the full acceptance outside the beam passage. These are interspaced by two, large-aperture
dipole magnets (MNP33-1 and MNP33-2) which provide horizontal pr-kicks of —270MeV /¢
and +360 MeV /¢, thereby deflecting the 75 GeV/c beam by —3.6 and +4.8 mr, respectively.
Beam and associated particles (e.g. muons) of all momenta are thus centred on the axis again
downstream of the LKR calorimeter, where a combined magnetised-iron hadron calorime-
ter and muon detector (MAMUD) is located. This is designed to produce a +1500 MeV /¢
horizontal pr-kick on the beam, causing a further 420 mr deflection. The beam is hence
displaced 170 mm off axis ~ 8 m further downstream (at the extremity of ECN3), so as to
clear a 100 mm radius photon veto calorimeter (SAC). Two intermediate ring calorimeters
are required around the beam: TRC-1 surrounds the centre of the aluminium vacuum window
which preceeds a large, ~ 18 m long, gas-filled, Ring Imaging Cherenkov counter (RICH) and
IRC-2 surrounds the beam tube between the RICH and the LKR calorimeter. In addition
to the LKR itself, a series of 13 large-angle, annular, photon ANTI-counters are located at
intervals along the vacuum tank as shown schematically in Figure 9. This whole system of
photon detectors is designed to provide hermetic veto coverage out to an angle of ~ 50 mr

for photons originating in the beam decay fiducial region.

4.2.2 Beam Parameters and Estimated Performance

The principal parameters of the proposed high-intensity K+ beam are listed in Table 4,
where the factors responsible for the flux yield are compared with those for the present K12
simultaneous K+ and K~ beam, designed for experiment NA48/2 [16]. The effective solid
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Figure 9: Schematic layout of decay fiducial region and Photon ANTI-counters.

angle and momentum acceptance, as well as the beam sizes and divergences of both beams
were calculated using the ray-tracing programme TURTLE [20]. For example, the simulated
momentum distribution and the spot size at the position of the first Gigatracker detector
(SPIBES-1) are shown in Figure 10 and Figure 11, respectively. The particle fluxes of the
present beam are taken from the actual measurements made at 60 GeV/c [14], whereas
those for the proposed 75 GeV/c beam are derived from the latter by extrapolation using
the empirical formula proposed in [14].

The muons accompanying a high-energy, high-intensity, secondary beam contribute a major
part of the single-particle flux, to which the detectors outside the beam are exposed. The
transport and decay to u*v of a wide spectrum of 7% and K* originating in the target has
been simulated and the layout of muon-deflecting elements optimised using the programme
HALO [21]. This tracks the parent particles and their decay muons inside the beam apertures
and the ’halo” muons leaving the apertures through the vacuum tubes, magnet yokes and
shielding surrounding the beam. Results of such calculations are given in Tables 6 and 6.
As an example, the distribution of all halo muons traversing a plane of ST.CH-6 is plotted

in Figure 12.
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K™ Flux (arb. units)

Mean =74.976 GeV/c
RMS =0.777 GeV/c
Entries =57268

72 73 74 75 76 77 78

K" momentum [GeV/c]

Figure 10: Beam momentum distribution.
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(BR= 10710 accept. = 10%)

Beam Present K12 | New High Intensity K™ Factor
(NA48/2) (NA48/3) w.r.t. present
SPS protons per pulse 1 x 10'2 3 x 1012 3.0
Duty cycle (s / s) 4.8 /16.8 same 1.0
Beam Acceptance H,V (mr) +0.36 +2.3, +2.1
Solid Angle (usterad) ~ 0.40 ~ 16 40
Central K+ Momentum 60 75 KT :1.50
< pg > (GeV/c) 7t :1.35
Total: 1.35
Momentum band Apyx GeV/c 63-57 =6 76.5-73.5=3.0 ~ 0.5
Eff.:Ap/p (%) +5 +2.0 ~ 04
RMS:Ap/p (%) ~ 4 ~ 1.0 ~ 0.25
Beam size (+ 2 RMS)(cm) r=15 +1.6, £2.2
Area at Gigatracker (cm?) ~ 7 ~ 14 ~ 2
Divergence: RMS (mr) ~ 0.05 ~ 0.1 ~ 2
Decay fid. length (m) 50 60
(Tx+) 0.111 0.107 0.96
Beam flux/pulse(x107): protons 0.86 49
K+ 0.31 15 50 (=~ 30)
ot 3.32 150 45 (=~ 27)
et 0.95 35
Total beam flux per pulse (x107) 5.5 250 ~ 45 (~ 27)
Rate (3s eff. spill length) (MHz) 18 800 ~ ~ 27)
Rate in SPIBES (MHz/cm?) 2.5 ~ 60 ~ ~ 15)
Running time/yr (days) 120 100
Overall Efficiency 0.5 0.6
Effective number of pulses 3 x 10° 3 x 10° 1.0
K* decays per year 1.0 x10! 4.8 x10'2 ~ 48
KT — mtvi Events/year 48

Table 4: A comparison between the current NA48/2 beam and the future one. The figures

in brackets in the last column refer to increase in rate with respect to the sum of the positive

and negative NA48/2 beams.
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FLUX x10° 7t s utv | Kt > putv |70 - pu v | K- —pu | TOTAL
for 102 interacting p in H
~ 3 x 10'? incident p on Be
m and K at exit final coll. 1551 148 0 0 1700
(T10 + 102.0 m)
i in beam at final coll. 15.0 1.6 0 17
1 'HALO’ at exit final coll. 2.6 0.6 0.2 0 3
reaching LKR cal.
1 "HALQO’ in one plane of
ST.CH-1 (T10 + 186.3 m) 4.4 12.0 0.4 0.2 17
2.4 X 2.4]m? |z| > 8 cm
ST.CH-2 (195.1 m) 4.0 12.8 0.4 0.2 17
ST.CH-3 (200.5 m) 3.6 13.2 0.2 0.2 17
ST.CH-4 (207.7 m) 5.4 14.4 0.2 20
ST.CH-5 (213.1 m) 5.4 14.6 0.2 20
ST.CH-6 (220.3 m) 48 15.0 0.2 0 20
13 Large Angle ANTIs:OR 6.4 4.4 0.2 0.2 11
IRC-1: 7 < r <12 e¢m (220.7 m) 6.0 1.6 0
IRC-2: 7 < r <12 c¢m (239.7 m) 5.8 1.8 0
LKR: 12 < r < 120 cm (241.1 m) 3.2 16.8 0.2 0 20
SAC: 0 < r < 10 cm (254.2 m) 0 1.2 0.2 0 1

Table 5: Estimated muon halo in the high-intensity K beam.
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Detector Halo rate
At CEDAR-PM’s (8 <r < 12 cm) | &~ 10 kHz/cm?
At GIGATRACKER (3 < |z| < 6 cm) | ~ 10 kHz/cm?

Straw Chamber plane at |z| > 5 cm ~ 10 MHz

Average/1 cm straw tube ~ 50 kHz

Maximum/1 cm (5 < |z| < 6 cm) ~ 500 kHz

CHOD, LKR Total rate (4.5 m?; 12 < r < 120 cm) ~ 7 MHz

Average | =~ 0.2 kHz/cm?
Maximum (12 < r < 16 cm) | = 2 kHz/cm?

Table 6: Expected instantaneous muon rates in the detectors for 3 x10'2 ppp on target over

a 3 s effective spill.

4.3 Cost estimate of the new beam line

The material cost of the new beam-line has been estimated to be 425 kCHF. A detailed
break-down of the cost estimate and the foreseen amount of man-power for the installation

is available.

4.3.1 SPS Availability and Scheduling

From Table 4 we conclude that, with an effective overall data-taking efficiency (SPS and
detector) of 0.6, a useful K™ — 7w acceptance of 0.1 and allowing for a 20% loss due to
dead-time, about 40 events would be accumulated in a year of ~ 5 x 10% scheduled fixed-
target proton spills (of 4.8 s duration at 400 GeV/c¢) for a Branching Ratio BR(K+ —
ntvr) = 10719 The beam and experiment presented here, requiring 3 x 10'2 protons per
pulse on target T10 (6 x 10 ppp on target T4) is entirely compatible with simultaneous
running of COMPASS in the M2 beam (=~ 1.2 x 10 ppp on T6) and with experiments or
tests in the remaining SPS beams H2, H4, H6 and H8. We note that the target number of
SPS fixed target spills requested by COMPASS is 7.2 x 10° per year [22], which is more than
40% larger than our request.

In the year 2006, before the new beam can be available, we request the use of the existing K12
beam. It can provide a (relatively broad-band) beam of positive hadrons (without particle-
identification) around 75 GeV/c¢, with a flux up to 16 times that used for experiment
NA48/2 [16] (Table 4). The addition of a standard (nitrogen gas-filled) CEDAR-W counter

in the beam line will allow this device to be tested with new, high rate, photon detectors.
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Moreover, the beam line can be used to provide beams of electrons and muons to test
the detectors. The purpose of this programme is to continue the tests, started in 2004, on
prototype detector elements to validate their choice for the proposed experiment. In a second
phase, starting in 2007, we request that the new beam be installed, so as to tune and assess
its performance and to exploit it to test and calibrate the upgraded and new detectors as

they become available.

4.4 The Decay Vacuum Tank

A FLUKA simulation was used to study interactions of pions, kaons and protons with the
residual gas. The data were passed to a detector simulation which included the standard
geometry according to the latest layout and the probability that such an interaction can cause
fake triggers was computed. We conclude that the vacuum should be better that 6 x 1078
mbar to keep the background to less than one fake event per year. This very challenging
requirement can be relaxed by an order of magnitude by positively tagging the the kaons by
means of the CEDAR counter described in one of the following sections.

Out-gassing rate measurements have been done on the present vacuum tank. The value
obtained, a few 10™® mbar 1/s/cm?, is compatible with available data on out-gassing rate for
normal painted steel. The required vacuum level could be achieved with a major upgrade of
the vacuum system. It would require, for example, about 20 large diffusion pumps, 50000 1/s,
and the associated pre-vacuum system. The cost of such a system will be about 1 MCHF, to
which one must add the operation cost. We are investigating alternative solutions requiring
a smaller vacuum system. In order to minimize the out-gassing rate of the present vessel,
one could, for instance, glue a stainless steel liner or otherwise treat the inner surface of
the tank. Tests should be performed to evaluate the performance of such a solution, and
a careful analysis of the practical and reliable application of this solution to the full length
of the tank. Another possibility is to replace completely the vacuum vessel by a stainless
steel tube, which would have a much lower out-gassing rate. Sections of 6 meters could be
prefabricated and welded together in the experimental area in order to minimize the number
of flanges. The tube thickness of about 20 mm could be reduced by welding reinforcement
ribs on the outside. Ribs every 4 meters would allow the thickness to be reduced to about

10 mm. We are currently investigating the cost of this solution.
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5 Detectors

The detector elements are listed here together with a brief functional description. The

principal elements are then described in the following sections. The overall beam and detector

layout is shown in Figure 13.
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Figure 13: Detector Layout.
1. CEDAR
A Differential Cherenkov counter (an upgraded form of the CEDAR built for the SPS
secondary beams [17]) placed on the incoming beam to tag the minority particles of
interest (kaons). We assume that one of the existing counters can be made available.
2. GIGATRACKER

e FAST PIXEL (SPIBES)

Thin silicon micro-pixel detectors for (redundant) momentum measurement of

the incoming beam with sub-nanosecond time resolution to provide a tight time

30



coincidence between the kaon and the pion tracks and to simplify the pattern

recognition in the gas TPC 12 m downstream.

e Micromegas-based Flash-TPC (FTPC)

A gas Time Projection Chamber to measure the direction of the incoming beam
particles with the least amount of material to minimise the effect of multiple

scattering on the measurement of the angle between the kaon and the pion.

. ANTI

A set of ring-shaped anti-counters surrounding the vacuum tank and providing full

coverage for photons originating from the decay region with angles as large as 50 mr.

. STRAW TRACKER

A double magnetic spectrometer measuring the direction of the out-going pion and its
momentum and providing a redundant measurement of the latter. Chambers of straw

tubes are proposed as the tracking detector for their capability to operate in vacuum.

. RICH

A gas Ring Imaging Cherenkov counter providing muon/pion separation.

. CHOD

A hodoscope for triggering and precise timing of the charged track, based on multi-gap
glass RPCs.

. LKR

A high-performance electromagnetic calorimeter acting as photon veto in the angular
region between 1.0 and 15.0 mr. We plan to use the 20-ton NA48 Liquid Krypton
Calorimeter (LKR) with properly updated electronics.

. MAMUD

A magnetised hadron calorimeter and muon detector capable of identifying muons with
inefficiencies smaller than 107°. It also serves the purpose of deflecting the charged
beam away from the photon detector (SAC) placed at the end of the hall.

. IRC1-2, SAC

Intermediate ring and small angle photon veto calorimeters covering the angular regions

around and in the beam.
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Figure 14: View of the CEDAR optics (note the distorted scale).

6 CEDAR

The K component in the beam can be tagged positively by using an upgraded version of
the existing CEDAR differential Cerenkov counters [17]. This is important because a beam
pion interacting with the residual gas in the vacuum tank may be mistaken as a signal if
no other visible particles are produced in the process. The CEDAR counters have been
built for use at the SPS and two versions exist. The North CEDAR, normally filled with
Helium gas, is optimized for high energies and the West CEDAR, Nitrogen filled, for lower
beam momenta. It has been verified by a ray tracing program that the West version of this
instrument would function well for our application with hydrogen gas instead of nitrogen,
thus reducing significantly the scattering of the beam in the gas.

As shown in Figure 14 (taken from [17]), the Cerenkov light produced in the gas is reflected
by a Mangin mirror via a chromatic corrector lens through a diaphragm and via condenser
lenses onto 8 locations for photon detectors. By reducing the diaphragm aperture around
the passage of photons from K™ only, the light from pions and protons is blocked. To

manage the 50 MHz rate from the kaon component in the beam, it is proposed to replace
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Figure 15: Schematic layout of the CEDAR counter.

the present photomultipliers by e.g. eight, 32-channel, linear array multi-anode PM’s or by
32 individual 10 mm photomultipliers. It can been shown that the upstream 1.2 metres
of the gas volume, surrounded by a steel tube, shown in Figure 15, contributes only very
marginally to the efficiency and can thus be replaced by an extension of the beam vacuum.
As shown in Figure 16, the size of the light spot at the location of the photon detectors is
calculated to be 32 x 7 mm?, well matched to typical sizes of such array multi-anode photon
multipliers. The singles rate on each pixel would then be of the order of 3 MHz, which can
be handled by a high performance 1 GHz 8 bit flash-ADC system. Among advantages of
such a system are continuous recording of the detector signals allowing rigorous assessment
of the systematic uncertainties. A read out system based on the LHCb board TELL1 and
recently available low-cost commercial ADC chips is under study [19].

A preliminary estimate for the cost of the modifications of the CEDAR counters to work with
Hydrogen and different photon detectors has been made. It comprises mechanics, photon
detectors, front-end electronics and cabling for a total of 450 kCHF'.
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Figure 16: Spot of the Cherenkov light on the photon detectors.
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7 GIGATRACKER

7.1 Specification of the time resolution

This experiment requires tracking of incoming beam particles with demanding performance.
The average particle rate (~60 MHz/cm?, total rate up to 1 GHz) is about a factor of two
larger than that expected for the innermost pixel layer of the proton-proton experiment CMS
at the LHC and is therefore manageable. However, the limited material budget (< 1% Xj),
the high rate and the required time resolution of ~150 ps are technologically challenging.
The Gigatracker information must be combined with the downstream double spectrometer
data to reconstruct events and to reject the background from two-body K * decays, by means
of kinematic variables such as the missing mass squared (,,;ss), which depend on Pk, P, and
0. (see equation 7). The planned beam spectrometer is based on two detector types: two
stations of thin silicon pixel detectors which will provide two-dimensional track informa-
tion and a momentum measurement with ~0.3% resolution, and a micromegas-based TPC,
read-out by high speed FADCs to measure the incoming charged track direction. We call
Gigatracker the hybrid detector formed by the silicon pixel layers and the gaseous detec-
tor. The silicon pixel detectors are chosen to provide excellent time and position resolution.
The micromegas TPC is preferred in the third station because the angular resolution is less
affected by multiple scattering.

Since the flux of protons that can be delivered by the SPS to the T10 target is not a
limitation, the overall performance of the experiment depends directly on the performance
of the Gigatracker.

The relation between the fraction of misidentified tracks and the time resolution o; of the
2

Gigatracker has been quantified by studying the resolution of m: ... for the background

0. In case of events with only one track in the Gigatracker, simulations

events K+ — 7trw
based on GEANT4 have shown that the ratio of signal to 7+7° background (S/B) is ~100
for a signal acceptance of 10% and a 7° rejection inefficiency of 2 x 10~%. For events with
two tracks in the Gigatracker, the kaon candidate can be determined using the best CDA
criterion, where CDA is the closest distance of approach between the incoming track and
the outgoing 7" track. The quality of this criterion depends on the ratio between the beam
size (0(2)pms ~0.8 cm and 0(y)pms ~1.1 cm at the third station of the Gigatracker) and
on the CDA resolution ( 0(CDA) ~1.4 mm with the proposed layout). In our design the
probability of wrong matching is 8.6%. Within +20;, with o;=150 ps, roughly 36% of the

events have more than one track in the Gigatracker and in ~3.1% of them, the incoming
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and outgoing tracks are wrongly matched. Because of the beam divergence (~100urad), the
2

M. tesolution for those events is 3.5 times worse and the S/ B ratio deteriorated from ~100

to ~25, as shown in Figure 17. In Figure 17 the dependence of the S/B ratio is given as a
function of the reconstructed time resolution o} in the Gigatracker and the corresponding
o; per SPIBES is derived with the factor \/n, where n is the number of SPIBES stations.
In conclusion, keeping the events with more than one track in the Gigatracker increases the
background. As a consequence, the design value for the time resolution of the Gigatracker
is 0,=150 ps to match the sensitivity of the proposed experiment.

State-of-the-art pixel assemblies (ALICE) deploy silicon sensors of 200 pym thickness coupled
to 150 pm thick read-out chips[23][24]. The material budget of the ALICE SPD detector
layer, consisting of sensors, read-out chips, support structure, cooling and multi layer flex
cable is 1% X per layer, which limits the momentum resolution. Tests are required to reduce
the read-out chip and overall thicknesses.

The Si-pixel detector is a good candidate to achieve the required time resolution. The
capacitance of a single pixel is typically 200 fF including the input capacitance of a fast pre-
amplifier and the stray capacitance to the neighboring pixels. A threshold-to-noise ratio of 17
has been achieved with 0.25 pm CMOS process and for a 25 ns peaking time (Alice/LHCD).
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Simulation of a 200 pm thick silicon detector with 3 ns shaping time gives a noise contribution
to the time resolution of 50 ps with a 0.25 ym CMOS process. It appears feasible, therefore,
to reach a time resolution of the order of 150 ps for minimum ionizing particles. This must
be demonstrated by R&D and prototype testing.

In conclusion, since the Si-pixel detector is a promising option to achieve the stringent spec-
ifications of the experiment, the development of a prototype function ASICs (pre-amplifier,
discriminator and high resolution TDC) is required, for tests in a high intensity particle
beam. This prototype study will then be followed by the design of a full-scale pixel ASIC.
In the final design we might use the 0.13 pm CMOS process currently being investigated for
HEP applications.

7.2 The fast silicon pixel detector: SPIBES

The silicon pixel beam spectrometer for the possible experiment has demanding requirements,

some of which are recalled below:

e Minimal material budget (~0.4% X, per SPIBES station). This specification can be
reached for a pixel assembly deploying silicon sensors of 200 pum thickness coupled to
100 pm thick read-out chips (for a total of 0.32% X of silicon). The contribution of
the bump-bonding material (0.01% Xj) and of a 120 pm thick fiber support acting
as cooling substrate (0.06% Xj) leads to 0.36% X,. The detectors may be operated
either in air or vacuum. In the first case, in order to preserve the vacuum in the beam
pipe, the material for mylar windows (100 pm thick = 0.035% X{) must be taken into

account.

e A signal speed TCAD simulation of charge collection for 200 pm thick silicon pixel
detector shows that the duration of the current signal is ~3 ns (see Figure 18) for
an electric field of 10 kV/cm, or higher. Owing to the contribution of the holes to
the current, the tail is enhanced for the proposed geometry compared to the simulated
one. A simulation of the front-end circuitry, which neglects the time-walk of the signal,
indicates that the contribution from thermal, leakage and feedback system noise to the
time resolution is of the order of 50 ps for the average pulse height corresponding to
18000 electrons (Figure 7.2). However, the signal is smaller in case of charge sharing

between adjacent pixel cells.

e An on-chip TDC resolution of 150 ps is required to control the amount of background

due to wrong matching of the incoming and outgoing tracks when accidental tracks
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Figure 18: Simulations of the signal current as a function of time for both n-type and p-type

substrates for a Alice-like layout of pixels 425um x 50um
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Figure 7.2 shows the resolution of the kinematic m; .. variable and the contribution
of the Gigatracker. The Gigatracker has been simulated with two silicon pixel stations
and a FTPC station. For each silicon layer a thickness of 0.4% X, (which comprises
sensor, readout chip and support) and a pixel cell size of 300 pm x 200 pm have
been assumed. It follows that for the chosen pixel size the position resolution and
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The beam size fits the SPIBES dimensions, which are dictated by the maximum dimension
of the photolitographic process for the readout chip to 20-21 mm. A possible design, that
minimizes the material budget, is to cover one of the two dimensions of the beam (i.e.

horizontally) with two readout-chips without overlap and with some lateral space left for
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power and read-out busses. The beam area at the Gigatracker has been adapted accordingly
to 36(z) x 48(y) mm? = 17.3 cm? and therefore the beam intensity is ~60 MHz cm~2.
However the beam flux is not uniform and the beam intensity varies up to the maximum
rate of 150 MHz /cm® in the center of station three.

The radiation environment must also be considered. In order to evaluate the average fluence
in 100 days of running one needs to normalise the flux of particles (7.2x10' particles / cm?
or 2.4x10™" particles / cm? in the center) to the 1 MeV neutron equivalent fluence. We use
a conversion factor equal to 0.74, as derived from the ratio of the displacement damage cross
section for 24 GeV pions (~35 MeV mb [25]) and 1 MeV neutrons (~95 MeV mb), including
a safety factor of 2. The accumulated design fluence for the Gigatracker sensors is 1.8x 104
1MeV neutrons/cm? maximum, corresponding to a radiation exposure total dose (estimated
for 100 days operation) of ~10 Mrad.

The p-in-n material will be type inverted and the depletion voltage will increase with the
particle fluence. Annealing of the current and the depletion voltage will depend on the
operating temperature. We plan, therefore, to operate the SPIBES stations up to a maximum
defined fluence at which stable parameters and signal quality can be guaranteed, and to

replace the detector planes which exceed this fluence.

7.3 Front-end Electronics and Sensors

These requirements need novel developments in some key technologies, such as sub-micron
electronics. The aim of this section is to outline a road map for the study of the problems
and the implementation of the most effective solution within the time constraints of the start
of the proposed experiment.

This section is based on the experience of the PH/MIC group as well as the PH/ED group
at CERN who worked on the ALICE silicon pixel detector (SPD). The SPD project has
required complex front-end electronics in the 0.25 um CMOS process, together with state-
of-the-art techniques to match the severe constraints in material budget (wafer thinning,
etc). The CERN-PH/MIC and PH/ED groups have been responsible for the design of the
SPD pixel chip and are studying high speed designs that could be applicable to this project.

1. Pixel detector technology

The only pixel technology sufficiently mature for consideration in the time frame of
the project is the one based on hybrid pixels. Each pixel cell on the silicon sensor is

connected to a pixel cell on the readout chip using a micro solder point (bump-bond
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e.g. made of Pb-Sn). Monolithic pixels have been investigated in recent years but
have not yet reached the stage at which they could be considered a realistic option.
More recently, a detailed study has been started of devices based on the deposition of
a layer of amorphous silicon or other suitable material on the surface of a readout chip.
Although promising results have been obtained, this technology is still in its infancy. It
is proposed, therefore, to use hybrid silicon pixel detectors and to optimize the sensor
and readout chip thicknesses in order to comply with the material budget constrains.
In the ALICE SPD, one of the most advanced current designs, pixel chips of 150 pym
thickness (thinned 200 mm diameter wafers) are bump-bonded to 200 pm thick Si
sensors. To reduce further the material budget, bump-bonding of even thinner silicon

elements is required.

. Silicon sensors

The sensor thickness will have to be optimized taking into account the trade-off be-
tween speed and collected charge for different designs. Detailed simulations and direct
measurements are required. Sensor wafers of thickness < 200 ym can be obtained from
commercial suppliers but production and bump-bonding yield need to be investigated;
this work could start immediately using available pixel chips. Radiation hardness is
another critical issue to be studied; the experience gained in the development of Si
tracking detectors for the experiments at the LHC will be very valuable. A 150 ps
time resolution seems realistic if the charge detected by the sensor is collected within
few nanoseconds. An intense effort should be devoted to investigate high speed silicon

Sensors.

. Pixel chip
The pixel chip will be a mixed-signal ASIC of high complexity. The chip architecture
will require a detailed study and thorough simulation. The most challenging functional
blocks will be:

(a) fast preamplifier and shaper

(b) low time walk discriminator

(c) high resolution TDC.

Possible chip and TDC architectures have been investigated [26]. simulations using

the hardware description language VHDL to determine the efficiency for different con-
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figuration have been performed.

Possible TDC implementation are:

e TDCs based on delay line elements, where a reference signal (such as the clock)
is propagated through the delay line and the status of all delay elements and thus
the propagation of the first signal in the delay chain is stored in a register at the
arrival of the signal to be timed. These designs are based on the principle that
the variation of the delay elements is small. This basic design principle has been
employed in the HPTDC design by the micro electronics group at CERN|27].
Using this architecture the TDC is located at the periphery of the pixel chip and
all pixel signals coming from the discriminators are routed across the matrix to
the TDC. As neither routing space nor placement space on the chip allow the
implementation of one TDC element per pixel, a given number of pixels must be

combined to a super-pixel segment and share one TDC element.

e An alternative approach is to propagate the discriminator signal through the
delay chain and store the status of the delay chain upon arrival of a reference
clock signal. The delay chains are operating only when a pixel cell has been hit.
As the size of the delay chain is larger than the pixel size, again several pixels

would share one TDC element.

e One TDC per pixel cell might be implemented using analog circuitry based on

capacitors as reference elements.

In any of these options each channel will need calibration. As the beam profile is
not uniform the individual pixel hit rate is varying. The architecture incorporating the
combination of several pixels to a super-pixel results in a lower average hit rate arriving
at the TDC. Studies of pixel segmentation to create super-pixels must show how the
TDC design data rate can be reduced compared to maximum rate. In addition, it must
be considered that the required time resolution needs a time walk compensation.

The estimated data rate produced inside the chip is ~30 Gbit/s for each SPIBES
station, for an average particle rate of ~60 MHz cm~2, 100 MHz clock frequency and
34 bits per data word (two time measurements and the address of the hit pixel). A
trigger matching unit will provide a data rate reduction factor of > 10.

Due to the given specifications the pixel size, the time resolution and the data rate are
strongly interconnected. The implementation of a pixel chip for the Gigatracker must

meet different requirements and an optimum must be found.
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Chip test structures must verify the principle and give information concerning the
influence on the analogue circuitry caused by the digital data read-out and processing
via the chip substrate. A preliminary design of each block will be done in the 0.25 pm
process using Multi Project Wafers (MPW) runs for cost considerations. For the full
design, the speed and device density requirements might need moving to the 0.13 pm
process. The study of this technology has started recently and the design of such a

complex structure is expected to require an effort of several man-years.

. Front-end hybrid

The ALICE SPD pixel chips are connected to a substrate carrying power distribution,
signals and data buses. The substrate is a low-mass multilayer flex, such as poly-
imide/aluminum. In addition to the pixel chip, the readout electronics is connected
directly to the sensor/readout chip assembly for clock and trigger distribution, data
multiplexing and transmission, and controls. This requires one or more ASICs in the
immediate vicinity of the pixel chips, possibly on the same substrate. For this project,
it would be desirable to have the power, data buses and the multi-chip-module (MCM)
functionality placed at the periphery of the detector plane, in order to minimize the
material budget. The feasibility of such a scheme needs to be investigated, including
the implications for cooling.

Considerable experience has been gained in the developments of the Si trackers for the

LHC experiments.

. Mechanics and cooling

The power dissipation in the pixel chip may reach ~2 W/cm?, possibly more on ac-
count of the high speed required. An efficient cooling system is mandatory. This
is of course not easily compatible with the low mass requirements. It is planned to
study the feasibility and performance of thin substrates consisting of high thermal con-
ductivity carbon fiber composites, cooled at the periphery to reduce the material to
the minimum. Expertise has been gained in the ALICE SPD on composite materials
and two-phase cooling systems. Other advanced technology solutions, such as micro-
channel cooling, are being developed elsewhere and might be considered if compatible

with the detector layout.

. Timescale and resources

A preliminary time scale and cost of the SPIBES detector, based on the experience
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gained in other silicon pixel detector projects and on current engineering run prices,
is given in table 7. Two options are listed: technology A (based on 0.25 pm CMOS
process) and B (based on 0.13 pm CMOS process). The baseline technologies are es-
sentially those already adopted in the most advanced current designs, further extended
to the limits of feasibility. The pixel read-out chip might require developments in the
0.13 um CMOS process. New solutions may have to be worked out for the hybrid and
cooling. Preliminary work should start without delay, particularly on the definition
and simulation of the front-end architecture. The front-end ASIC development will
require the contribution of several experienced designers for a period of two to three
years. Testing is a key activity that requires close collaboration of physicists and de-
signers. A good definition of the DAQ environment is needed to develop a matching

back-end readout and an efficient calibration system.

7.4 Micromegas-type TPC

The multiple scattering caused by the material of the last station of the Gigatracker impacts
directly on the resolution of the opening angle between the incoming kaon and the charged
pion and hence it has to be minimized. The state-of-the-art gaseous detector developed
for NA48/2 couples excellent space resolution to a minimal material budget. The NA48/2
detector, called KABES, is made of MICROMEGAS-type chambers read-out in TPC mode.
The following performance has been achieved [16] [28].

e Position Resolution ~ 80 um
e Time resolution ~ 0.7 ns
e Rate per micro-strip ~ 2 MHz

In this proposal, such a detector must perform the tracking of a 1 GHz hadron beam (about
10 times more intense -per unit area- than the combined positive and negative beams of
NA48/2), contributing less than 10 prad to the angular resolution. Effort has to be made

to:
e Shorten the detector signal employing a micro-mesh with thinner amplification gap.
e Improve the time resolution.

e Reduce the double pulse resolution, sampling each strip continuously by means of 1
GHz FADC.

45



Table 7: Estimate of cost and spending profile for the Gigatracker SPIBES based on current

engineering run prices.

2005 | 2006 2007 2008 | 2009
kCHF | kCHF | kCHF | kCHF | kCHF
Sensors, support, readout
Sensors 22.5 37.5 75
test instrumentation 15 45 15
tooling 15 30 30
support and cooling 30 30
readout and PCB 15 30 45
Sensors, support, readout subtotal 67.5 172.5 195
Common electronics developments
PreAmp, Discri 0.25um (MPW) 15 15
test structures (I) 0.13pm (MPW) 82.5
TDC 0.13um (MPW) 82.5 82.5
bump bonding (400Euro/placement) 15 22,5 75 75
Common electronics dev. subtotal 112.5 120 157.5 75
Microelectronics tech. choice A
FE 0.25um ( 2 eng. runs) 375
FE 0.25um ( production run) 150
Microelec. tech. choice A subtotal 375 150
Microelec. tech. choice B
test structures (II) 0.13um (~40 mm?, MPW) 225
FE 0.13um ( 2 eng. runs) 1455
FE 0.13um ( production run) 150
Microelec. tech. choice B subtotal 225 1455 150
A totals = 1425 kCHF 180 292.5 | 727.5 225
B totals = 2730* kCHF 180 517.5 | 1807.5 | 225
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e Consider a smaller micro-strip pitch.

Another aspect that has to be taken into account is the space-charge effect due to ion build-
up. The design of the experiment relies on the ability of the KABES detector to function at
the required intensity. To a large extent this was already validated in 2004 during the test
which took place at the end of the NA48/2 data taking.

For the proposed experiment this gaseous detector is dubbed Flash-TPC because, in order
to achieve the required double pulse resolution to make the pattern recognition feasible in
a detector without intrinsic bi-dimensional segmentation, each micro-strip will be read by
FADCs of the type or similar to those employed for the proton tagger of the original NA48
experiment. The pattern recognition is complicated by the long drift time (about 600 ns)
and the time resolution is unlikely to reach 150 ps because of gas diffusion. For these two
reasons the FTPC is preceded by the fast pixel detectors (SPIBES).

8 PHOTON VETOES

To suppress the dominant background originating from the decay K+ — 7+ 7 to the specified
level, the average inefficiency for the rejection of the 7° should be ~ 1078. To do so, photon
vetoes with hermetic coverage up to 50 mr for photons originating from kaon decays occurring
in the decay region (from 5 to 65 metres after the final collimator) have to be envisaged. With
such a configuration, only ~ 1.6% of the events have one photon from 7° left undetected. The
geometry of the experiment suggests to partition the detector into three different angular

regions instrumented by three different detector technologies.

e Large angle vetoes (ANTI), hermetic between 8.5 mr and 50 mr, distributed along the
decay volume spaced by 6 metres in the upstream region and by 12 m downstream,

according to the layout in Figure 9.
e Liquid krypton calorimeter (LKR), covering angles between 1 and 8.5 mr.

e Small angle vetoes, covering the region down to zero degrees (SAC) and the zone
around the inner radius of the RICH (IRC1) and of the LKR (IRC2) calorimeter, with
suitable overlap in the angular acceptance to cover the beam pipe and with an inner

radius smaller than that of the beam pipe.

The kinematics of the K+ — 779 decay is such that a low energy photon at large angle
(which is typically more difficult to detect) is paired with a high energy one hitting the LKR

or the small angle vetoes where very high detection efficiency can be expected.

47



x102

2000 [ 20000 [
1800 18000 —
1600 | 16000 —
1400 [} 14000 [
1200 [} 12000
1000 - 10000
800 | 8000 |
600 - 6000 [

400 | 4000 [

200 2000

oL 1 1 1 1 1
0 25 5 7.5 10 125 15 175 20 225 25 0 0.2 0.4 0.6 0.8 1 12 1.4 16 18 2
E(Gev) E(Gev)

Energy of photons in the anti Energy of photons in the anti

Figure 21: Distribution of energy in the ANTI ( the RHS is a zoom).

8.1 Considerations about the inefficiency

A simulation of the decay kinematics and of the geometrical acceptance has been made,
to compute an average photon detection inefficiency using two different definitions of the
energy dependence of the inefficiency of the single counters (see Table 8): the first realistic
and the second based on the values used in the CKM proposal [29] and those obtained in
several measurements done by E787, ES147, ES171 [30].

The results shown refer to 107 K+ — 7770 decays generated. The energy of the photon
in the ANTI ranges from less than 10 MeV to 25 GeV (Figure 21). The minimum photon
energy in the calorimeter is 1 GeV (Figure 22), while in the IRC and SAC it is ~6 GeV
(Figures 23 and 24).

The average 7° inefficiency is reported in Table 9, with and without imposing a cut on the
momentum of the charged pion between 8 and 40 GeV. We also report the fraction of events
with an inefficiency of more than 10~" which mainly contribute to the average inefficiency.
This fraction is defined as the ratio between the number of inefficient events and the total
number of the accepted events. An in-depth look at inefficient events shows that these are
characterized by one low energy photon either outside the acceptance of the ANTI or inside
it, but with very low energy and high inefficiency. The other photon hits the LKR calorimeter
with an energy larger than 35 GeV or the first IRC with an energy larger than 60 GeV. It
is then mandatory to have an inefficiency of the LKR better than 10~° at those energies for
a lower contribution to the average 7 rejection inefficiency.

This parameter for the LKR calorimeter is even more stringent than the inefficiency at low
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Detector and energy range

Photon detection inefficiency

Realistic choice ANTI E < 50Mev 1
ANTI 50 MeV < E < 1 GeV 10~4
ANTI E > 1GeV 1075
LKR E < 1Gev 1073
LKR 1 GeV < E < 3 Gev 10~
LKR 3 GeV < E < 5 Gev linear btw 10~% and 1075
LKR E > 5Gev 1075
IRC1, IRC2, SAC 1076
Optimistic choice | ANTI E < 100Mev 0.1
ANTI 100 MeV < E < 250 MeV 3-1074
ANTI 250 MeV < E < 1 GeV linear btw 3 -10~* and10~°
ANTI E > 1GeV 106
LKR E < 1Gev 1074
LKR 1 GeV < E < 3 Gev 107°
LKR 3 GeV < E < 5 Gev linear btw 10~® and 1076
LKR E > 5Gev 1076
IRC1, IRC2, SAC 1076

Table 8: Inefficiency figures used in the simulation.
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Average inefficiency | Fraction of ineff. events
Conservative choice
Without pion momentum cut 1.6-1077 1.59%
With pion momentum cut 3.3-10°8 0.34%
Realistic choice
Without pion momentum cut 1.5-1078 1.51%
With pion momentum cut 3.0-107° 0.28%

Table 9: Total average inefficiencies.

energy: in fact, one photon hitting the calorimeter with an energy in the range 1-5 GeV
has the other photon hitting either the LKR calorimeter, the IRCs or the SAC with higher
energy or the ANTI with an energy between 0 and 1.5 GeV (Figure 25): the fraction of
photons in the ANTI with energy below 300 MeV, where the inefficiency starts to increase,
is less than 3%. In addition, if one could detect all the photons not hitting the vetoes (about
1% of the total) with 1% inefficiency, the average m° inefficiencies in Table 9 would drop
respectively to 9.3-107°, 6.2-107°, 3.9-107%, 2.1- 1071,

A detailed simulation, using GEANT4, of the possible detector structures has started, with
the aim of evaluating the inefficiency for the photon detection at different energies, impact
points and angles. We feel confident that the current status of the GEANT4 physics descrip-
tion is sufficiently accurate: indeed we have done a simulation of structures (2mm Pb/6mm
Scintillator) for which experimental results on the inefficiencies exist [31] and the comparison
in Figure 26 shows good agreement.

A strong point of the proposal is that the LKR exists and its performance has a veto can be
tested in situ employing kaon decays from the current K12 beam. In fact, to this purpose, we
have accumulated a data sample in 2004 but more data, collected without zero suppression,
should be accumulated, for example during the 2006 SPS proton run. It is also planned to
test different prototypes of the ANTI counters at energies lower than 1 GeV, investigating

the use of a tagged photon beam to compare the different solutions.

8.2 Large angle vetoes (ANTT)

2

The large angle vetoes will cover a surface of about 27 m“: besides the requirement of

efficiency, the cost is also an important factor. The design is based on a lead-scintillator
sandwich with WLS fiber readout.
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8.3 Geometry of large angle vetoes

It is planned to equip the decay tank with 13 calorimeters, 16 X, deep, as shown in Figure 9.
Each counter is composed of 80 layers of 5 mm scintillator and 1mm lead sheets, arranged
in annular coronas (Figure 27). Each corona is divided azimuthally into 16 sectors, each one
covering 22.5 degrees in ¢.

Consecutive layers of each sector are staggered to avoid cracks. Each scintillator tile has
grooves where 8-10 WLS fiber are glued. The way of making the grooves will be a matter
of optimization: the simplest one with few radial or parallel grooves should be compared,
in terms of light yield and uniformity of light collection, with a solution with curved paths
for the fibers on the scintillator surface. Fibers from alternate layers are collected by a
photomultiplier to provide a redundant read-out. An additional segmentation of the readout
is made using a pair of PMs (green extended photocatode) for the front and a pair for the
back. This readout setup will give a segmentation front/back which could be used i.e. in
the trigger to separate photon showers (with a greater amount of energy in the front part)
from the muons from the halo which will give an uniform signal along the path. Muons will
play a significant role to monitor the entire ANTI system.

The technique of scintillator plus WLS fibers, with a proper construction, will give around

20 photoelectrons/MIP for each layer.

8.4 Mechanical design

In Figure 28 we show a sketch for the mechanical layout of the large angle photon vetoes. As
it is already mentioned in the section 4.4, the vacuum in the decay tank should be kept at a
value of at least 3-10~7 mbar, in order to minimize background due to beam-gas interactions.
A design of the veto counters as in the original NA48, with scintillators placed in pockets
outside the thick decay tube, would lead to insufficient photon detection efficiency. It is
therefore necessary to install the counters inside the vacuum tank, separating them from the
high vacuum region with a thin wall in order to minimize the effect of scintillator outgassing.
The stack of scintillator and lead is supported by a ~1 cm thick back plate through a set
of rods going from the front to the back. The plate is welded to a special section of the
vacuum tank, connected to it via flanges and O-rings. A thin layer of 0.8 mm Al to cover
the front and the lower part of the detector is glued to the back plate and to a smaller plate
on the front. This detector volume is pumped through an aperture on the lateral surface of

the section to a manifold connecting all the ANTI pockets. The manifold is also connected,
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Figure 27: Transverse sectdon layout of an anti ring.



Figure 28: Mechanics of an anti ring.

through a calibrated leak, to the main volume to control the pressure difference.

Fibers from the detector are glued to 4 plexiglass cylinders passing through the section with
a vacuum seal. The other base of the cylinder is connected to the phototube outside the
vacuum. An additional plexiglass feed-through is planned to bring to the PMs a light signal

for calibration and monitoring.

8.4.1 An alternative structure

We are also evaluating a design with a lead structure with embedded scintillating fibers
(known as ”spaghetti calorimeter”), modeled on the calorimeter of the KLOE experiment
[32]. Such a detector can be built by stacking together a series of layers composed of a thin
lead foil, with a regular array of machined grooves in which the scintillating fibers are aligned
and glued (Figure 29). This kind of arrangement guarantees the most uniform filling, and
thanks to the very thin absorber, an almost homogenous structure with good energy and
time resolution [32, 33].A modular detector can be built with geometries not limited to
straight prisms, such as a C-shaped one (Figure 30), only limited by the minimum bending
angle of the fibers.

Reading from both sides of the fibers allows the determination of the impact point (with ~ 1
cm accuracy at 1 GeV, given the timing performances), deriving it from the time difference

between the two ends, provided that the time measurement (TDC) is included in the read-
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Figure 29: Schematic view of the cross section of a lead /scintillating fibers spaghetti calorime-

ter: L is the distance between the adjacent fibers, while d is the fiber diameter.
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Figure 30: Schematic view of a possible layout of C-shaped lead/scintillating fibers spaghetti

calorimeter modules.
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30cm

24 cm

Figure 31: Schematic view of a possible readout with Winston concentrator light guides.

out electronics. The readout granularity can be easily adjusted if the light collection is
performed by means of light guides. Of course the efficiency will be limited at least by the
ratio of the photocathode area to the cell area. The longer the single module the smaller
will be the total number of photomultipliers and electronics channels needed. This has to
be balanced with the increasing length of the module, thus with the reduction of the light
yield due to attenuation length of the fibers (3 m).

Considering a cell size of 6 x 7.5 cm?, read out by 2 inch photomultiplier tubes (standard
bialkali), the different rings will then be equipped with a grid of 4 x 4 (smaller rings) to 4 x 6
(largest ring) phototubes per side (Figure 31). Taking into account the experience of the
KLOE calorimeter, a plexiglas Winston concentrator light guide with an area ratio of 2.7
should provide a light collection efficiency in excess of 90%, since the refraction indices for
the fiber core, cladding and light guide material are such that ncere/Neiadding < Mplewiglas-
Another important parameter is the light yield: for blue-emitting plastic scintillating fibers
(Bicron type BCF-12 or the Kuraray type SCF-81) this is of the order of 5 photo-electrons
(p.e.) when a 1 mm fiber is crossed by a mininum ionizing particle (at 1 m from a standard
bialkali photocathode) [34]. Taking into account a trapping efficiency of the fiber of 3%
(Neore = 1.6, Ncladding = 1.49), a maximum light attenuation when the photon hits a 4 m
long module of about 50%, a light guide efficiency of 90% and a photocathode quantum
efficiency of 25%, a light yield of 24 p.e./MeV per side for a minimum ionizing particle can
be estimated.

Since the energy deposited by minimum ionizing particles is equivalent to that of 30 MeV
photons, this translates into 0.8 p.e./incident MeV for photons. The effect of a threshold
of a few p.e. on the inefficiency should be small (as compared to sampling fluctuations,
punch-through and other effects such as the photonuclear interactions) above a few tens of
MeV.
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It is planned to make an extensive series of tests on the characteristics of the base elements,
like

e Light yield of various types of scintillator plates
e Performances of scintillating fibers

e Measurements of degassing rates of materials in vacuum

Moreover, it is planned to build prototypes of both solution with extensive tests in the
lab and on a photon beam to assess the good and bad points of both solutions in term of

inefficiency, time resolution, trigger capabilities and costs.

8.4.2 Readout

The signals from the photomultipliers should be processed to give a fast trigger veto signal,
to have a precise measurement of the time of the photon and to make a pulse height analysis
on a time window across the event. The signal expected from the PMs should not need
to be amplified. However a splitter might be needed to provide an output for the trigger
and one or more outputs for the digitization. The trigger logic could be implemented either
with a traditional logic (discriminators, fast logic) or with a more flexible system based on
Flash ADCs with a clock period of around 4-6 ns, coupled to FPGAs where the trigger logic
is implemented and which provide a trigger decision every clock cycle. The readout of the
~ 1000 channels could be done with the same type of hardware which will be designed for
the LKR calorimeter, with a proper adjustment of the shaping time. The definition of the
shaping time and of the digitization clock should not be a problem, as the rate for each
channel is low and double pulse resolution will not be an issue: a longer shaping could allow

to use 40 or 80 Mhz without degrading time resolution.

8.5 Cost estimation

The cost estimation for the ANTT is reported in Table 10. The first estimate of the cost for
the KLOE like structure is similar, keeping into account the cost of the fibers in place of
scintillator and WLS fibers.

8.6 Liquid Krypton calorimeter

It is intended to exploit the LKR calorimeter as a photon veto in the intermediate angular

region. The very good performances of the calorimeter [35] [36] will be used also to precisely
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Item Cost (kCHF)
Scintillator 1700
Lead 100
WLS fibers 400
Photomultipliers 700
Mechanics 600
High voltage 300
Trigger and readout 400
Total 4200

Table 10: Estimation of the cost of the ANTI-counters.

measure the electron energy in order to reject the background from K+ — 7%*v.

8.6.1 Estimate of the inefficiency

It is necessary to have an inefficiency in the photon detection of 10~ above 1 GeV and in
particular better than 1075 above 35 GeV. Data taking for a measurement of the inefficiency
has been done in 2004, adding a small angle calorimeter in the forward region and select-

0 However the statistics collected is not enough and the zero-suppression

ing Kt — «trn
mechanism used was not optimized for vetoing.

We are considering to collect more data in 2006, reading the calorimeter without zero sup-
pression to reduce the inefficiency at low energies. A detailed beam request for 2006 is being
prepared. In parallel, we are studying the LKR photon detection inefficiencies with other
data sets collected in NA48/2, like K* — 7779 or K= — 777%, to extract inefficiency
figures.

Another possible limitation to the low energy inefficiency was thought to be the contribution
of the photonuclear interactions in the material in front of the LKR active volume (mainly a
7 cm Stesalite plate). A GEANT4 simulation of this structure has shown however that the

contribution to the inefficiency is less than 2 - 107°.

8.6.2 New readout

The current LKR read-out electronics is housed in Fastbus modules. A new readout electron-
ics for the calorimeter, possibly replacing also the current transceivers is being considered to

cope with the discontinued support for Fastbus electronics at CERN.
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An interesting possibility is to use a generalised version of the integrated circuits used in
the ALICE TPC readout. This development, done by CERN in collaboration with several
partners, may lead to a compact design, with all the features needed, including the digital
processing power needed either to zero suppress the data or to make a lossless compression
of them. We feel indeed mandatory to be able to read all the cells of the calorimeter for each
event and make a smart zero suppression in software. Network bandwidths and CPU power
are not anymore a bottleneck. A first estimated for the cost of 15000 read-out channels is
about 1500 kCHF.

8.6.3 Upgrade of the cryogenics slow control

The use of the LKR calorimeter for the proposed experiment implies an upgrade to the
cryogenics control system. This system, built in 1995, despite its robustness and very good

performance, suffers from several problems:

e The front-end hardware has still some spare parts, but there is no more expertise at
CERN

e The supervision software (FactoryLink) is obsolete at CERN since several years
e The supervision hardware is not maintaned anymore

Different possibilities have been discussed with AT/ECR and the more realistic one is a
complete remake (HW and SW) of the system, with support and consultancy from AT/ECR
and with a manpower contribution from the Collaboration. The estimate of the cost is 500
kCHF.

8.7 Small angle vetoes

There will be two types of small angle vetoes: two covering the beam tube which will go
through the calorimeter and the RICH (IRC 1 and 2) and one covering the region down to
0 degrees after the MAMUD detector, where the charged beam has been deflected (SAC).
The two types of detector will be at least 16 Xy deep in order to keep the punch through
probability below 10~7. We are actually comparing two solutions: the first based on shashlyk
technique [37] with a sandwich of lead and scintillator and longitudinal WLS fibers and the
second based on PbWOy, crystals. Both solutions will provide photon detection inefficiencies
of 1075 or better at the high energies involved. In both cases, for IRC1 and IRC2, the more
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Figure 32: The concept of a shashlyk calorimeter.

Figure 33: Staggering of consecutive layers.

challenging problem is the connection of the detector (a ring around the beam pipe) to the

HV power supply and the readout electronics.

8.7.1 Geometry of the detectors

e Shashlyk technique: A suitable structure will be made with 100 layers of lmm (Pb) +
2mm (Sci), for a total of ~ 17 X, and with a fiber spacing of 9.5 mm. The readout
will be made with a PM on the back (Figure 32). For IRC1 and IRC2 the lead and
scintillators will be shaped in circular coronas sectors (inner diameter 14 cm, outer
diameter 24 cm) which will be mounted staggered in order to avoid cracks. Similarly,

for the SAC, the successive layers will be staggered after a proper cutting (Figure 33).

e PbWO, structure: A first proposal for IRC1 and IRC2 has 3 rings (inner and outer
radius of 7 and 12 c¢cm) longitudinally adjacent, each one made of 16 crystals with a
trapezoidal shape (Figure 34). The readout will be made either using small APDs on

the internal face or using PMs on the outside face. This solution should be improved,
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16.32.48

Figure 34: Layout of the crystals in the IRCs.

as the proposed position of the readout devices is not acceptable, because in one case
APDs will extend too much into the beam and in the other there is too much material
(PMs, etc.) in front of RICH and calorimeter at low angles. The optimal possibility
is to read the crystals from the face opposite to the particle entrance. To fulfill this
requirement, for the readout, a design should be envisaged with only one ring with
suitably shaped crystals to avoid cracks, for example with crystals whose lateral faces
are bent with respect to the longitudinal direction. The implementation of the SAC
is done with standard prism crystals, arranged in a 8x8 matrix and installed with an

angle between its axis and the beam to avoid cracks.

8.7.2 Mechanical design

IRC 1 will be supported by a light carbon fiber tube which will be connected to the flange
of the beam pipe. IRC 2 will be mounted on a section of the beam pipe which will be
put in place and welded to the beam tube. A more detailed study will be done on the
possibility to support the detectors with thin wires across the area of the RICH and of
the LKR calorimeter. The SAC could be inside a closed box hung in the proper position
downstream of MAMUD. Weights should not be a problem: in both solutions, IRC1 and
IRC2 will be =~ 40 kg and the SAC ~ 55 kg.
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8.7.3 Readout

The readout of the small angle vetoes could follow the same scheme as the one for the large

angle vetoes. Indeed, a standardization of the electronics is more than recommended

8.7.4 Costs

The estimation of the costs for the materials needed for the two solutions varies from 150
kCHF to 300 kCHF, depending on the type of technology and the type and number of
photodetectors. The cost of the mechanics will be around 40 kCHF.We estimate that the
read-out electronics and HV system will cost 10 kCHF.

9 STRAW TRACKER

To minimize the multiple scattering of the outgoing pion it is proposed to operate the
magnetic spectrometer in vacuum upstream the decay region. This means that the decay
and spectrometer regions are not separated and share a common vacuum volume. A straw
tracker is considered as one of the most promising detectors to be operated in vacuum. In
addition, the straw tracker could be designed without internal frames and flanges. The
latter is rather important to diminish the background arising from the beam halo particle
interactions. The proposed design of the straw detector is partially based on the experience
accumulated during the production and exploitation of a similar straw trackers built for the
COMPASS and ATLAS experiments. The straw tracker has to be made of several straw
planes (layers). One view consists of two staggered planes (double layer), to solve the left-
right ambiguity in hit coordinate reconstruction as shown in Figure 35. All straws in a double
layer are glued together to provide the necessary rigidity and gas tightness. To fit easily into
the decay volume, 2.3 m diameter tube, an octagonal shape is proposed for each double layer
(view). The straw planes are fixed to aluminium frames also having octagonal shapes. A
central region of 10 cm width, corresponding to the (deviated) beam passage in each of the
views, is not covered by the straws (see Figure 36). The corresponding acceptance loss is
less than 10% while the total muon halo rate in a plane of straws is less than 10 MHz.

All the double layers (views) have identical design and contain straws with a maximum
sensitive length of 2300 mm. Four views are coupled to form a chamber. Each view is
rotated with respect to another by 135 degrees. Such chamber measures four coordinates
(X/Y/U and V) of particle hits. The central part of the chamber has areas with different

number of measured coordinates. As an example, Figure 37 shows the central part of a four-
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Figure 36: Two view chamber - (X,Y) and (U,V), sketch.
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view straw chamber with the regions in which only a limited numbers of views are available.

A straw diameter of 9.6 mm is proposed for the main part of the chambers as a compromise

7.1cm
_

|[SA4cm—|

2 coordinates

1 coordinate

10 cm

Figure 37: One and Two coordinate regions at use of (X,Y) and (U,V) chambers together.

between the rigidity (which depends on the diameter) and cost of production.

For the innermost straws approaching the beam, a straw diameter of 4.8 mm is proposed.
Each straw is fabricated by winding two kapton films, 12 pm and 25 pm thick, to provide
the necessary rigidity and gas-tightness (see Figure 38). The inner 25 pum kapton film is the
thinnest carbon-loaded film available on the market. Each half layer contains 112 straws of
9.6 mm and 16 straws of 4.8 mm diameter, separated by 10 cm of empty space, as explained
above. So, each chamber measures four coordinates and consists of 2048 channels. A sketch
of a chamber is shown in Figure 36.

The Front-End Electronic (FEE) boards are placed near one edge of the straw, termination
plates are placed near the opposite edge. The neighboring straws of each half of the layer are
glued to one another. The amount of glue does not exceed 60% of the straw film weight. Gold
plated tungsten wires 30pum in diameter are used as anodes. Three polycarbonate spacers
are implemented to support the wires of the longest straws and keep them in place. Each
spacer weighs 25 mg. Two carbon wires will be used to fix the straw layer planarity excluding
possible bending in Z- direction. The inner film (25um thick) will be aluminized outside with
a 0.2pm thick layer. In total, the average thickness of the chamber is 4 x (80 —90)um. A gas
leak test is foreseen for each straw before assembly, and each complete straw layer should be
checked as well. A special vacuum system should keep good vacuum nearby the periphery of

the chamber to avoid gas diffusion. To avoid space resolution drift, the chambers temperature
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Figure 38: Straw tube schematic view.

should be kept in a range of +1 degree. Gas system and HV system should provide the
necessary stability. The signals from the FEE will have a typical rise time of about 12 ns
with a total width of about 100 ns, and special attention should be paid to the noise. The
discriminator threshold should be less than 3 fC. The amount of material for each four-view
chamber crossed by a track corresponds to 0.4 % of a radiation lengths (Xj), including a
typical gas mixture of Ar+CO; (80%+20%). The space resolution of a hit coordinate (view)
reconstruction is expected to be ~ 130um. To provide a redundant measurement of the
pion momentum a double magnetic spectrometer is foreseen. For this purpose an additional
MNP33 dipole magnet, similar to the one used in the NA48 experiments, is required. The
magnet cost estimate amounts to about ~ 1170 kCHF.

At least six tracker chambers are required for reliable reconstruction of the pion track kine-
matics, angle and momentum. Two chambers will be installed in each of three reagions:
upstream of the first magnet, between the magnets, and downstream of the second mag-
net. Each of the chambers measures hit space position, based on known Z-coordinate (see
Figure 39). A rough cost estimation for production of six chambers ( &~ 11 000 channels
in total) is around 630 kCHF. This cost does not include the expenses of motherboard and
termination board productions with corresponding components (C, R, connectors), and the

cost of the FEE, HV power supplies, gas and cooling systems, temperature monitoring and
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Figure 39: Schematic view of straw chamber positions in the spectrometer.

other auxiliaries. Major contributions to this cost and some estimates of additional expenses

are presented in Table 11.

Item Number | Unit cost, (CHF) | Price (kCHF)
Straws 11 000 |20 220

Al frame and other element | 24 15 000 360

for double layer

Design, fabrication and test 250

Front end electronics 11 000 | 25 275

HV power supplies 250

Gas and cooling systems 250

Total 1605
read-out Electronics 750

Table 11: Cost estimate for the Straw Tracker.

10 RICH

The rejection of background originating from K+ — putv (K,2) requires the identification of
the muon. This is mainly achieved by means of the MAgnetised MUon Detector described
in Section 12 and by imposing that, under the hypothesis that the outgoing particle is a
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pion, the squared missing mass is positive. However, K, is the most frequent decay and
the event mis-reconstruction can contaminate the signal region. In this proposal, the muon
rejection of MAMUD is assumed to be 10°. Simulations show that it can be further improved
only tightening the signal selection with significant loss of reconstruction efficiency. To keep
good reconstruction efficiency we propose to use a fast RICH counter to further separate
pions from muons up to momenta of 35 GeV/c. RICH spectrometers were proposed by
CKM experiment at Fermilab [29] and by the re-designed version (KPLUS) [44] to provide a
velocity measurement. The design of the KPLUS RICH is available [45] and we plan to adapt
it to our layout. Under a particle mass hypothesis, the velocity measurement converts into a
precise redundant measurement of the particle momentum. Conversely, if the momentum is
measured by the magnetic spectrometer, the RICH can be used for particle identification. In
our design we measure the momentum of the outgoing particle redundantly employing the
double magnetic spectrometer, and the RICH will be used purely for particle identification.
We estimated that a two sigma separation between pions and muons at the high end of
the charged pion momentum spectrum will be sufficient to reduce the backround originating

from K5 and K+ — p*vy to a negligible level.

11 CHARGED HODOSCOPE

The charged hodoscope, together with the vetoes, the LKr calorimeter and, possibly, the
differential Cherenkov (CEDAR), is intended to build the event trigger and, therefore, it
must possess a very good efficiency for detecting a MIP in its geometrical acceptance. A
good MIP efficiency will also help in rejecting immediately high order multiplicity events,
such as f.i. KT — ntat7~ decays. Moreover, the hodoscope signal will be used, off-line, to
guarantee that the charged track is properly associated to the incoming particle, and for this
reason the detector must also possess a very good intrinsic time resolution, better than 100
ps, given the high rate (about 1 GHz) of beam particles that will illuminate the Gigatracker.
A recent technology which well matches both the above requirements is the one of the
Multigap glass RPC [46] and we are planning to build the hodoscope using this technology,
with a design very similar to the one used in the ALICE TOF, for which test beam results
[47] show that time resolution up to 50 ps with rates up to 1 kHz/cm? [48], together with
MIP efficiencies above 99.9% can be achieved. This rate is, however, about a factor of two
smaller than what is expected in the hottest central region, near the beam pipe. For this

reason, preliminary tests are needed to prove that the detector can really sustain up to 2
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kHz/cm?, without any substantial worsening of its performance. The very schematic layout

of the hodoscope we are considering is given in Figure 40.

240 cm

I 24 cm

Figure 40: Hodoscope schematic view.

2 each, made by four independent modules, equipped

It consists of two planes 2.4x2.4 m
with horizontal and vertical strips, respectively. The strips are 64 per module, 19 mm wide
and 1200 mm long (apart from the central ones, only 1080 mm long, because of the central
square hole), placed at 1 mm of distance from one another. The total number of strips to
be read is, therefore, 480.

Each of the eight modules consists of 2 glass stacks of 5 gaps of 250 um each. The resistive
plates are commercial ”soda-lime” glass, 400pum thick for the internal and 550um for the
external plates. The external plates have a conductive coating (1 M/cm?) deposited on
one side and act as electrodes. The distance between the glass plates is kept fixed with the
help of nylon fishing line used as a spacer and the necessary stiffness of the detector is ensured
by two 1 em thick aramid honeycomb panels, between which the glass stacks are sandwiched.

All the detector is placed inside a tight gas box, where the gas mixture of 90% CyF,Ho, 5%
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SFs and 5% CyH, optimized [49] for efficiency, time-resolution and ageing, is circulated at
atmosferic pressure. The estimated material budget of the detector (gas box excluded) is
around 15%X,, which does not seem to be a problem. A differential high voltage of about
+ 6 kV is applied between the external cathodes (in parallel) and the anode disposed is in
the middle of the stack. The differential readout signal is obtained from anode and cathode
pickup strips, deposited on a 1.5 mm thick standard PCB. Even if a single-strip readout
might be sufficient for our purposes, we plan to test as soon as possible also a double-side
readout, to verify the possibility of getting the track position along the strip with a resolution
of the order of a cm [50], that could help at least as a redundancy in the global tracking and
at the trigger level.

As far as the Front-End electronics is concerned, again we plan to use the one developed for
the ALICE TOF, i.e. the NINO [51] ultrafast amplifier /discriminator 8-channel ASIC chip,
expecially designed to match the glass multigap RPC differential signal. The preamplifiers
cards will be mounted outside from the gas box, on the outer border of the detector.

The Read-Out electronics foreseen is based on the High Performance TDC (HPTDC) [52]
developed at CERN, with multi-hit and multi-event capabilities, which can work up to a time
resolution of 24.4 ps and it has been expecially optimised for this application [53]. Finally,
we have evaluated the costs by rescaling those presented by the ALICE Collaboration (15
MCHF for about 150 m? of detector), keeping in mind, however, that our solution with
read-out strips instead of pads (as in the ALICE TOF) means a reduction of about a factor
10 in the readout channels. In this way, we have estimated a total cost of the detector of
about 900 kCHF, comprehensive of tooling, FE electronics, LV, HV, gas system, cables and

connectors.

12 MAMUD

It is of prime importance for this experiment to veto the background from K, decays and
other decay modes containing muons. A very efficient muon veto is therefore required. It
is proposed to build a highly segmented 5.25 metres long iron-scintillator sandwich which
is situated behind the LKR calorimeter and also serves as hadron calorimeter. As a small
angle veto calorimeter has to be installed at the very end of the beam line, the charged
beam has to be deflected away from such veto counter. As space in this region is at a
premium, we have opted for a magnetised muon veto and hadron calorimeter, called MA-
MUD (MAgnetised MUon and hadron Detector). The MAMUD detector can be considered
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as a sampling calorimeter which should distinguish hadronic from electromagnetic showers,
detect minimum ionizing particles and provide a bending power of 5Tm on the beam line.
The longitudinal segmentation of the hadron calorimeter, together with its transverse gran-
ularity of 4 cm, is crucial to identify and reject ”catastrophic” energy losses of muons from
K™ decays. Catastrophic muon energy losses occur via muon Bremsstrahlung, eTe™ pair
production, high Q% pute~ scattering and muon decay in flight, all leading to electromag-
netic showers which can easily be distinguished from hadronic showers. The ultimate limit
of muon rejection power is given by muon deep inelastic scattering events where the residual
energy of the muon is too small to be detected.

The proposed detector consists of 150 iron plates, 2 cm thick and of 2.8 x 2.6 m? transverse
size, interspersed with scintillator planes of 130 strips, each 1.3 metres long. This structure
is divided into 8 independent sections of 18 or 19 planes each. One section corresponds
approximately to 20 Xy and 2 interaction lengths, reasonably matching the LKR calorimeter
thickness. At the centre a 30 by 20 cm rectangular hole allows the beam to pass cleanly
through the detector.

The active detectors consist of extruded polystyrene scintillator strips, 140 and 130 cm long,
1 cm thick and 4 ¢cm wide, read out at one end by a 1.2 mm diameter wave length shifting

fiber as shown in Figure 41.

Figure 41: Cross section of one MAMUD strip of extruded scintillator with WLS.

Strips in adjacent gaps are orthogonal. Based on the MINOS experience, we expect to obtain
on average 4.5 photoelectrons per strip for a minimum ionizing particle at the cathode of a
photomultiplier tube optically connected to the wavelength shifting fiber glued to this strip.
The strips are read by combining the signals from nine consecutive horizontal (or vertical)
strips into a single 1 cm diameter photomultiplier. In the minimal configuration only half
of the planes are instrumented, namely the first 55 and the last 18 planes, corresponding to
4 sections in total. In the optimal configuration, which we propose, all planes are equipped
and 2080 PMT’s are required for a total scintillator area of about 1000 m?. Both tracking

and calorimetric information is obtained. The magnetic field, about 1.0 T on the axis, is
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provided by a system of two coils, shown in Figure 42. Each coil is divided into 4 layers of

21/Feb/2005 11:52 55 Y

Figure 42: Sketch of the hadron calorimeter (MAMUD). The iron lamination is not shown.

8 turns each. The conductor material is certified grade Cu-OFE of section 25x25 mm with
a 12 mm diameter hole for cooling. The current is 2.7 KA, the total power dissipation is
0.3 MW. The pressure drop is about 10 bars. The magnet parameters are summarized in
Table 12

The transverse field homogeneity is shown in Figure 43. The uniformity over a 10 by 10 cm?
region at the centre is 3.5% and increases to about 5% at the ends of the magnet, which is
adequate for our needs. The MAMUD performance has been studied by detailed GEANT
simulation, taking into account the upstream detectors, i.e. straw tubes, LKR calorimeter
and RICH. For p separation the combined information from MAMUD and the LKR has
been used. The LKR information is important because its length is 2 interaction lengths
and hence some 80% of pions start showering there. The 7/u separation is based on a
number of variables that can easily be implemented in the hardware trigger: total energy
deposited and the numbers of strips hit in the different sections of MAMUD, as well as the
maximum energy deposition and its position in LKR and MAMUD. This study has been
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Total weight

Overall Dimension

Number of iron plates

Coil Current

Total power dissipation

Field integral on axis (from -1 to +6.2 m)

Magnetic Field into a ”‘good field region”’ (10 cm x 10 cm

~ 150 ton

28 m X 2.6 m X 5.25 m
(WxHXxL)

150

~ 2.7T KA

~ 0.3 MW

5 Tm

~1T

Table 12: Magnet parameters of MAMUD.

@Ep contours: BMOD
8.970971E-001

l 2.695516E-001
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Figure 43: MAMUD transverse field homogeinity.
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done for the minimal MAMUD configuration. In total 106 signal events and 3 107 K decays
were generated. An example of signal background separation is shown in Figure 44, where
ratio of the sum of maximal energy depositions in the MAMUD strips per section and the
total energy deposited in MAMUD is shown. A muon suppression by a factor of 1.1 107°
can be achieved for a pion efficiency of 47%, in case the information from the RICH is not
included. Assuming additional - discrimination from the RICH, the selection criteria can be

relaxed to ensure a much higher pion efficiency.
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Figure 44: The distribution of the ratio of the sum of the maximum energy deposited in
all MAMUD sections and the total energy deposited in MAMUD, separately for signal and

K — pv background events.

The cost of the MAMUD device is estimated in Table 13. We note that the design and
construction of the magnetic parts of MAMUD will take three years from the moment that

funding is approved.

74



Item | Cost (kCHF) Comments

Iron material | 450 Jebens estimate

Copper conductor | 60
Coil assembly | 300 SigmaPhi
Auxilliary systems, controls | 50
Power Supplies (mods.) | 20
Contingency | 40
Manpower | 4.5 FTE
Scintillator + photomultipliers + fibers | 300

Readout electronics | 300

Total | 1520 + manpower

Table 13: Cost estimate for the MAMUD detector.

13 Trigger and DAQ

The existing NA48 trigger electronics was designed more than 10 years ago using (then) new
technology; the design was tailored to the specific needs of the direct CP violation mea-
surement: in particular the part dealing with calorimetric information featured innovative
and successful dead-time-free pipelining techniques, but overall the system provided trigger
algorithms rather focused toward the detection of two pion final states.

Such electronics can no longer be used for a new experiment, either because it is not suited
to the new sub-detectors or, for those parts of the NA48 setup which will be kept, for reasons
of insufficient performance with the higher beam flux and foremost lack of support.
Moreover, for a large part of the electronics, notably the calorimetric trigger system, the
design is strictly coupled to the front-end or digitizing hardware, which will also have to
be rebuilt for the same reasons. It seems therefore that most of the existing trigger/DAQ
system will have to be rebuilt, with the possible exceptions of the KABES and Drift Chamber
readout systems, which were the latest additions to NA4S.

The intensity of the K+ beam for the new experiment will be roughly 30 times higher than
the one due to the sum of the two charged beams used in NA48/2. The single-track rate
for the NA48/2 experiment was in the MHz range, to be compared with a final trigger (and
read-out) rate of order 10 kHz, as limited by the design of hardware components. For the
new experiment a rate of about 11 MHz kaon decays is expected, to which a muon halo rate
should be added (less than about 7 MHz), and the global reduction factor by the trigger
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should be at least a factor 10 higher than in NA4S.

The above considerations clear the way to considering the design of an appropriate trigger
system without compromises driven by needs of re-using existing electronics. On the other
hand, given the time scale for the experiment, it is clear that adopting solutions already
developed for other experiments - wherever feasible - is a must. For the design of the new
experiment’s trigger system one should adopt a rather far-looking approach to allow also:

- adapting to the emerging requirements as the experiment design finalizes;

- future upgrades of the read-out bandwidth to allow adjusting to possible higher intensities;

- a reconfiguration to adapt the system to further kaon physics programs.

The purpose of the trigger system is to reduce the rate to a manageable level, rejecting as
much as possible all main decay modes of the K™ and beam backgrounds while affecting in
a minimal way the K™ — 77w signal.

In view of the difficult task of the offline analysis, which will have to exploit strong and
redundant cuts to suppress backgrounds, special care has to be taken in using trigger cuts
which are as simple as possible, so that they can be shadowed by tighter offline cuts allowing
accurate efficiency estimation without concerns due to the imperfect knowledge of resolution
effects at the hardware trigger level. Moreover, the trigger cuts should ideally not introduce
any correlation between different sub-detectors, so that sets of cuts can be developed offline
which are known to be effectively independent.

A satisfactory compromise has to be found between the simplicity of the trigger and the
need to effectively cut down the very high rate.

In this respect, the best approach seems to be one in which the trigger cuts are performed
as much as possible in software, using a system of commercial processors connected with
high speed data links which process the actual sub-detector event data. This scheme, which
is being adopted by most modern particle physics experiments, presents several advantages
over the traditional approach of a hardware trigger tailored to the specific reaction under
study.

Two of the main advantages of a software-based approach are flexibility - since the opti-
mization of the trigger algorithms can be decoupled from their implementation in the trigger
infrastructure - and scalability - since by replacing commodity processors and links with
new, more powerful, ones appearing on the market, the system capability in terms of data
throughput and trigger versatility can be increased without any major redesign, therefore
allowing a longer lifespan for the system.

These two points are particularly important for a rare decay experiment, in which the op-
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timization of the trigger can be a lengthy and delicate issue, making a big difference in the
quality of the final result, and in which the capability of the sub-detectors to stand high par-
ticle rates should be well complemented by the capability of the trigger system of allowing
the highest bandwidth. The fact that the events of interest are very rare does not mean,
unfortunately, that a small set of data has to be collected, since very selective cuts cannot be
performed safely except when the full information from the detector (in terms of granularity
and calibration) is exploited, which means in the offline analysis.

The cost is also an important factor, since the need for development (and maintenance) of
experiment-specific electronics is kept to a minimum. The control software of the system is
in this case also more user-friendly and easily maintained than for a specific custom hardware
system.

When the above concept is brought to its extremes one has the scheme of a completely
"triggerless” readout, in which the sub-detectors are read-out continuously, following some
strobe signal which could even be a simple periodic clock. The appeal of such a scheme lies
not only in the fact that the above issues of flexibility and scalability are maximized, but
also in that it allows having a single path for event data also serving for trigger purposes,
in contrast to the traditional approach in which a separate and parallel ”trigger branch” is
required.

In the case of a high-flux fixed target experiment with a debunched beam, there is no intrinsic
time strobe signal to indicate the possible occurrence of an interesting event, and continuous
digitization at the frequency of an experiment clock suited to detector sampling leads to rates
which are way beyond the capabilities of reasonable data acquisition systems. This means
that a low level hardware trigger will be anyway required, but one would like this Level 0
trigger to be as simple as possible, and just sufficient to reduce the rate to a level which
allows complete readout of the sub-detector data into PCs, where further trigger processing
(possibly multi-level) is performed.

We plan to use a multi-level trigger system in which only the first level (L0) is implemented
in hardware, and consists in rather simple conditions, mostly simple tight coincidences of
detectors with excellent online time resolutions, some of them providing minimal hit-pattern
information. The complete sub-detector data would be read-out at this LO trigger rate,
possibly after standalone zero suppression, online calibration and data compaction, to buffer
memories, most likely internal PC memory banks, through high-speed point to point data-
links. The following trigger stages would be performed in software by a farm of processors

interconnected through a high performance switching network, reconstructing and analyzing
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either data from a single sub-detector (L1) or the complete event data after event building
(L2). Each of these trigger levels might be itself implemented as multi-level software processes
to optimize the performance. Figure 45 shows a simplified block diagram of the proposed

scheme.
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Figure 45: Simplified sketch of the trigger/DAQ electronics.

Both L1 and L2 might be performed in the same processor array or in different ones, de-
pending on how the topology of the switching network is optimized for throughput; this is a
subject of further study. One could envisage e.g. to have a first layer of CPUs receiving the
data from sub-detectors (or parts of them) via dedicated high-speed links, and performing
further “local” computations on event fragments to provide informations for a central L1
trigger decision unit, before event building, while the following part of CPU farm is used for
L2 trigger based on algorithms working on complete events.

Events sitting in PC memories and surviving all trigger stages will be logged to disks and sent
through links to the Computing Centre for subsequent archiving in Central Data Recording,
as done for NA48. Further processing for either data reduction or monitoring might take

place there, if required, before tape logging, again as was done in NA48.

For this experiment, the rate in the detector will be due to K decays and muons from the
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beam halo, integrated over the surface of the detector.

All kaons decaying between the final collimator and the detector contribute to such rate, even
if only the upstream region will be used as fiducial region for the signal. The beam intensity
figures in Table 6 correspond to about 11 MHz kaon decays occurring upstream of the charged
hodoscope. Such decays occur without any significant time structure due to slow-extracted
nature of the SPS beam; this implies that there is no minimum time interval between decays,
and also that there is no intrinsic time reference signal to indicate the possible presence of an
interesting event occurring at any time (in contrast to collider experiments or experiments
with bunched or micro-bunched beams). The rate indicated above assumes an effective spill
length of 3s for a 4.8s flat top, as suggested by the NA48/2 experience.

The total number of channels for the experiment can be roughly estimated as 100.000 (pixels)
+ 13.500 (Liquid Krypton calorimeter - LKR) + 15.000 (straws) + a few thousands for the
rest = about 150.000 in total. The occupancy is very low for the interesting events; for most
of the channels the information is time-like and therefore reduced by the front-end TDCs.
The working approach is to reduce the rate to below 1 MHz in L0 (i.e. something more
than one order of magnitude) and read sub-detectors at this rate. Incidentally, this is the
first level trigger rate for the LHC-b experiment, at which data are transferred to PCs for
software triggering.

The most crucial figure is the average data bandwidth requirement for read-out, which
determines the number of front-end PCs, those directly connected to the front-end, depending
on the link capacity used. At a given trigger rate this depends on the event data size, which
is another delicate issue for this particular experiment. The quality of the experimental
result of the experiment will depend on how well one will be able to suppress backgrounds at
a very high level; in final offline analysis this task would profit by the use of all sub-detector
information available, meaning that for the small final event sample one would like to have
the complete detailed detector information. Although some details are not yet finalized, it
is clear that several sub-detectors will only provide time (TDC) information, therefore with
a self-defined autonomous data rate which is bounded by the sub-detector hit rate, and is
further reduced by reading them only at the (lower) trigger rate. For sub-detectors in which
both time and pulse-height information is extracted through continuous signal sampling
("Flash” ADC), there is no hit self-detection, the triggerless data rate is prohibitive and also
the triggered one can be very large depending on the number of channels being read.

For the present electromagnetic liquid Krypton calorimeter, with 13500 channels sampled at

40 MHz, assuming a new digitization scheme in which the sample information is compressed
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to 8 bits (therefore forfeiting part of the excellent intrinsic energy resolution, since the NA48
scheme adopted a non-linear 10 bit encoding - corresponding to about 14 effective bits), at
the same 40 MHz sampling frequency results in a 540 GB/s raw data rate and about 100
GB/s for a 1 MHz trigger rate assuming 8 samples are readout as in the most recent NA48
data taking periods.

Such data rate could be easily reduced by a large factor by applying zero suppression, but one
would like to consider the possibility of not doing this and keeping the whole sub-detector
information, at least until the data has been transferred to processor memories. The first
reason for evaluating this is that zero suppression is inherently a difficult task, in that to
avoid compromising the excellent energy resolution it has to be performed by a system which
has an overall view of the whole sub-detector at some level, which is easy in software but
requires some degree of interconnectivity among front-end read-out boards when performed
there. Secondly, for this specific experiment the electro-magnetic calorimeter is mostly (but
not exclusively) used as a veto, and one would like to avoid any chance of suppressing possibly
significant information from it at an early stage. Still, even if hardware zero suppression is
not performed before read-out, lossless data compression implemented in hardware would
most likely reduce the above data rate by a significant factor, which has to be evaluated with
realistic conditions and algorithms.

With respect to the above data rate from the electromagnetic calorimeter, the other sub-
detectors are expected to be less demanding, either because of the limited number of channels,
or because of the intrinsic data sparsification. As an example, a silicon pixel station with
43200 channels, despite the huge particle flux (1 GHit/s), considering a read-out window of
50 ns (rather large with respect to the expected sub-nanosecond time resolution) and 8 bytes
for time and channel information, can be estimated to deliver about 1 GHz x 50 ns x 1
MHz x 8 bytes ~ 400 MB/s, for a 1 MHz trigger rate. Data rates from other sub-detectors
are estimated to be significantly lower than this.

The size of the non zero-suppressed electromagnetic calorimeter data block would be about
110 KB per event, and an upper bound for the event data size could be estimated as 150
kB.

The total data volume written to permanent storage for a single burst depends on the data
logging rate capability. In this respect it is important to note that, quite differently from
collider experiments, this experiment will have a duty cycle of about 30%, dictated by the
machine extraction, and this leaves a larger amount of time for data streaming. Lately,

NA48 used to log to tape about 5 x 10* events per spill, corresponding to an average 370
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MB/spill, written to tape in the Computing Centre over the full 16.8 spill period. This
data rate was obviously limited by the experiment read-out bandwidth and not by the data
logging capability.

For the unrealistically conservative event size of 150kB (15 times that in NA48), even a 100
kHz trigger rate (i.e. an unrealistically low trigger rate reduction of just a factor 10 on
top of L1) would correspond to 15 GB of data for the entire spill. This shows that buffer
memory requirements are not a big issue. On the other hand, a data logging rate as that
for LHC experiments, around 100 MB/s (it was ~ 30 MB/s for NA48) would correspond to
a final event rate in the kHz range for the above large event size. From this point of view,
the product of event size and trigger rate reduction in software triggers with respect to a L0
input rate of 1 MHz should therefore be bounded by

150 kB 1 MHz > 400
Event size Readout rate ™

meaning e.g. a software trigger reduction by a factor 40 for a 15 kB event size.

The requirements in terms of computing power depend strongly on the hierarchical way in
which the algorithms are implemented. Sophisticated high-level trigger algorithms for LHC
experiments working on complete reconstructed events are benchmarked to perform in (few)
ms on modern CPUs. Our events will be significantly smaller and simpler, with a vastly
inferior detector occupancy. An educated guess of ~ 1 ms overall computing time per event
(weighted average of first and subsequent software trigger levels, involving algorithms with
very different level of complexity and the use of different parts of the even data) would
require ~ 300 of today CPUs, and this figure would be expected to become significantly
lower at the time the experiment starts. Of course the above numbers will have to be put
on solid grounds by real measurements, which is however not a quick task even for existing
sub-detectors, since the existing NA48 reconstruction software is definitely not optimized for

online applications.

The LO trigger will of course require a signal in the charged hodoscope corresponding to at
least one track crossing it. Such signal will have very good online timing properties, allowing
tight coincidences with veto systems. If such device has bi-dimensional readout capability, it
could rather easily provide hit multiplicity with simple hardware look-up tables; some rougher
multiplicity signal could also be available in case of mono-dimensional readout, but clearly
the bi-dimensional solution (i.e. readout pads) is a superior choice, which could be useful
at the trigger level, where track multiplicity signals from other sub-detectors (e.g. straws)

might not be available. If real multiplicity information is available from the hodoscope,
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events which are inconsistent with having more than a single track in a tight time window
can be vetoed, therefore helping in reducing the rate from 7 7+t7~ decays.

A large fraction of Kt decays contain a muon in the final state, and so the use of a muon
veto in the L0 trigger will be essential; this of course requires an appropriate online time
resolution to limit the random vetoing, and will get rid of the muon halo as well. If the online
time resolution of the MAMUD sub-detector is not enough to allow a tight veto coincidence
window with good rejection power (efficiency), then a faster sub-detector plane might be
inserted in the downstream of MAMUD for trigger vetoing purposes.

Besides pfv, the next large decay mode contributing to the rate is 77 7% which can be
reduced somewhat by using the large-angle photon vetos (ANTI), but in a more substantial
way by exploiting the electromagnetic calorimeter. Cluster counting at the trigger level
would be useful in this context, but since a signal event has at most one cluster in the
electromagnetic calorimeter, simpler conditions not requiring a complex (hardware) trigger
processor could be used at LO. In NA48 a dedicated pipelined trigger system was used
which continuously computed the first three energy moments and performed cluster counting
working on mono-dimensional projections with a 4 cm (2 cells width) granularity. While a
new hardware system with those capabilities (or more) would allow a stronger rate reduction
at L0, for the present purpose it seems that a fast computation of quantities which do not
require clustering algorithms could be enough. Examples are the total energy deposit over
the full detector as well as over quadrants; these quantities could be continuously computed
online in the FPGAs which will follow the digitization stage to handle tasks such as online
calibration, pedestal subtraction and data compression. A pipelined summation tree is all
that is required, and one can envisage that energy sums can be available with a very short
latency, well below a us.

The use of small angle photon vetos and charged veto counters should also be foreseen, to
help reducing further the rate from multi-body final states.

If the muon veto system has an adequate online time resolution to be used effectively in the
trigger with a tight timing, most of the trigger rate will be dominated by kaon decays, and
the inclusion of the CEDAR in the trigger will not be required, avoiding some difficulties
due to the location of this sub-detector being far upstream with respect to the rest of the
detector. On the other hand it should be kept in mind that for a 10 MHz muon hit rate a
coincidence window of 5ns already corresponds to 5% dead time due to random vetoing, and
at this time one should not exclude that the kaon tagging signal from the CEDAR is used
in the LO trigger to help rejecting the halo muons.
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A central hardware L0 unit should take care of synchronizing the various sub-detector signals
participating to L0, and the pattern (and its time history) of such signals should be recorded
and made available into the event data. The time latency of the L0 trigger should be of a few
us, mostly dominated by the distance between participating sub-detectors and its delivery
time to far devices (e.g. the gigatracker). For a rare decay experiment such as this one
it should be clear that a significant fraction of the trigger bandwidth should be reserved
to collecting down-scaled control triggers, with far less stringent conditions, which will be
required for the offline study of correlations among different cuts. Such trigger down-scaling
should be done both in the central hardware LO system and (with ease) in the following
higher-level software triggers. Calibration triggers should also be collected of course, and a
peculiarity of this experiment lies in the need for special monitoring triggers, which should
be recorded continuously in order to allow an accurate offline check of the live-state of
the sub-detectors and their read-out chain: this is a crucial issue for this measurement,
since a very small undetected inefficiency in just part of the system (such as a part of the
veto system) could jeopardize the result. Finally, ancillary (down-scaled) triggers will also
be implemented in order to collect significant samples of less rare K+ decay modes for
other physics measurements: this point requires further study, but at first sight it seems
that allowing a fraction of higher track-multiplicity events, corresponding to decay modes
with 3 charged tracks in the acceptance, would be the most interesting possibility, with

less interference with the signal trigger. MonteCarlo simulations have been performed to

estimate the rate reduction which can be expected for L.O by using simple cuts using minimal
correlation among detectors. Event rates have been evaluated normalizing to a 11 MHz kaon
decay rate, including all major decay modes, in the region between the last collimator (the
acceptance drops rapidly to zero for decays upstream the final collimator, even when just
single-track event fragments are considered) and the hodoscope.

Table 14 shows the relative data reduction which can be obtained with some of the cuts
which might be performed in a rather simple hardware L0 trigger system. This is shown
graphically in Figure 46.

In the above table, the “< 2 EM quadrants” cut is performed in a somewhat safe way:
since the hadronic shower produced by the 7" in the signal can extend to large distances
over the calorimeter, a simple quadrant cut would be rather inefficient in some regions; the
simulated cut rather checks the quadrants which are hit when the calorimeter is subdivided
along two orthogonal lines either top-bottom and left-right, or along the bisectors of the

former, and the condition requires that at least in one of such sub-divisions there are less

83



K decay rate 1.0

>1 hodoscope hit 0.73 | 62% K2, 22% Ko

Muon veto 0.24 | 62% Ko, 22% Kr3, 13% K3
Large angle photon vetos 0.18 | 60% Ko, 26% Kr3, 12% K3
Hodoscope multiplicity < 2 0.15 | -70% of K3

EM energy < 50 GeV 0.09 | -65% of K 9

No EM opposite quadrants 0.04 | -86% of K o

No EM opposite quadrants and E< 50 GeV | 0.04 | -87% of K o

< 2 EM quadrants 0.03 | -92% of Ko

< 2 EM quadrants and E< 50 GeV 0.03 | -92% of Ko

< 2 EM clusters 0.02 | -94% of Ko

Table 14: Expected rate reduction with some LO cuts. All cuts in the upper part of the
table are applied in cascade, while the lower part of the table shows the rate reduction (with
respect to the total K decay rate) with only a single cut applied on top of all those in the

upper part. Muon halo from upstream decays is not included.

than 2 quadrants being hit. The EM energy cut at 50 GeV is of course compatible with the
cut on 7t momentum which is foreseen to suppress background.

From the above table it appears that a 11 MHz kaon decay rate could be reduced to well
below 1 MHz without actual cluster counting in the EM calorimeter, therefore allowing to
consider a rather simpler L.1 hardware processor; real (bi-dimensional) cluster counting would
further cut the rate by less than a factor 2 with respect to the above simple-minded cuts,
and moreover the cuts considered above are examples of “local” computations which do not
require exchange of information among different parts of the sub-detector, but rather just
combining information computed on sub-sections of it.

The upper multiplicity cut on hodoscope hits is seen to be a rather marginal addition in
terms of rate reduction.

Finally, the simulation also shows that without including the photon veto counters in the
trigger the rate increases by only ~ 30% (e.g. from a rate reduction factor 0.027 to 0.034 in
the case of quadrants and total energy cut.

Of course all the above assumes 100% veto efficiency (which even for fast sub-detectors
means neglecting time tails in their response). The effect of a reduced online veto efficiency

on some of the rates discussed above is shown in Tables 13 and 13.
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Muon veto efficiency

0.99 0.95 0.90

Muon veto 0.24 0.26 0.29
(+2%) | (+10%) | (+20%)

EM energy < 50 GeV 0.09 0.11 0.13
(+6%) | (+27%) | (+55%)

No EM opposite quadrants 0.05 0.07 0.09
(+12%) | (4+57%) | (+115%)

< 2 EM quadrants and E< 50 GeV | 0.03 0.05 0.07
(+20%) | (+86%) | (+168%)

Table 15: Rate reduction with some L0 cuts as a function of the muon veto efficiency. The
numbers in parenthesis indicate the increase with respect to the 100% efficiency case in

Table 14. The muon halo from upstream decays is not included.

Large angle photon veto efficiency
0.99 0.95 0.90 0.50

Large angle photon vetoes 0.18 0.18 0.18 0.21
(+0%) | (+2%) | (+3%) | (+15%)

EM energy < 50 GeV 0.09 0.09 0.09 0.10
(+1%) | (+1%) | (+3%) | (+12%)

No EM opposite quadrants 0.04 0.04 0.04 0.05

(+1%) | (+2%) | (+4%) | (+25%)
< 2 EM quadrants and E< 50 GeV | 0.03 0.03 0.03 0.03
(+0%) | (+1%) | (+1%) | (+11%)

Table 16: Rate reduction with some L0 cuts as a function of the large angle photon ve-
toes efficiency. The numbers in parenthesis indicate the increase with respect to the 100%

efficiency case in Table 14. The muon halo from upstream decays is not included.
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Figure 46: Cumulative reduction of different decay modes with some L0 cuts. The “LKR
quadrant” cut is the “< 2 EM quadrants” in Table 14.

The above tables put in evidence the fact that the online muon veto inefficiency can affect
the total rate by a significant factor, while the large angle photon veto inefficiency has
much less impact. Moreover, the contribution to the muon halo (estimated to be 7 MHz)
from upstream decays is not accounted for in the above table, while in case of muon veto
inefficiency it could contribute significantly to the rate.

The above discussion by no means exhausts the L0 trigger study, but is just meant to show
that the above assumptions of a L0 trigger rate below 1 MHz seems reasonably within reach

without requiring a complex hardware trigger system. Further study is required to actually
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identify the best set of trigger primitives which are required to be computed online from the

L0 electromagnetic calorimeter system.

Issues concerning the algorithms to be used in higher level software triggers are not discussed
here, as they require deeper study, also due to their connection with the offline analysis strat-
egy. Nevertheless, it is clear that by being able to cross-correlate sub-detector information,
with the full power of software algorithms, much stronger data reduction factors can be

achieved in a rather easy way.

The trigger/data acquisition scheme roughly outlined above does not seem unrealistic, and
with the current understanding it appears that the most important issue for its implemen-
tation would actually be the data transfer bandwidth available from the front-end to the
PCs. While it is too early to discuss realistic implementation issues at this stage, it is worth
mentioning in this respect that the LHC-b experiment plans to transfer data to a trigger
processing PC farm at 1 MHz rate using Gigabit Ethernet links. While network switching
equipment allowing data throughputs in excess of 100GB/s are already available on the mar-
ket, 10-Gigabit Ethernet is also starting to emerge on the market, and might be affordable
by the time the system has to be built.

We are starting to evaluate the possibility of using hardware and solutions developed for
the LHC experiments, while keeping the possibility of exploiting technology improvements
which would not require architecture changes but the simple replacement of some elements
with more performing ones appearing on the market.

Another important issue, concerning the wish to keep the development of specific electronics
to a minimum, is the effort which we plan to make toward adopting common electronics for
different sub-detectors as much as possible, even in the area between the analog front-end
proper and the injection in the data acquisition system. It seems that, apart from special
cases obviously requiring ad hoc solutions (as is the case of the silicon pixels), several other
sub-detectors could profit from the use of some flexible common digitization and hardware

processing board, maybe even exploiting in part systems developed for LHC experiments.

13.1 Detector Control System

The existing NA48 Detector Control System (DCS) was developed by CERN about 10 years
ago and is now obsolete. It has to be upgraded applying new technology supported at CERN

and recommended by IT/CO, using Windows and Linux PCs as hardware. The supervision
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of the new system can be built using PVSS SCADA product and developed by I'T/CO JCOP
framework. The Front End layer should by based on commercial OPC servers as much as
possible. We are presently considering the ELMBs designed by the ATLAS Collaboration as
the most cost effective solution for analog measurements. Most of the NA48 existing sensors
and cables can be reused for the new experiment, thereby reducing considerably the cost of

the upgrade.

14 Resources and Schedule

The human, technical and financial resources needed to perform the experiment have been
evaluated. In Table 17 we report the estimation of the cost of the detectors and associated
electronics. For some items such as the RICH counter they are intended to be an indica-
tion. Sharing among the collaborationg Institutions will be defined in the Memorandum of

Understanding. Human and technical resources are as important as the financial ones. We

Element | Cost (MCHF) | Comments
BEAM LINE 0.4 Modified K12 line
CEDAR 0.5
GIGATRACKER 2.7 1.4 MCHF if 0.25 pm CMOS technology can be used
VACUUM 1.0 Addition of 20 large diffusion pumps
ANTI 4.2
STRAW TRACKER 2.4
MNP33/2 2.5 1.2 MCHF + prolongation of He tank
CHOD 0.9 MGG-RPC
RICH 4.0 Indication
LKR 2.0 New supervision system + New Read-out
MAMUD 1.5
SAC and IRC 0.4
TRIGGER & DAQ 1.5
TOTAL 24.0

Table 17: Cost Estimation (Materials).

have identified most of the expertise needed to build and run the experiment. In particular

we have identified the resources needed to launch the development of the Gigatracker, which
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is the most innovative element and is essential to the design based on the unseparated kaon
beam. This endevour builds on the experience of the NA48 experiments. We believe to have
found a fortunate combination, where a compelling physics case can be addressed with an
existing CERN accelerator and employing a significant amount of insfrastructure from an
existing experiment. We stress that the new experiment is by no means a mere continuation
of NA48 and that equipment investment of no less than 24 MCHF is needed to address the
physics under study. Man-power, maintenance and operation, overheads and contingency
may raise the total cost of the project towards 30 MCHF over 5 to 6 years. The working
group setup more than a year ago has now evolved into a collaboration to which several
new Institutions have joined. Some groups are already quite advanced in the process of
requesting support from their Funding Agencies. We still seek the qualified participation
of new groups. In particular we are negotiating the participation of the proponents of the
CKM experiment at Fermilab which has not been ratified.

It is clear that, as far as running this experiment is concerned, there are already two approved
competitors for beam time (filling LHC and running CNGS). The extent of the project
proposed here leads us to request that there should be no further partitioning of beam time
in ECN3 beyond these commitments at the time of data taking for this experiment. We
understand that protons can be delivered for fixed target physics even when the LHC is
being operated with ions. We request that these implications be taken into account when
considering the project presented here. The tentative draft schedule of the experiment is

indicated below:
e 2005

— Launch GIGATRACKER R&D

— Vacuum tests

— Start Technical Design for the proposed detectors
— Complete analysis of beam-test data

— Complete specifications

— Complete realistic cost estimation

e 2006

Tests in present K12 beam to validate choice of detectors

e 2007-2008
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Construction, installation and tests of new beam (2007) and new detectors and
new detectors (2007-2008)

e 2009-2010
Data Taking
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