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Summary

The KLEVER experimenis beingproposed to measure the branching ratié, A ’ ' [at the

K12 beamline at the CERN SPS. This study presents considerations for the target required for
such an experiment, specifically the production angle, target length and material. Geant and
FLUKA simulations of a 400 mm beryllium target are benchmarietative to experimental

data, and signal and background production are assessed. Additionally, a simple
parametrization representative for a KLEVER type target is presented and tested against these
simulations.The parametrization f®und to bea reasoable representation for the target under
consideration. It is found that the intended change of production angle (2.4 to 8 mrad) has the
desired effect of reducing the background, while having only a small effect on the signal.
Finally, two additional, higerZ materials (copper and lead) are explored. It is found that
particle production is close to identical to that for beryllium, exéepgamma production,

where a strong reduction is seen as the material Z is increased.

1 Introduction

Neutral kaorexperiments have a long histaayy CERN In 198, the NA31 experiment found

the first evidence of direct CP violation in the kaon system. This finding, however, was disputed
by the Fermilab experiment E731, which foundsoohevidenceThe issuavas setd in 1999,

when both successors (NA48 at CERN and KTeV at Fermilab) announced that they had found
significant evidence. The NA48 experiment was continued in two further stages, studying in
great detail the properties of strange particles. The NA62 expetstarted taking data in 2015,

to study in detail the extremely rare decayA A '’ [[aiming to collect as many as a hundred

of these decays. The rarity of this decay sets the scale of difficulty of the project: for every
detected decay, anotheri@ecays need to be rejected, using a combination of hardware,
triggering and data analysis techniques.

KLEVER is a pannedneutral kaon experiment, to measure the branching ratiof '’ [at

the K12 beamline at the SPS (¢&¥. This note will discuss the various aspects of selecting a

target suitable for such an experiment, taking under consideration the following variations:
target length, proton incident angle and target material. The goal is to give a complete
descriptim of the particle producti on, spetifical
baryons (expected to ldbe most important source pbtentialbackground). This study is
performed with simulated data from FLUKA (sé2), (3)) and G4Beamline (se€4)), a



frameworkusingGeant4 (se€5)), and will only consider the particles as they emerge from the
target.

The SPS currdly feeds the K12 beamlingeading to the NA62 experiment)ith 400 GeV/c
protons, and a changenmomenturis not currently anticipated. Measuring the particle content
emerging from the target takes considerable difficulty, and a very different desicimfged

and neutral particles. Efforts were undertaken at CERN for measuring the charged particle
content of the secondary beased(6)) driven by 400 GeV/c protons, and at Fermilab a neutral
beamline was constcted in order to measure several of the neutral comporssa’), (8),

(9)). The simulated data created with FLUKA and Geant will be benchmarked relative to these
sources, before going on to fully quantify the particle produciata analysis is performed

with ROOT (seg10)). For the FLUKA simulatia, version FLUKA2017 version 1.0, March
2017 (A. Ferrari) was used. The Geant simulation was created with G4Beamline 3.04, using
Geant 4.10.03 and physics list FTFP_BERT.

The goal of this study is thrdeld. The first is to benchmark the production ot@edary
particles using a 400 GeV/c proton beam relative to available data. The second goal is to explore
the parameter space available for designing a beamline in terms of the target material, length,
and the secondary production angle. The third and @§oal is to make available in an easy
format the outcomes of these studies, both as a series of histograms and making available the
full underlying datasets.

2 The target simulation
2.1 General description

The baseline for the simulatigsa simple cylinder, with 400 GeV/c primary protons impinging

in thecentreof the cylinder. At the far end of the target, a virtual@ is placed, and all particles

that cross it are scored. The resulting dataset is split up by particle species. The angle of the
secondary particles relative to the primary protons is the parameter of interest. In effect, this
means scoring all particlés a ring around the cenal axis, as displayed igurel.
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Figure 1: Schematic drawing gdarticles impingingon a target, showing the solid
area for secondary particles emergi

In a realistic scenario, the beam of particles would be tilted relative to the target. It is asserted
that, by symmetry, the simulation usedubstantiallydentical, when quantifying a small solid
angle, as long as care is taken that emerging secopddrgles have travelled the full length

of material. This sets the radius of the cylinder to be used. For a particle created at the start of
a 400mm target (the longest taken under consideration), at an angle of 50 mrad, the required
radius is slightly ger 20mm. A cylinder radius of 2fhm is used for all simulated targets. The
production is then derived per particle species and normalized per incident proton and per solid
angle, for a given angle relative to the primary beam. To reduce the computagpa tut is
implemenedto remove all particles below 1 GeV/c momentum.



The particles under study in KLEVER will be neutral kaons. These |gsrtan be described

in terms of the particle / antiparticle paradigm, or alternatively in terms of theilg€Rstates
(KsandK_ or K short and K long). In Geanit,is possible to directly query whether a particle
manifests as short or long. In FLUKA, particles are propagated in the mass eigenstate, with
varying components describing the andK. content of hat particle. These components are
normalized:

0 0 p

For counting theKs component of the beam in FLUKA, a sum is made over the squared
amplitudesAs for bothv andvu (identical forKy). This is then propagated identical to all
other particles

2.2 Data for benchmarking

A literature review was undertaken to find sources containing data relevant to the study at hand,
and four sources were selected. The first of these is a CERN yellow (sg®{&)), which has

long served as the standard for estimating particle production from the beryllium North Area
targets. The data will be compared to the simulation in Sedtidm addition to the data, a
parametrization is stated in this paper (fioene orreferred to as the Atherton parametrization).

This parametrization is used to describe production of charged secondaries for reasonably high
momenta (> 60 GeV/c) forthin target. The data measured by Atherton et al. was also used to
construct a second parametrizat{eae(11)) adjusted for thick targets, which is much closer to

the situation relevant to KLEVER. The simulated data wdbae compared to these two
parametrizations.

The secongseg(7)) and third(see(8)) sources were chosen because they contain measurements
of the strange content of the beam, measured fiylliben, copper and lead targets. These
measurements were undertaken atMi2ebeamline at Fermilab. They describe measurements
of the interaction cross section ¥ s° v , °andf , for selected production angldhese
measurements resultedan interaction cross section, which can be compared to the simulated
data, for a short target. An overview of strange particle produidifound in (12), a more
complete review of particle production measurements can be foh8)in

The fourth and final source used for this st@élydescribes a series of measurements of the
inclusive cross section for neutrons on several target materials, using 400 GeV/c, pistons
performed at the M2 beamline at Fermilab.

The sources mentioned above, excepli®)y all measured the invariant cross section as a
function of production angle and secondary momentum. The invariant crossn 4eet-
relates to the double differential cross section as follows:

@ oonm

In the following sections the double differential cross section is used, describing the number of
particles produced per proton on target, at tacemomentum and production angle.

Q, n Q0
0 n



3 Benchmarking the target simulation

Results from the simulation are purposely split into two parts. The first will compare the
production of particles in Geant and Fluka relative to that expected from applyintgtiaetion

cross sections to a relatively thin target @ beryllium or equivalent, about 10% of a nuclear
interaction length). Using a thin targetplies that momentum loss of particles within the target

can be assumed to be smaliiditionally, it means that the production of tertiary particles from
secondaries can be assumed to be negligible. With the conclusions drawn from the production
process in place, the felkngth target (expected to be 40@n beryllium or equivalent) is used

for assessing thfull particle production.

3.1 Results using a thin target
3.1.1 Charged particles

The data collected in Atherton et al. spans the momentum regime of 60 to 300 GeV/c secondary
momentum, for positive and negative pions, kaons and protons. The data has beed atcord
two values of transverse momentum, 0 and 0.5 GeV/c. The data from the simulations was
processed to show the same parameter space, cutting and normalizingOta &eV/c
transverse momentum around the selected values. The Atherton parame(iéi &istated as:

Q6 . 6 p N con
—_ 0 — -—0Q (for protons)

Qnre n n G
,Q‘U, 0 i'Q o ﬂ (for other charged hadrons)
Qnrp  n q

The values of the parameters A, B and C of the Atherton parametrization are shown in
Tablel.

A B C
p 0.8 06 |35
> 0.06 |16.0 |3.0

N
+

1.2 9.5 5.0
0.8 115 5.0
K* 0.16 8.5 3.0
K 0.10 13.0 3.5

Tablel: Atherton parameters

The Atherton parametrization describes the number of particles generated per interacting
proton, per solid angle (sterad), per GeV/c. The fraction of interacting pritahsding
secondary reabsorptiorglative to theotal number of protons on targeta scaling factor. For

a target of length and made of a material with nuclear interaction lemgthcan be described

as:



Figure 2 shows the Atherton parametrization (continuous line), Atherton data (symbols),
FLUKA simulateddata (broken histogram) and Geairthulateddata (continuousistogram)

on a logarithmic scale. For the simulations, 100M primary protons at 400 GeV/c were used on
a 40mm thick beryllium target. The agreement between the data and the simulation is in most
cases reasonable. In some cases there is a better agredim&e¢ant €.9.” ), in some cases

there is better agreement with FLUKAdeK™).
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Figure 2: Measured data (symbols), Geant simulated data (continuous histogram), FLUKA simulatet
(broken histogram) and the Atherton parametrization for charged particles, at 0 and 0.5 G4®)c pT

The Atherton parametrization was constructed as a pragmatic, continuous representation with
goodagreement to data. Because of the sparsity of the data, no strong cosaasi®e drawn

on its quality- however it does not replicate the simulation well, especially at low mament
Due to the form of the parametrization,

refitting the simulated parameters with floating
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parameters does not improve the fit to a point where it can be said to be representative of the
simulated data. This becomes yet more apparent for a thick target, whegremary particles

give additional production, and where momentum losses need také®e into account. In
Figure 3 and Figure 4, the fractions of particles gemged by primaries and secondaries are
shown as a function of the target thickness, counting all particles with an angle less than 10
mrad relative to the primary axis. For a thinmh beryllium target, for the charged particles
described above, about 5%generated from a secondary (or later generation) particle. For a
400mm target, this is around 40%.

For a thick target, the Atherton parametrization does not represent the particle populations well,
in large part due to the high fraction of particlesnly produced by secondaries. A new
parametrization to fill this role instead will be discussed in Se&ian

3.1.2 Neutral particles

In addition to charged particlath comparison done in the previous section, it is imperative to
also benchmark the production of neutral particles. A series of experiments has been performed
at Fermilab measuring the production cross sectiorésfands ° baryong7), (8) and neutrons

(9). The comparisons with tremulations are shown figureb, Figure6, Figure7 andFigure

8. As for the charged patrticles before, the comparison is made using 100M primary protons at
400 GeV/c momentum impinging on a #n beryllium targt. In the simulations, for each
production angle the particles within-4.5 mrad of that angle are countédhe resulting
numbers are normalized relative to the solid area of that angular space. The invariant cross
sections listed in the data are tramgied into absolute producti®per proton on target, per

solid area (in microsteradian)

For fundamental reasons the productiorKefand K. are equal, and thus benchmarking the
production ofKs should also give a reasonable impression of the quality of tlgeKeration.
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The agreement between the data and both simulations is mostly good. The shape in the spectrum

shows some differences between Geant and FLUKAsignificant is not expecte&ignificant
disagreement between the simulation and the data is fouypdtaa veryhigh prodution angle

o FLUKA simulation
] Geant simulation

il

Data 5.9 mrad
Data 7.3 mrad
Data 9.7 mrad
Data 11.9 mrad
Data 20.1 mrad

(20 nrad).
)
© -
o kb o
Q =
€ L
@ L
o
=107 |—
ol0'E
o o
o [
£
S -
108
3 F
o -
o -
o -
E -
7] -9
107
10—10\\||||||\|H||||||\
0 50 100 150

200 250 300 350 400
K short momentum (GeV/c)

Figure 5: Production of Kas measured (solid lines,
data from(7)) and as simulated in FLUKA and Gea

o FLUKA simulation
o Geant simulation
Data 0.25 mrad
Data 2.0 mrad
Data 3.5 mrad
Data 7.3 mrad
Data 9.6 mrad

0 | | | | ‘ﬁ? W )
10— 111 | - L1 1 1 L1 11 - | [N 111 | | I -
0 50 100 150 200 250 300 350

Lambda momentum (GeV/c)
Figure 6: Pasomaswddi o

(solid lines, data fron¢8)) and as simulated
in FLUKA and Geant

o FLUKA simulation
o Geant simulation

400

:5. Data 5.6 mrad
g.lo—s | Eﬂﬂﬂﬂ' — Data7.2 mrad
3 = ﬁﬁo - ~— Data 9.8 mrad
o} r ﬂgg-q E — Datat18mrad
o *ﬁ‘g = Data 20.1 mrad
T
& .k
107 E
O F
o L
= L
Rs3 L
c
2108
&) £
S =
2 c
8 C
s L
p L
2
E10° JT
m | -
S F %
10—1DIIIIIIIII|¥'||IIIIIIIIII
0 50 100 150 200 250 300 350 400
Lambda momentum (GeV/c)
Figure 7: Pgasomasarddi c

(solid lines, data fron(7)) and as simulad
in FLUKA and Geant



The production o © baryons Figure6 andFigure7) shows disagreements between the data
and the simulation, mostly at lower angles. The moimm spect observed in data at low
angles is significantly harder than it is in simulation. At intermediate production angles (about
3.5 to 12 mrad), thg ® momentum spectrum more closely resembles that of the simulation. At
largeangles, there is agamlarge discrepancy.
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Figure 8:Production of neutrons as measured (solid i
data from(9)) and as simulated in FLUKA and Geant

Several features stand out in the comparison of the neutron spectra. A large difference is
observed between FLUKA and Geant at low angles and high momenta, most likely caused by
a difference in the likelihood of charge exchange aaogi(conversion of proton to neutron in
target with minimal momentum loss). It is unclear what the basis for this difference is. While
this is a clear disagreement between FLUKA and Geant, the expectation is that KLEVER will
be operated at production aeglwhere this difference is not critical.

As with production of the ® baryon, the spectrum observed in data at low angles is significantly
harder than it emerges from the simulation. Finally, it appears that the total neutron production
in simulation isoverestimated relative to the data. It is unclear what the source of these
discrepancies could be.

The last source of background taken under consideratigfl isgeneration from hyperons.
Given that there are several species (notalpgrticles) that have a large branching fraction to
s 9, these could regenerate tgé€ population downstream of the target. The sum total of
particles at 8 mrad is about 7% of §&population, but with significantly lower momenta on
average and tailingfbat high momentum much more quickly. It is expected that addressing
the background frora ° baryons will also sufficiently address that sourced from other hyperons.
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3.2 A new parametrization of particle momentum distributions for a thick target

For generatig particle momentum distributions with minimal difficulty, the convenience of a
parametrization cannot be overstated. To this end, the following parametrization has been used
(12), which will henceforth be referred to as Malensek parametrization:

Q0 W vQ . .
6<L\p ‘p x EOB

n
Qnrie n— (©)
P 6

In the original paper, the parametrization was computed for and compared to the data from the
Atherton paper for a thick (40@m) beryllium target. As is clear fno the functional form, it
provides a description of the full angular and momentum phase space simultaneously. The same
simulated datasets were used (based on FLUKA and Geant), and a fit was made (using the
ROOT analysis frameworkl0)) to the full twedimensional histogram using the Malensek
parametrization. The fit was made for all particle species, including neutrals. The fitted phase
space is 0 to 300 GeV/c momentum for protons and neutrons, and 0 to 400 GeV/c momentum
for all other particles. The angular phase space used for the fit is 0 to 20.5 mrad. The initial
values for the parameters were seeded with the values in the paper where atagjatdé.
andFigurel10show the fit results for a selection of production angles and particles. A full table

of the fitted parameters is made availabldppendix A.
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Figure 9: Sample of charged particles at several production angles, simulated in Geant (conti
histogram) and FLUKA (broken histogram), including Malensek fits to Geant data (dashed lin:
to FLUKA data(solid line)

The fitted Malensek parametrizations give, in most cases, a reasonable approximation of the
simulated distributions. There are several clear deviations. The primary component of the
protons is deliberately excluded from the fit. The fits e Geant data are for most plots
somewhat worse than for FLUKA, particularly at higher momenta. This would indicate a
difference in the underlying physics models, but without deep study no conclusion can be drawn
on this. As a result, the conclusion gltbbe that the parametrization can be a reasonable
substitute depending on the application for doing the full simulation, but not an equivalent
replacement.
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Figure 10: Sample of neutral particles at several production angiesjlated in Geant (continuou:
histogram) and FLUKA (broken histogram), including Malensek fits to Geant data (dashed lin
to FLUKA data (solid line)

From thesimulationsiit is clear thathere is tension between Geant and FLUKA. Given the
sparsityof available data, it is in many cases not clear whether FLUKA or Geant is closer to
reality. The case of thee stands out the disagreement between Geant and FLUKA is large,
and data is available (s€®, (8)).Si nce t he fraction of)issnmkse
assessing its impact is left for later investigation.

eV ¢

Aside from the cases already pointed out, there is not usually more than a factor two between
the results from FLUKA and Gearithis appears to be a reasonable measure for the intrinsic
uncertainty of the curves that have been and will be presented. In further plots, usually the data
from both simulations will be shown.

The final group of particlewith a significant presence in the dataset are electrons, positrons

and gammash{gh-energyphotons), forming over 60% of the total number of particles with a
-11 -
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momentum > 1 GeV/c. The generation mechanism dominating the production of these particles
(electomagnetic) is very differerftom the hadronc processesliscussed up until now. The
Malensek parametrization intrinsically tails off to zero at low momentum, where the
mechanisms for generation of electrons, positrons and photons lead to expectingasingcr
population towards lower energies. As suble Malensek parametrization is not computed for
these patrticles. In further sections, the gamma flux will be described as a function of the
production angle.

4 Target simulation results for KLEVER

This sty was started for the purpose of investigating a range of possible choices for the
KLEVER target, notably the material and the production angle. In the previous chapter, particle
production was assessed for a beryllium target. It was found in earliegsstio@t changing the
production angle from 2.4 mrad (initial choice for KLEVER production angle, following on
from NA48) to 8 mrad would be highly beneficial in reducing the impact of background from
s Y baryons. Further backgrounds that will be studiec dsnction of production angle are
neutrons and's.

4.1 Variation of particle incident angle

The production angle of particles sets the scale for both the signal and the background. As the
production angle is shifted to higher values, the total production falls off for all particles, and
their momentum spectrum softens FHigurell andFigure12, themeanand peak momentum

are shown foK_ ands © as afunction of the angl. InFigure13, the absolute production rates

are shown.
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Figure 11: Mean momentum as found in FLU Figure 12: Peak momentum as found in FLUK
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production angle, for Kands® production angle, forka n @ s
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Figure 13: Total production of Ka n & asa function of production
angle, taken from FLUKA and Geanirsilated data, and as integrat
from the respective Malensek fits.

There is disagreement between FLUKA and Geant in terms of the absolut&sraten in
Figure13, FLUKA predicts mor&K,a n d f Rthas Gearg doesn both codestte falkoff

in rate is stronger for thg® than it is for the<., improving the signal to background ratio by
about a faar 3. InFigurel4, the ratio of production of several background particles relative to
theK_ as a function of the production angle is shown.
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Figure 14:Rat i o of p%newrons and gammadd Krhg
momentum (energy) coff is set, for all particles, at 1 GeV/c.

The momentum softeningpservedwith increasing angle (sdagurell andFigurel?) has a
very different effect org ° andK.. The lifetime of thes ®is short (26Qs in the frame of rest),
but still an appraable fracton decays in the fiducial volum&he change from 2.4 to 8 mrad
decreassthe number ofs ° decays in the fiducial volumay about three orders of magnitude,
mostly caused by the amentum softeningAt the same time, th&. momentum softens as
well, but because of its long lifetime (aboutriglin the frame of rest) the fraction decaying in
the fiducial volume is still highreducing only by about a thirdthe breakdown of the change
in production and of the fraction decagim the fiducial volume is shown ifable2.

Production Decay fraction in FV

FLUKA Geant FLUKA Geant
K. (2.4 mrad) | 1.87E4 1.63E4 3.66E2 3.71E2
KL (8 mrad) | 7.26E5 7.33E5 5.68E2 5.61E2
s%(2.4 mrad) | 3.10E4 4.31E4 1.72E4 1.79E4
s%(@@ mrad) |3.72E5 5.06E5 3.56E6 4.25E6

Table2: Absolute poduction of K a n @ (per POT, per microsteradian) and decay fraction
in the fiducial volume.
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To furthershowthe impact, the Malensek parametrizafionK, a n o fropn FLUKA has been
used, with the effect of decagslded The only assumption made for the beamline is that the
fiducial volume was placed at 185195m from the target. The branching ratio §tA n °©

taken to be 0.358¢€e(14)), and theStandard Modebranching ratio ob A A '’ [is taken to

be3 10! (see(15)).
Production angle 2.4 mrad Malensek fit - Lambda Production angle 8 mrad Malensek fit - Lambda
----- Lambda decays in FV ----- Lambda decays in FV
k-] ) ke F
@© Malensek fit - K long @© ~ Malensek fit - K long
s . _ g o _
2 10°e T e~ T | K long decays in FV »10° >~ K long decays in FV
o o
.2 1)
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51077 51077
a Q :
5 = H
a10”® 210
o o F
o [oR L
310° g10°E
©  FE e, 8 E
© o] r
5107" S0
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810711 810711:_
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10713\II\II\\\‘II\\II\\\'I\\\II\\\ll\\\ll\lll 10*13_II\\‘\III‘\\\Irl’\\\‘II\\‘\II‘IJ\\\I‘IW\\
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Figure 15: Production spectrum and spectrum of Figure 16: Production spectrum and spectrum of
decays in fiducial volume, forlka n & at 8.4 mrad decays in fiducial voluméor K. a n & at § mrad

It is clear that there ia strong reduction in the fraction decaying in the fiducial volume by
moving from 2.4 to 8 mradAt a poduction angle of 8 mrad, for an integrated intensity of 5
10'° protons on target, there will be about 1.8d® ¢ a y ® n 8ih thesfiducial volumelt

has been shown that a series of kinematical cuts in the detector can Igiastsix orders of
magnitude rejection of ° background, with the expectation that further tuning can reduce it to
below signal leve(about 50100 detected signal decays arpectejl

The number of neutrons and gammas produced by the target set the absolute rate at which the

detector needs to operal@able3 lists some numbers for tladsolute production at 2.4 and 8
mrad for neutrons and gammas for several energy limits.
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2.4 mrad 8 mrad 2.4 mrad 8 mrad

Gamma Gamma Neutron Neutron

Fluka Geant Fluka Geant Fluka Geant Fluka Geant
>1 GeV | 7.43E03 | 5.70E03 | 2.24E03 | 2.13E03 | 1.94E03 | 1.64E03 | 1.99E04 | 1.89E04
>5 GeV | 4.99E03 | 3.82E03 | 1.43E03 | 1.36E03 | 1.94E03 | 1.64E03 | 1.95E04 | 1.84E04
>15 GeV| 3.36E03 | 2.55E03| 7.51E04 | 7.22E04 | 1.93E03 | 1.62E03 | 1.86E04 | 1.71E04
>30 GeV| 2.20E03 | 1.63E03 | 3.04E04 | 3.17E04 | 1.90E03 | 1.59E03 | 1.63E04 | 1.45E04

Table3: Production of gammas and neutrons per proton on tgogeimicrosteradianfor
several energy limits and production angles

4.2 Variation of target material

The simplest choice for the targeaterial for KLEVER is to use beryllium (A=®1), which is

used for the current T10 target providing beam for NA62, and all of the CERN North Area
target heads. Two other materials have been taken under consideratiomahesly, copper
(A=63.5) and leaqdA=207.2). In their pure forms, neither of these would be very suitable for
making a target for KLEVER that could be adequately cooled and would stand up to the thermal
conditions. In the case of copper, it is more likely that an alloy of copper, chrorae@mium

would be used (CuCrZr), which is already used for the dump matetia iRS Boostefl16),

and was proposed to be used for the®&naldump(17). This alloy is still 99% by weight
copper, so the improved material properties easily outweigh the expected change in particle
production. In the case of lead, it is likely that instead tungsten (A=183.8) would be used
instead, for its superior mechanical and thermal properties.

The choice fo these two materials in this target study was made because a reasonably
comprehensive series of particle production studies is available, similar to what has been found
for beryllium.Thesourceg7), (8) and(9) also contain comparable datasets for copper and lead.
Benchmarks havalsobeen performed for the particle species for which data is available, and
have been included iAppendix Band Appendix CTo make a @mparable target, the length

was scaled relative to the nuclear interaction length of the matse@(14)), 421 mmfor
beryllium, 153.2 mmfor copper andL75.9 mmfor lead.For targetscomparable to 40@hm
beryllium, thefull-length simulations were performed with 14581 copper and 167./hm

lead targets. The benchmarking tests were performed with 10% of that to prevent tertiary
production fromdominating.The parameters of the Malensek fits performed to thddntith

copper and lead targets have also been included in the appendices.

Significant differences occum particular at small production angles (i.e. less than 3 riatl)

at 8 mrad few of these are left, and there are only small differences (<20%) for hadron
production between the various materi&igurel7 andFigurel8show the mmentum spectra

for s YandK..
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The only large differencat 8 mradbetween the materialgas found to béhe electromagnetic
processes, where higher energy photons arfel @&re highly suppressed. rable 4, a brief
overview is given of the number of photons and neutrons observed in somuat8 mrad
production angle for several energy thresholds. The numbers listed are taken from FLUKA, but
the numbers from Geangiee to within 10%. Ifrigure19 andFigure20, the full neutronand
gammaspectra are shown.

Gammas Neutrons

Beryllium Copper Lead Beryllium Copper Lead
>1 GeV 2.24E03 | 2.36E03 |6.74E04 | 1.99E04 |2.02E04 | 2.07E04
>5 GeV 1.43E03 | 4.66E04 |1.38E04 |1.95E04 |1.99E04 | 2.04E04
>15 GeV | 7.51E04 |1.44E04 |4.33E05 |1.86E04 |1.90E04 |1.94E04
>30 GeV | 3.04E04 |4.91E05 |1.47E05 |1.63E04 |1.64E04 | 1.68E04

Table4: Production of gammas and neutrons per proton on target per microsteradian, for
several materials, at a production angle of 8 mrad, taken from the FLUKA simulation.
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At an angle of 8 mradt appears that there is no significant difference in the neutron spectrum,
fbutlarge differences are observed for the quantity of gammas. When including the relatively
low energy gammas the total quantity appears similar, but the average energy is significantly
lower for higher Z materials. Similar decreases are observed fof/thepectraThis would
indicate that further consideration of a higjharget could be a tool for suppressing the quantity

of gammagropagating tahe detectorlt is already foreseen that the flux necessitates a photon
absorber in the beamline, which Wdalso degrade th€. passing through. A higher Z target
would allow for a thinner photon absorber and would not degrade the beam asltmsich.
possible however that the potential for improvement from a-Bidhrget is completely
outweighed by externdactors, for example radiation protection, which would be much more
problematic.These questions will be further revisited with a full beamline simulation.

Finally, it is interesting to also consider the variation of the production angle for the thre
different materials. IfFigure 21 andFigure 22, the ratio tokLi s s h o ¥vand rfewtrons, s

and inFigure23the ratio of gamma tK, is shown for several energy cutsappears that Geant
shows some dependency on the material udad thedifference between materials observed

in Geant is smaller than the difference between the same materials between Geant and FLUKA.
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4.3 Production aB mradi full description

In the previous section, particle production was studied for targets over a range of production
angles and materialBigure24 shows all the particles with a signifamt presence in the dataset

for a 400 mm beryllium target, at a production angle of 8 nfPadticles that do not have a
significant presence in the data because they are not produced directly in significant numbers

(for example, muons) or because theg@ey al mo st i mme d i%aateendty ( f o
described.

Gamma and e+/e- at 8 mra

Protons and neutrons at 8 mr. Ld_o_m_'_.i
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5 Conclusions

An assessment has been made of particle production for the proposed KLEVER experiment.
The production from a beryllium target was assessed in terms of the production angle, target
length and target material.

The target was simulated in both Geant and FLUKAither performs consistently better in

the benchmark relative to the data that has been taken under consideration. At extreme angles

(bel ow 2 mrad and?aadkeexperimeral data ia o) well répticated $n
either, for intermediate angles both perform reasonably. The experimental data for neutron
production disagrees with both simulationgth the simulations overproducing neutronsaby
factor of about 2 to 5The simulated data was presenteddoth Geant and FLUKA, ending in

the conclusion that no large deviations between the two are found. It is worth noting that there
is consi sfaadlgsKiy nmGreang , °/kKe mto that i consstéipabat

40% higher in Geant.

A new parametrization, the Malensek parametrization, was presented to allow for rapid, simple
replication of the simulated data. It was found that this parametrization is in most cases a
reasonable representation of Simulateddata.Fits weremade to the data using ROOT, and

the fit parameters have been made available in Appendix A.

The initial design of the KLEVER experiment used the same production angle as NA48, which
has been revised to 8 mrad. It has been shownrtratthe simulation it is expected that this
increase has a small effect on the signal (reducing the numlb@r aécays in the fiducial
volume by about athird) Si mul t aneously it has a 9farrge
which the decays in the fiducial volume are reduced by about a factor 370. The shift to an
8 mrad production angle thus has the intended effect of significantly reducing the expected
backgr ouf @o bfing this bagkground fully under contrbetween seven and nine
orders of magnitude rejection dareenrequired. It has previously been demonstrated that six
orders of magnitude rejection can be achieved relatively easily by means of kinemalibeuts
expectations that the rest is within rehcby tuning the transverse momentum and decay angle
cuts further The background caused by neutrons and gammas has been quantified, and will
serve as further input for the design of the KLEVER detector and beamline.

Finally, two other materials have beeenchmarked (see Appendix B) and assessed in terms of
particle production. No large deviations are observed in the simulation between the various
materials, using targets of comparable nuclear interaction length, excepting the gamma and
electron spectradRelative to a beryllium target, depending on the energy cut, the copper target
produces up to a factor six fewer photons. A lead target produces between three and twenty
times fewer photondeading to a much looser requirement on the photon absorbeovimgpr

the beam qualityAlthough thegammareductions are significant, it is not clear that a higher Z
target would necessarily be a better choice, in particular for radiation protétcisofareseen

that more information can be extracted from a fulirbkne simulation.
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Appendix A Malensek fit parameters extracted from Geant and
FLUKA, for a 400mm beryllium target

Fluka Geant
A B C D A B C D
Proton 453862 | 5.77814 0.821462| -8.01925 | 2.26667| 6.99293 | 0.746749| -3.85445
Anti-proton | 5.62613 | 3.24427 1.61419 | 11.4827 6.83823| 1.34215 1.09007 | -1.15579
Neutron 3.58473 | 5.56433 0.798356| -5.86517 | 2.44021| 6.11583 | 0.792989| -3.43338
Anti-neutron | 5.61998 | 3.30208 1.52615 | 11.5805 | 3.69546| 2.49687 | 1.34839 | 13.9507
Pion+ 2.9279 |99.9893 0.686501| 9.69059 | 3.94716| 164.177 | 0.771582| 23.3638
Pion- 3.85317 | 107.178 0.747812| 15.2911 | 4.91012| 155.491 0.936827| 24.939
Kaont 2.82915 | 14.4555 0.823401| 17.943 3.4906 | 13.403 0.974752| 17.1019
Kaon 5.41013 | 9.96711 0.966803| 13.124 4.57199| 9.69416 |1.08487 | 19.4121
K short 3.02378 | 7.03651 0.81706 | 9.03933 | 3.26307| 5.58656 | 1.02974 | 7.7298
K long 3.70486 | 12.9225 0.816712| 18.2055 | 4.166 |12.4605 |1.1024 |21.442
Lambda 2.65557 | 1.18492 0.814228| -3.79619 | 2.44773| 1.56483 | 0.876035| -3.31343
Anti-lambda | 5.76952 | 0.390079 | 1.30269 | 3.58575 | 3.07613| 0.557426 | 1.1492 | 4.76029
Sigma 1.53724 | 0.208695 | 1.04433 | 0.0410302| 1.9067 | 0.172769 | 1.00822 | -0.550076
Sigmat 0.415236| 1.34039 1.29292 | 83.0601 | 1.46969| 0.214497 | 0.999157| -2.16208
Anti-sigma | 3.93291 | 0.0592135 | 1.75948 | 4.07683 | 4.20345| 0.0773912| 1.51657 | 0.326826
Anti-sigmar | 4.12229 | 0.0651141 | 1.80333 | 4.22731 | 4.08893| 0.0629718| 1.50512 | 0.202292
Xsi zero 3.26362 | 0.0544842 | 0.886351| -2.2658 4.30754| 0.0425393| 1.26654 | -0.508494
Anti xsi zero | 6.25764 | 0.0163828 | 0.88562 | 2.26325 | 4.66667| 0.0281292| 1.3063 | -0.392093
Xsi- 7.28287 | 0.03077 1.20968 | -7.5342 8.3856 | 0.0349433| 1.21708 | -6.17819
Anti-xsi+ 7.70745 | 0.00662314) 1.16222 | -2.67645 | 8.92393| 0.0131987| 1.59373 | -8.07794

Table5: Malensek parameters for a beryllium target (see Se@&iafor further details) for
particles with a significant presence in the simulated Geant and FLUKA datasets.
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Figure 25: Pasmahsued i

(solid lines, data fron(8)) and as simulated
in FLUKA and Geant for a copper target
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Figure 27: Production of Kas measured
(solid lines, data fron(7)) and as simulated
in FLUKA and Geant for a copper target
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Figure 26: Pasmahsued i

(solid lines, data fron(7)) and as simulated
in FLUKA and Geant for a copper target

Figure 28: Production of neutrons as measu
(solid lines, data fron(9)) and as simulated in
FLUKA and Geant for a copper target



