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LAL 04-102O
tober 2004The θ13 and δCP sensitivities of the SPL-Fréjus proje
trevisitedJean Eri
 Campagne, Antoine CazesLaboratoire de l'A

élérateur Linéaire - Université Paris-Sud - Bât. 200 - BP 34 - 91898 Orsay Cedex, Fran
eNovember 18, 2004Abstra
t. An optimization of the CERN SPL beam line has been performed guided by the sensitivitiesto the θ13 mixing angle and to the δCP Dira
 CP violating phase. A UNO-like 440 ktons water �erenkovdete
tor lo
ated at 130 km from the target in a new foreseen Fréjus laboratory has been used as a generi
dete
tor. Con
erning the δCP independent θ13 sensitivity, a gain of about 20% may be rea
hed using a
3.5 GeV proton beam with a 40 m long, 2 m radius de
ay tunnel 
ompared to the up to now 
onsid-ered 2.2 GeV beam energy and 20 m long, 1 m radius de
ay tunnel. This may motivate new ma
hinedevelopments to upgrade the nominal SPL proton beam energy.1 Introdu
tionThe very near future of the neutrino long baseline experi-ments is devoted to the study of the os
illation me
hanismin the range of ∆m2 = ∆m2

atm ≈ 2.4 × 10−3eV2 [1,2℄ us-ing 
onventional νµ beams. The 
urrent K2K experimentin Japan [2℄, and the forth
oming MINOS in the USA[3℄ take bene�t of low energy beam to measure the ∆m2parameter using the disappearan
e mode νµ → νµ, whileOPERA/ICARUS experiments [4,5℄ using the high energyCNGS beam [6℄ will be able to dete
t ντ appearan
e. Ifwe do not 
onsider the LSND anomaly [7℄ that will befurther studied soon by MiniBooNE experiment [8℄, thethree �avor family s
enario will be 
on�rmed and a

om-modated by a 3 × 3 Ponte
orvo-Maki-Nakagawa-Sakata(PMNS) mixing matrix [9℄ with three angles (θ12,θ13,θ23)and one Dira
 CP phase δCP .Beyond this medium term plan, two of the next fu-ture tasks of neutrino physi
s are to improve the sensi-tivity of the last unknown mixing angle parameter, theso-
alled θ13, and to explore the CP violation me
hanismin the leptoni
 se
tor. The present upper bound on θ13 is
sin2 2θ13 < 0.14 for ∆m2 = ∆m2

atm (90% CL) [10℄. Thissensitivity 
an be improved using rea
tor and a

elera-tor experiments. In rea
tor experiments, one uses ν̄e indisappearan
e mode and may rea
h sin2 2θ13 < 0.024 for
∆m2 = ∆m2

atm (90%CL) [11℄. In a

elerator experiments,one 
an use νe and ν̄e from β beams [12℄ in both disap-pearan
e and appearan
e modes (i.e. (−)

ν e→
(−)

ν µ), and also
(−)

ν µ in appearan
e mode (i.e. (−)

ν µ→
(−)

ν e) with 
onventionalbeams either with sub-mega watt proton drivers [13,14℄ orwith multi-mega watt proton drivers [14,15,16℄. The laterneutrino beam type, 
alled Superbeam, is foreseen to beCorresponden
e to: 
ampagne�lal.in2p3.fr

extended to produ
e νµ beam and ν̄µ beam from muonde
ays, the so-
alled Neutrino Fa
tory, in order to studythe eventual leptoni
 CP violation. Su
h neutrino 
omplexis under study in Japan, in USA and also in Europe atCERN and details may be found in referen
e [16℄. A 
om-parison of the performan
es of β beam and Superbeammay be found for instan
e in referen
e [17℄. The rea
torexperiment result on θ13 is straight forward as 
omparedto Superbeam and Neutrino Fa
tory results that are onone hand ri
her but in an other hand more 
omplex toanalyse due to the interplay between the di�erent physi
sfa
tors θ13, δCP , sign(∆m2
23), sign(tan(2θ23)) [17,18℄.This paper presents results of a new simulation of theSPL (Super Proton Lina
) Superbeam that 
ould takepla
e at CERN [19℄, using for de�nitiveness a UNO-like440kT �du
ial water �erenkov dete
tor [20℄ lo
ated in anew enlarged underground laboratory under study in theFréjus tunnel, 130 km away from CERN [21℄. The SPLneutrino beam is 
reated by de
ays of pions, muons andkaons produ
ed by the intera
tions of a 4 MW protonbeam impinging a liquid mer
ury jet [16℄. Pions, muonsand kaons are 
olle
ted using two 
on
entri
 ele
tromag-neti
 lenses (horns), the inner one and the outer one arehereafter 
alled "Horn" and "Re�e
tor" respe
tively [22℄.The horns are followed by a de
ay tunnel where most ofthe neutrinos are produ
ed. A sket
h of the beam line isshown on �gure 1.The analysis 
hain 
onsists of di�erent stages: the sim-ulation of the intera
tions between the proton beam andthe mer
ury target, the propagation of the resulting se
-ondary parti
les through the magneti
 �eld and the mate-rials of the horns, the tra
king of π±, K±,0 and µ± untilthey de
ay, the 
omputation of the neutrino �ux at thedete
tor site, and �nally the statisti
al analysis. A part of
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Fig. 1. Sket
h of the SPL neutrino Superbeam from CERN tothe Fréjus tunnel.Table 1. Liquid mer
ury jet parameters.Hg targetHg jet speed 20 m/sdensity 13.546Length, radius 30 
m, 7.5 mmthe simulation 
hain has already been des
ribed in refer-en
e [23,24℄.Compared to re
ent papers on the same subje
t [17,25,26℄, we have reoptimized the Horn and Re�e
tor shapes[27℄, and introdu
ed the kaon ba
kground simulation whi
hallows us to update the SPL beam energy. The organi-zation of this do
ument follows the simulation 
hain: theintera
tion between the proton beam and the mer
ury tar-get is presented in the se
ond se
tion. The kaon produ
-tion is detailed in the third se
tion. The simulation of thehorns is des
ribed in the fourth se
tion, while the algo-rithms used to 
ompute the neutrino �uxes are explainedin the �fth se
tion. Then, the sensitivities to θ13 and δCPare revisited with new studies about the optimization ofthe proton beam energy, the pion 
olle
tion and the de
aytunnel geometry.2 Target simulationSin
e hadroni
 pro
esses are 
ru
ial to des
ribe the in-tera
tions of the proton beam on the target, the FLUKAsimulator [28℄ has been 
hosen for this �rst step of thesimulation. The target used in the present study is a mer-
ury liquid jet [16℄ simulated by a 
ylinder 30 
m long(representing two hadroni
 lengths) and 1.5 
m diameter(see table 1). Other types of target are under study [16℄.The pen
il like simulated proton beam is 
omposed of 106mono-energeti
 protons. The beam axis is also the symme-try axis of the target and the horns and the de
ay tunnel.Simulations have been performed for 2.2 GeV proton ki-neti
 energy, the up to now nominal design [19℄, as wellas for 3.5 GeV, 4.5 GeV, 6.5 GeV and 8 GeV a

ording topossible new designs [29℄.

Parti
le produ
tion yields are summarized in table 2.The pion momentum spe
tra obtained at di�erent energiesand normalized to a 4MW SPL beam power are presentedin �gure 2(a). At low energy, pions 
ome from ∆ de
ayswhile the high energy part is dominated with multi pionprodu
tion. At very low energy, for P < 200 MeV/
, pions
ome from ∆ produ
ed by protons of the target ex
itedby the beam intera
tions, while for higher energy, pionprodu
tion is due to transformation of protons of the beaminto ∆.The horns are designed to fo
us the 600 MeV/
 pions(see se
tion 4) and the variation of the number of su
hpion is rather smooth with respe
t to the beam energy
onsidering a 4MW �xed beam power: 4.19 × 1013π/s forthe 2.2 GeV beam, 4.91 × 1013π/s for the 3.5 GeV beam,
5.14 × 1013π/s for the 4.5 GeV beam, and 4.92 × 1013π/sfor the 6.5 GeV beam. The main di�eren
e is made by theangular distribution. Figure 2(b) shows this distributionfor the π+ exiting the target with a momentum between
500 MeV/
 and 700 MeV/
. The a

eptan
e of the horns islimited to the pion below 25◦, and we see that more pionsare a

epted by the horns for the 3.5 GeV and 4.5 GeVproton beams 
ompared to other beam energies.The se
ondary proton and neutron rates indu
e impor-tant radiation damages and power dissipation in the hornswhi
h have been addressed in referen
e [23℄, and whi
hwill require spe
i�
 R&D e�ort. At 2.2 GeV, kaon yieldsare very low, but it has a dramati
 energy dependen
e asfurther studied in se
tion 3. It is worth mentioning thatthe numbers in table 2 are not to be taken as fa
e values,be
ause the 
ross se
tions of pion and kaon produ
tionsusing proton beam are still under studies as for instan
e bythe HARP experiment [30℄. The 
ross se
tion un
ertain-ties are the main sour
e of dis
repan
y between simulatorprograms. Some 
omparisons between FLUKA andMARS[32℄ have already been presented in the same 
ontext [23℄.The energy distribution of the pions exiting the target,
omputed with the two simulator programs FLUKA andMARS, is shown on �gure 3(a). The dis
repan
y is quitelarge for the low energy part. However, the horns are de-signed to fo
us the high energy part of the spe
trum (seese
tion 4), and therefore, MARS and FLUKA are in bet-ter agreement for the energy spe
trum 
omputed at theentran
e of the de
ay tunnel, as shows �gure 3(b). So, thedis
repan
y at low energy between MARS and FLUKAdoes not matter too mu
h for the present appli
ation. Adi�eren
e of 10% has been found between the θ13 sensi-tivity 
omputed with the two generators (see se
tion 7),that 
an be taken as systemati
 error.3 Kaon produ
tionThe possibility to in
rease the SPL energy in order tostudy the optimization of the physi
s program has been re-
ently pointed out [29℄. Then, the kaon produ
tion shouldbe 
learly addressed be
ause it is a sour
e of νe and ν̄eba
kground events. The kaon de
ay 
hannels and bran
h-ing ratios are presented in table 14 in A.3.
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Fig. 2. (a) π+ momentum distribution per se
ond at the exit of the target for the di�erent proton beam energies studied,simulated with FLUKA, and (b) π+ angle with respe
t to the beam axis of the pion having a momentum between 0.5 GeV/
and 0.7 GeV/
. The di�erent SPL beam kineti
 energies presented are (��) 2.2 GeV, (- - - -) 3.5 GeV, (· · · · · ·) 4.5 GeV and(� · �) 6.5 GeV.
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Fig. 3. π+ momentum distribution at the exit of the target (a) and at the exit of the horns (b), simulated by FLUKA (- - - -)and by MARS (��).
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t revisitedTable 2. Average numbers of the most relevant se
ondary parti
les exiting the 30 
m long, 1.5 
m diameter mer
ury targetper in
ident proton (FLUKA). The µ+/µ− numbers and the K+/K0 numbers have been multiplied by 104. Note that the K−produ
tion rate is at the level of 10−5 per in
ident proton.
Ek (GeV) p n γ e+ e− π+ π− µ+ µ− K+ K0

2.2 1.4 17 5.0 0.08 0.17 0.24 0.18 4 1 7 6
3.5 1.8 23 7.0 0.15 0.28 0.41 0.37 10 3 35 30
4.5 2.3 25 7.7 0.21 0.35 0.57 0.39 11 3.3 93 68
8 3.1 33 11.0 0.41 0.63 1.00 0.85 30 9.5 413 340
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Fig. 4. Kaon produ
tion (a) as a fun
tion of the in
ident proton beam kineti
 energy (Ek) for 106 in
ident protons with (��)
urve for K+, (- - - -) 
urve for K− and (· · · · · ·) 
urve for K0. Pion produ
tion (b) in the same 
onditions with (��) 
urvefor π+ and (- - - -) 
urve for π−.The target simulation des
ribed in se
tion 2 has beenused with 106 p.o.t with kineti
 energy uniformly dis-tributed between 2.2 GeV and 5 GeV. The momenta ofoutgoing pions and kaons are re
orded when they exit thetarget. The number of produ
ed Ko,± at di�erent protonbeam energies are presented on �gure 4(a). On the onehand the Ko produ
tion rate is similar to the K+ produ
-tion rate, but on the other hand the K− produ
tion rate isalmost forty times smaller. In 
omparison, the numbers of
π+ and π− produ
ed in the same 
onditions are presentedon �gure 4(b). Pion produ
tion rate is about two orders ofmagnitude greater than the kaon produ
tion rate. The be-havior of the two pion and kaon produ
tion rates are quitedi�erent. The π+ yield grows smoothly with the protonenergy while the produ
tion of kaons seems to have twoorigins, whi
h has been 
on�rmed by FLUKA's authors[33℄. For beam energy below approximatively 4 GeV, theresonan
e produ
tion model is used, and one noti
es alow produ
tion rate with a maximum at about 3.4 GeV.For beam energy above 4 GeV, the dual parton model is

used, and the produ
tion rate experien
es a threshold ef-fe
t with a rapid rise. The ratio between positive kaon andpion produ
tion rates is about 0.5% between 2.2 GeV and
4 GeV and grow up to 2.3% at 5 GeV. One noti
es thatthe transition between the two kaon produ
tion modelsmay not be optimal.4 Horns simulationThe simulation 
ode of the ele
tromagneti
 horns is writ-ten using GEANT 3.2.1 [34℄ for 
onvenien
e and sin
e ele
-tromagneti
 pro
esses are dominant, FLUKA has not been
onsidered as mandatory, but this may be revised in a fu-ture work. The geometry of the horns has been inspiredby an existing CERN prototype and a Re�e
tor designproposed in referen
e [35℄. Depending on the 
urrent in-je
tion, only positive se
ondary parti
les or negative se
-ondary parti
les are fo
used. The relevant parameters aredetailed in table 3.
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4cm
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4cmFig. 5. Design of the Horn and the Re�e
tor 
ondu
tors im-plemented in the GEANT simulation in 
ase of the generationof a 350 MeV neutrino beam. The Hg target is lo
ated insidethe 
ylindri
al part of the Horn.Table 3. Relevant parameters of the horns in 
ase of the gen-eration of a 260 MeV neutrino beam (or 350 MeV in paren-thesis). The shapes of the 
ondu
tors are independent of theproton beam energy, as the fo
using has been optimized for a

600 MeV/
 (or 800 MeV/
) pion momentum.Horn Re�e
torne
k inner radius 3.7 
m 20.3 
mne
k length 40 
m 120(140) 
mend 
one inner radius 16 
m 35.7 
mouter radius 20.3 
m 40 
mtotal length 120(140) 
m 190(220) 
mAlu thi
kness 3 mm 3 mmPeak 
urrent 300 kA 600 kAFrequen
y 50 Hz 50 HzThe mer
ury target is lo
alized inside the Horn be-
ause of the low energy and the large emittan
e of these
ondary pions produ
ed:
< PπT > / < Pπ >≈ 240 MeV/400 MeV(2.2 GeV proton beam energy). This explains the Horndesign (�gure 5), with a 
ylindri
al part around the target,
alled the ne
k, whi
h is larger than the transversal sizeof the target to simulate the room for target handling,and a 
oni
 part designed su
h that the relevant pionsare fo
used as mu
h as possible to exit the magneti
 �eldparallel to the beam axis.The shape of the horn 
ondu
tors is a 
ru
ial pointsin
e it determines the energy spe
trum of the neutrinoat the dete
tor site. The details of the 
ondu
tor shapeoptimization for the present 
ontext may be found in ref-eren
e [27℄. We just re
all here some ingredients. For a θ13driven νµ → νe os
illation, a ∆m2

23 parameter value of
2.5×10−3eV2, and a baseline distan
e of 130 km, the �rstos
illation probability maximum o

urs for a neutrino en-ergy of 260 MeV. The optimization of the physi
s potentialdepends at �rst approximation on the pion neutrino 
har-a
teristi
s, whi
h energy is fully determined by the pion2-body de
ay and boost. To rea
h an energy of 260 MeV,the pion needs a β = 0.97, whi
h in turn indu
es a pionmomentum of 600 MeV/
. Then, the shape of the 
oni


part of the horns is determined su
h that these 600 MeV/
pions exit parallel to the beam axis.An other shape of the horn 
ondu
tors has been usedto produ
e a 350 MeV neutrino beam to 
ompare the sen-sitivity potential (see se
tion 7). In that 
ase, keeping the
urrent intensity un
hanged (300/600 kA), the lengths ofthe Horn and the Re�e
tor should be in
reased by 16%and 18.5%, respe
tively (see table 3).Before 
losing this se
tion, it is worth quoting that theHorn/Re�e
tor 
ondu
tor shapes optimized in the presentstudy to fo
us a given pion momentum value, is not af-fe
ted at �rst order by a proton beam energy 
hange.What is a�e
ted is the produ
tion rate of the relevantpions. This Horn/Re�e
tor design 
onsideration would bedi�erent if one wished to fo
us as mu
h as possible all thepions produ
ed for whi
h the mean energy is of 
oursea�e
ted by a proton beam energy 
hange.5 Parti
le de
ay treatment and �ux
al
ulationThe de
ay tunnel representation is a simple 
ylinder withvariable length (LT ) and radius (RT ) �lled with "va
uum"and lo
ated right after the horns. The default design is a
20 m long and 1 m radius 
ylinder, but simulations havealso been 
ondu
ted with lengths of 10 m, 40 m and 60 m,and radius of 1.5 m and 2 m in the spirit of referen
e [36℄.In the GEANT simulation, to gain in CPU time, onlypions, muons and kaons are tra
ked in the volume of thetunnel, and all parti
les exiting this volume are dis
arded.Beyond the 1/L2 solid angle fa
tor due to the sour
e-dete
tor distan
e (L) whi
h de
reases dramati
ally the�uxes, the neutrino beam fo
using is very limited due tothe small pion boost fa
tor (≈ 4). Therefore, 
omputa-tional algorithms have been used to avoid a too prohibitiveCPU time resulting from the simulation of ea
h se
ondaryparti
le de
ay. Otherwise, about 1015 p.o.t would havebeen ne
essary to obtain reliable statisti
s for the esti-mation of the ν̄e �ux for instan
e.It is worth pointing out that the parti
le de
ays o

ur-ring before the entran
e of the de
ay tunnel are also takeninto a

ount and treated in the same manner, whi
h is notthe 
ase in referen
e [36℄.5.1 Algorithm des
riptionThe de
ay 
ode has been in
luded in the GEANT 
ode.The basi
 idea of this algorithm is to 
ompute the neutrino�uxes using the probability of rea
hing the dete
tor forea
h neutrino produ
ed by a π or a K or a µ parti
le (on-axis neutrino beam). This method has already been usedin referen
e [36℄ and has been modi�ed and extended tothe kaon de
ay 
hain for the present study.Muon neutrino 
omes mostly from pion de
ay. In a�rst stage, ea
h pion is tra
ked by GEANT until it de
ays.Then, the probability for the produ
ed muon neutrino torea
h the dete
tor is 
omputed. The �ux is obtained ap-plying the probability as a weight for ea
h neutrino. All
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t revisitedTable 4. Number of protons on target for di�erent beam en-ergy at 4 MW 
onstant power. One year is de�ned as 107 s.Beam energy Number of proton(GeV) per year (1023 p.o.t/y)2.2 1.103.5 0.704.5 0.566.5 0.408.0 0.30the pions produ
ed in the simulation are therefore usefulto 
ompute the �ux, and this allows to redu
e the numberof events in the simulation to 106 p.o.t. In this 
omputa-tion, the de
ay region (horns and tunnel) is 
onsidered aspoint like 
ompared to the sour
e-dete
tor distan
e.The same method is applied for neutrino 
oming frommuons and kaons with some modi�
ations be
ause mostof the muons do not de
ay, and there are very few kaonsprodu
ed (see table 2). The probability 
omputation ispresented in appendix A.5.2 Validation of the algorithmThe validity of the method presented in the previous se
-tion has been tested against a straight forward algorithm
onsisting in de
aying ea
h pion N times (N ≈ 106) ina full GEANT simulation of the event (de
ays in
luded).Su
h method presents the advantage to keep all the infor-mation of the neutrino available for further studies. It 
anbe a good approa
h to 
ompute the muon neutrino �ux
oming from pion de
ays. It 
an also provide the beampro�le, but it shows its limits for the muon indu
ed �uxes,espe
ially the ν̄e �ux. Indeed, this means that ea
h muonis dupli
ated N times and when a muon de
ays, it mustde
ay N times again. For N ≈ 106, this is a prohibitiveCPU time 
onsuming. The νµ and ν̄µ �uxes are displayedon �gure 6 for both methods. The two spe
tra show a
lear agreement, and this makes reliable the probabilitymethod.5.3 Simulated �uxesThe �uxes are 
omputed at a distan
e of 100 km from thesour
e by 
onvention and 
an be res
aled at any desireddistan
e. They provide the number of the four neutrinospe
ies (νµ, ν̄µ, νe, ν̄e) passing through a 100 m2 �du
ialarea during 1 year.In pra
ti
e, the �uxes are given as a fun
tion of theneutrino energy via histograms 
omposed of 20 MeV binwidth. These histograms are �lled with the energy of ea
hneutrino weighted by the probability to rea
h the dete
-tor (se
tion 5.1). To obtain the �uxes, the histograms areres
aled to the number of p.o.t per year depending on thebeam energy. Table 4 reports on the number of p.o.t peryear for the di�erent energies studied using the de�nition

of one year being 107 s and keeping the beam power 
on-stant (i.e. 4 MW).Three origins are identi�ed in the 
omposition of ea
hneutrino �ux:- neutrinos from pions, whi
h in
ludes neutrinos 
reatedby primary pion de
ays and neutrinos 
oming fromthe muons produ
ed by pion de
ays or muons dire
tlyexiting the target. This is the 
omponent studied inreferen
e [36℄ but with di�erent settings and event gen-erator;- neutrinos emitted during the de
ay 
hain of the 
hargedkaons, either by dire
t produ
tion, or produ
ed by thedaughter pions and muons;- neutrinos 
oming from the de
ay 
hain of the neutralkaons.The three 
omponents of the �uxes for the four neu-trino spe
ies are presented on �gure 7 for positive parti
lefo
using and a proton beam kineti
 energy of 2.2 GeV.The νµ �ux is dominated by the neutrinos of pion de
ays,but a tail above 500 MeV (insert on the top left part) is
reated by the K+ → µ+νµ 
hannel, whi
h is anyway atleast three order of magnitude below the �ux maximum.The ν̄µ �ux is mostly due to the de
ays of π− that arenot unfo
used by the horns, but the higher energy part
omes from µ+ de
ays. It is noti
eable that the νe and ν̄e�uxes are respe
tively more than 200 and more than 7000times smaller than the νµ �ux. The ν̄e are produ
ed in alarge part by the K0
L → π+e−ν̄e de
ay 
hannel and by µ−de
ays, while the νe �ux is dominated by the µ+ de
ays.On �gure 8, the horns are set to fo
us negative parti-
les keeping other parameters identi
al. Comparing withpositive fo
using, one 
an at �rst approximation translatethe results by ex
hanging parti
les and anti-parti
les, ex-
ept that the K+/K− ratio is about 50 in the beam-targetintera
tions (see table 2).On �gures 9 and 11, one observes the evolution of �g-ure 7 when the proton beam kineti
 energy in
reases to

3.5 GeV and 8 GeV, respe
tively. Correspondingly, the re-sults for negative parti
le fo
using are presented on �g-ures 10 and 12. One 
learly noti
es the in
rease of the kaonindu
ed neutrino 
ontents as the beam energy grows.On table 5 are reported the integral of the �uxes whenone modi�es the de
ay tunnel length and radius, as well asthe beam kineti
 energy. Changing the length from 10 mto 40 m will in
rease the νµ �ux by 50% to 70% and inthe same time, the number of νe will be multiplied bya fa
tor 1.5 to 2. One 
an noti
e that going from 40 mto 60 m does not in
rease the signal-like events but in-
reases the ba
kground-like events. For a 40 m length ofthe de
ay tunnel, the in
rease of the radius improves thenumber of signal-like events by 50%, and the ba
kgroudin
rease by 70% to 100%. Noti
e that the νµ/ν̄µ �ux ra-tio is rather insensitive to the de
ay tunnel length. Thefeeling that LT = 40 m and RT = 2 m is a good signalover ba
kground 
ompromise is 
on�rmed by sensitivityquantitative studies reported in se
tion 7.Looking at the evolution of νµ �ux with respe
t tothe beam energy, one noti
es that a maximum is rea
hedaround 4.5 GeV. This is due to the 
ompetition between
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t revisited 7Table 5. Integral of the total �ux of the di�erent spe
ies with di�erent settings. The νµ and ν̄µ �uxes are expressed in
1013/100m2/y unit while the νe and ν̄e �uxes are expressed in 1011/100m2/y unit. The positive fo
using and negative fo
usingare distinguished by a (+) sign and a (−) sign, respe
tively. The settings used 
orrespond to di�erent values of LT and RT ,the length and radius of the de
ay tunnel. Setting (1) means LT = 10 m and RT = 1 m. Setting (2) is the default option andmeans LT = 20 m and RT = 1 m. Setting (3) means LT = 20 m and RT = 1.5 m. Setting (4) means LT = 30 m and RT = 1 m.Setting (5) means LT = 40 m and RT = 1 m. Setting (6) means LT = 40 m and RT = 1.5 m. Setting (7) means LT = 40 mand RT = 2 m. Setting (8) means LT = 60 m and RT = 1 m, and �nally, setting (9) means LT = 60 m and RT = 1.5 m.Settings νµ νe ν̄µ ν̄e

+ − + − + − + −(1): 2.2 GeV 5.5 0.4 1.7 0.2 0.3 4.3 0.1 0.8(1): 3.5 GeV 7.7 0.7 2.6 0.6 0.6 6.6 0.3 1.3(1): 4.5 GeV 7.1 1.0 2.8 0.9 0.5 5.2 0.3 1.1(1): 6.5 GeV 8.3 1.2 4.7 1.9 0.8 5.6 0.9 1.8(1): 8.0 GeV 7.7 1.2 5.1 2.2 0.9 5.6 1.1 2.1(2): 2.2 GeV 7.6 0.4 3.2 0.2 0.3 5.8 0.1 1.6(2): 3.5 GeV 10.0 0.9 4.4 0.6 0.7 8.5 0.3 2.2(2): 4.5 GeV 10.9 1.1 5.1 1.0 0.7 6.7 0.4 1.8(2): 6.5 GeV 10.4 1.4 6.4 2.0 1.0 7.1 0.9 2.5(2): 8.0 GeV 9.7 1.5 6.7 2.3 1.2 7.1 1.1 2.8(3): 2.2 GeV 9.0 0.6 4.4 0.4 0.4 6.7 0.2 2.2(3): 4.5 GeV 13.2 1.5 6.9 1.4 0.9 8.1 0.6 2.7(4): 3.5 GeV 10.9 0.9 5.7 0.7 0.7 9.4 0.3 2.9(4): 4.5 GeV 11.6 1.2 6.3 1.0 0.7 7.1 0.4 2.3(5): 2.2 GeV 8.9 0.5 5.1 0.3 0.5 6.7 0.1 2.4(5): 3.5 GeV 11.3 0.9 6.5 0.6 0.8 9.7 0.3 3.3(5): 4.5 GeV 12.3 1.2 7.2 1.0 0.8 7.5 0.4 2.6(5): 6.5 GeV 11.7 1.6 8.3 2.2 1.1 8.0 0.9 3.3(5): 8.0 GeV 10.9 1.7 8.5 2.4 1.3 8.0 1.2 3.6(6): 3.5 GeV 14.5 1.3 10.0 1.0 1.0 12.3 0.5 5.3(6): 4.5 GeV 15.5 1.7 10.8 1.5 1.0 9.5 0.6 4.2(7): 3.5 GeV 16.6 1.5 12.9 1.3 1.3 13.9 0.7 6.9(7): 4.5 GeV 18.2 2.1 14.3 1.9 1.3 11.1 0.8 5.6(8): 3.5 GeV 11.7 0.9 7.6 0.7 0.7 10.1 0.3 3.7(8): 4.5 GeV 12.5 1.3 8.1 1.1 0.7 7.7 0.4 2.9(9): 3.5 GeV 15.1 1.3 12.2 1.0 1.0 12.8 0.5 6.3(9): 4.5 GeV 16.2 1.8 13.1 1.6 1.0 9.9 0.6 4.9the 
ross se
tion rise with respe
t to the energy and thede
rease of the number of p.o.t due to the 
onstant SPLpower (4 MW).6 Sensitivity 
omputation ingredientsThe sensitivity to θ13 and δCP is 
omputed for a νµ → νeappearan
e experiment. An analysis program des
ribed inreferen
e [37℄ has been used for su
h sensitivity 
omputa-tion. See table 6 for the default user parameter values usedin this paper. We just remind here some key points of theprogram.It in
ludes a full 3-�avors os
illation probability 
om-putation with matter e�e
ts, but no ambiguities are takeninto a

ount. This latest point may be revisited in a fu-ture work using referen
e [38℄. Con
erning the ba
kgroundevents, the νe/ν̄e from the beam, the νµe− elasti
 s
atter-ing pro
ess, the πo produ
tion as well as the µ/e misiden-ti�
ation are taken into a

ount. The 
ross-se
tions fromthe NUANCE program are used [39℄. The systemati
s er-ror on the total νe and ν̄e �uxes determination is a userparameter and we have used the 2% value 
onsidered as a

�nal goal, but also 5% and 10% [37℄. The dete
tor 
onsid-ered for de�nitiveness is similar to the UNO dete
tor, i.e.a 440 kt �du
ial water �erenkov dete
tor [20℄. It is lo
atedat L = 130 km from CERN, in the foreseen new Fréjuslaboratory [21℄. It is worth mentioning that if one wantsto evaluate the in�uen
e of L on the sensitivity, it wouldmean a re-optimization of the horns for ea
h L envisaged(see se
tion 4). The running time s
enario has been �xedeither by fo
using positive parti
les during 5 years, eitherby fo
using positive parti
les during 1 (or 2) year(s) fol-lowed by fo
using negative parti
les during 4 (or 8) years.7 Results7.1 The positive only fo
using s
enarioThe θ13 and δCP sensitivities are 
omputed with θ13 =
0◦ and δCP = 0◦ if not expli
itly mentioned. It is worthstressing that the default parameters of table 6 are usedif not 
ontrary mentioned, in parti
ular, the de
ay tunnelgeometry parameters (LT = 20 m and RT = 1 m), andthe horn design to generate a 260 MeV neutrino beam.
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Fig. 6. Comparison between the probability method, (��) 
urve, and the full GEANT simulation method, (- - - -) 
urve, forthe νµ from π+ �ux (a) and the ν̄µ from π− �ux (b). The horns are set to fo
us positive parti
les. It should be stressed thatthe full GEANT simulation has taken roughly 13 times more CPU time than the probability method with the same number ofprotons on target, and the later simulation is able to produ
e as well the νe and ν̄e �uxes 
ontrary to the former simulation.Table 6. Default parameters used to 
ompute the sensitivity
urves [37℄. The quoted errors in parenthesis for the (12) andthe (23) parameters (absolute value for the masse square di�er-en
es and relative value for the angles) are 
oming respe
tivelyfrom the up to date 
ombined Solar and KamLAND results [40℄and from a 200 ktons-years SPL desappearan
e exposure [25℄.
∆m2

12 = 8.2(0.5) × 10−5 eV2 sin2 2θ12 = 0.82(9%)
∆m2

23 = 2.5(0.1) × 10−3 eV2 sin2 2θ23 = 1.0(1%)

LT = 20 m RT = 1 m
M = 440 kT ǫsyst = 2%Horn/Re�e
tor shapes to produ
e a 260 MeV neutrino beamTable 7 presents the number of signal and ba
kgroundevents for a 5 years positive fo
using experiment, but withdi�erent beam energy settings. The signi�
an
e parameteris de�ned in referen
e [37℄ as1:

S =
Nosc

νe

√

N tot
νe

+
(

N tot
νe

× ǫsyst

)2

with N tot
νe

= Nosc
νe

+ N beam
νe

+ Noth.bkg

(1)and Nosc
νe

the number of νe events due to νµ os
illations,
N beam

νe

the number of ba
kground events 
oming from the1 Contrary to the de�nition of the signi�
an
e of referen
e[37℄, the systemati
al fa
tor is applied to the total νe �ux inagreement with the sensitivity 
ontour 
omputation.

νe + ν̄e 
ontamination of the beam, Noth.bkg the otherkinds of ba
kground events and ǫsyst the systemati
al fa
-tor.The 
ontours at 90%, 95% and 99% CL of the θ13 sen-sitivity are presented in the (sin2 2θ13, ∆m2
23) plane on �g-ure 13 for 3.5 GeV proton beam kineti
 energy. The 
om-parison between the 
ontours at 90% CL with 2.2 GeV,

3.5 GeV, 4.5 GeV and 8 GeV beam energies is shown on�gure 14. One noti
es in this s
enario a better performan
erea
hed with a 4.5 GeV energy beam as a 
on�rmationof signi�
an
e parameter value. But, in fa
t there is notmu
h visual di�eren
e between a sensitivity obtained with
3.5 GeV and 4.5 GeV, even if one should keep in mind thatkaon produ
tion models are di�erent at these two energies(see se
tion 3). These two energy settings have been stud-ied with di�erent de
ay tunnel geometry and results arereported on table 9. One noti
es that similar results 
anbe rea
hed with a 3.5 GeV beam, 
ompared to a 4.5 GeVbeam.Quantitative studies of the minimum sin2 2θ13 with re-spe
t to the kineti
 beam energy Ek(proton), and the de-
ay length LT , and the systemati
s ǫsyst are presented intables 8 and 10. One noti
es that for ǫsyst = 5% there isno di�eren
e between a 3.5 GeV and a 4.5 GeV beam.We have also 
onsidered the 3.5GeV and 4.5 GeV beamenergies with the tunnel geometry parameters LT = 40 mand RT = 2 m, and the horn design produ
ing a 350 MeVneutrino beam (see se
tion 4). In table 9 are reported nu-meri
al values, and on �gure 15 are shown the 90% CL



Jean Eri
 Campagne, Antoine Cazes: The θ13 and δCP sensitivities of the SPL-Fréjus proje
t revisited 9
E (GeV)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

/2
0M

eV
/y

ea
r

2
/1

00
m

ν

0

10

20

30

40

50

60

70

11x10  fluxµν

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

10

20

30

40

50

8x10

 fluxµν

E (GeV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4

/2
0M

eV
/y

ea
r

2
/1

00
m

ν

0

10

20

30

40

50

10x10  fluxµν

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0
2
4
6
8

10
12
14
16
18
20
22
24

8x10

 fluxµν

E (GeV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4

/2
0M

eV
/y

ea
r

2
/1

00
m

ν

0
2
4
6
8

10
12
14
16
18

9x10  fluxeν

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0
2
4
6
8

10
12
14

8x10

 fluxeν

E (GeV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4

/2
0M

eV
/y

ea
r

2
/1

00
m

ν

0

10

20

30

40

50

7x10  fluxeν

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0
2
4
6
8

10
12
14

5x10

 fluxeν

Fig. 7. Neutrino �uxes, 100 km from the target and with the horns fo
using the positive parti
les. The �uxes are 
omputedfor a SPL proton beam of 2.2 GeV (4 MW), a de
ay tunnel with a length of 20 m and a radius of 1 m. The top left panel
ontains the νµ �uxes, and the top right panel shows the ν̄µ �uxes. The bottom left panel presents the νe �uxes while thebottom right panel displays the ν̄e �uxes. The (��) 
urve is the 
ontribution from primary pions and the daughter muons,and from primary muons. The (- - - -) 
urve is the 
ontribution from the 
harged kaon de
ay 
hain, and the (· · · · · ·) 
urve isthe 
ontribution from the K0 de
ay 
hain. An insert has been added to the plots to hight light when needed the 
ontributionof 
harged and neutral kaons.
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Fig. 9. Same legend as for �gure 7 but for proton beam kineti
 energy of 3.5 GeV (4 MW).
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Fig. 10. Same legend as for �gure 8 but for proton beam kineti
 energy of 3.5 GeV (4 MW).
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Fig. 11. Same legend as for �gure 7 but for proton beam kineti
 energy of 8 GeV (4 MW).
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Fig. 12. Same legend as for �gure 8 but for proton beam kineti
 energy of 8 GeV (4 MW).
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t revisitedTable 7. Number of events for 5 years positive fo
using s
enario with default parameters of table 6. Other ba
kgrounds are π0,
νµ-elast., µ/e-missId. The signi�
an
e parameter is de�ned by equation 1.

2.2 GeV 3.5 GeV 4.5 GeV 6.5 GeV 8 GeVnon os
illated νµ 36917 60969 73202 78024 76068os
illated νe 43 60 64 61 56beam νe 165 222 242 288 299other ba
kground 70 105 127 148 152Signi�
an
e 1.88 2.16 2.17 1.87 1.69Table 8. Minimum sin2 2θ13 × 103 in the (sin2 2θ13, ∆m2
23) plane observable at 90% CL 
omputed for di�erent de
ay tunnellength (LT ) and kineti
 beam energy (Ek(proton)) and 5 year of positive fo
using. Other parameters are �xed to default values(table 6).

2.2 GeV 3.5 GeV 4.5 GeV 6.5 GeV 8 GeV
10 m 1.10 0.92 1.04 1.07 1.16
20 m 1.16 0.92 0.89 1.01 1.12
40 m 1.23 1.00 0.99 1.08 1.19

Fig. 13. Sensitivity 
ontours obtained with a SPL energy of
3.5 GeV and default parameters of table 6. In parti
ular, it isreminded that the tunnel geometry parameters are LT = 20 mand RT = 1 m. (��), (- - - -) and (· · · · · ·) 
urves stand for
90%, 95% and 99% 
on�den
e level, respe
tively.sensitivity 
ontours. With the 350 MeV neutrino beam,one 
an expe
t a 16% improvment with respe
t to the
260 MeV neutrino beam for the same de
ay geometry.One also noti
es that there is marginal gain to in
reasethe beam energy from 3.5 GeV to 4.5 GeV, as alreadymentioned.As well, there are variations on the minimum sin2 2θ13value that may be rea
hed in a νµ → νe experiment whi
hare due to the sign(∆m2

23) ambiguity and the δCP value.

Fig. 14. Comparison of 90% CL sensitivity 
ontours obtainedwith SPL energies of 2.2 GeV (- - - -), 3.5 GeV (� · �),
4.5 GeV (��) and 8 GeV (· · · · · ·) and default parameters oftable 6. In parti
ular, it is reminded that the tunnel geometryparameters are LT = 20 m and RT = 1 m.
On table 11 are presented these kinds of variations. Otherambiguities 
oming from the sign(tan(2θ23)) ignoran
e alsoo

ur as studied in referen
e [17℄. From �gure 9 of thisreferen
e, we estimate a 30% e�e
t on sin2(2θ13) sensivitydue to these ambiguities.
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t revisited 13Table 9. Minimum sin2 2θ13 × 103 in the (sin2 2θ13, ∆m2
23) plane observable at 90% CL 
omputed for di�erent de
ay tunnellength (LT ) and radius (RT ) for the 3.5 GeV and 4.5 GeV s
enarios and 5 years of positive fo
using. Other parameters are �xedto default values (table 6). Settings in parenthesis are identi
al to those of table 5, ex
ept that the setting (7b) 
orresponds tothe tunnel geometry of setting (7) but the horn geometry produ
ing a 350 MeV neutrino beam is used. We remind that thesetting (2) is the default one, and the settings (7) and (7b) 
orrespond to LT = 40 m and RT = 2 m.setting (1) (2) (3) (4) (5) (6) (7) (7b) (8) (9)

3.5 GeV 0.92 0.92 0.83 0.98 1.00 0.93 0.91 0.76 1.05 1.01
4.5 GeV 1.04 0.89 0.82 0.94 0.99 0.92 0.87 0.71 1.03 1.00

Fig. 15. Comparison of 90% CL sensitivity 
ontours obtainedwith SPL energies of 3.5 GeV or 4.5 GeV, and either a 260 MeV(default) neutrino beam or a 350 MeV neutrino beam. Thetunnel geometry parameters are LT = 40 m and RT = 2 m.The (� · �) 
urve 
orresponds to a 350 MeV/4.5 GeV (neu-trino beam/SPL beam energy) setting; the (· · · · · ·) 
urve 
or-responds to a 350 MeV/3.5 GeV setting; the (- - - -) 
urve 
or-responds to a 260 MeV/4.5 GeV setting and the (��) 
urve
orresponds to a 260 MeV/3.5 GeV setting.7.2 Mixed positive/negative fo
using s
enarioThe 
ombined sin2 2θ13 and δCP sensitivity for the 5 yearspositive fo
using s
enario and the default parameters oftable 6 is presented on �gure 16(a). The results obtainedwith a 3.5 GeV and 4.5 GeV SPL beam are similar andbetter than with the other energy settings. On �gure 17(a)the results obtained with a 260 MeV neutrino beam anda 350 MeV neutrino beam are presented with a 40 mlong, 2 m radius de
ay tunnel. With the 350 MeV neu-trino beam, one 
an rea
hed better sensitivity results inthe range |δCP | < 120o, and 
omparatively the gain ob-tained when swit
hing from a 3.5 GeV proton beam to a
4.5 GeV proton beam is marginal. To improve the δCP -independent limit on sin2 2θ13, espe
ially around δCP =

Table 10. Minimum sin2 2θ13 × 103 in the (sin2 2θ13, ∆m2
23)plane observable at 90% CL 
omputed for di�erent level of sys-temati
s (ǫsyst) and kineti
 beam energy (Ek(proton)) and 5years of positive fo
using. Other parameters are �xed to defaultvalues (table 6).

2.2 GeV 3.5 GeV 4.5 GeV 6.5 GeV 8 GeV
2% 1.16 0.92 0.89 1.01 1.12
5% 1.48 1.25 1.25 1.48 1.64
10% 2.40 2.14 2.21 2.72 3.09Table 11. Minimum sin2 2θ13 × 103 in the (sin2 2θ13, ∆m2

23)plane observable at 90% CL 
omputed for a 2.2 GeV kineti
energy proton beam, and for di�erent values of sign(∆m2
23)and δCP and 5 years of positive fo
using. Other parametersare �xed to default values (table 6).

−180◦
−90◦ 0◦ 90◦ 180◦

+ 1.40 0.43 1.16 11.48 1.40
− 1.45 11.75 1.11 0.43 1.45

90◦, one may envisage a 
ombination of 2 years with pos-itive fo
using and 8 years negative fo
using as in refer-en
es [17,25,26℄. The 
omparison of the results obtainedwith di�erent SPL beam energies on the 
ombined sensi-tivity 
ontours are presented in �gure 16(b). Quantitativeresults with this kind of mixed fo
using s
enario are re-ported table 12. One generally gets 10% to 20% betterlimit on sin2 2θ13 independently of δCP with a 3.5 GeVkineti
 energy beam 
ompared to a 2.2 GeV beam. Dou-bling the length and the radius of the de
ay tunnel allowsto rea
h a 10% better limit.On �gure 17(b) are presented the results 
onsideringthe e�e
ts of a 350 MeV neutrino beam obtained eitherwith a 3.5 GeV proton beam or a 4.5 GeV proton beam
ompared to a 260 MeV neutrino beam obtained with a
4.5 GeV proton beam. The tunnel geometry parametersare LT = 40 m and RT = 2 m (other tunnel geometryhave been studied but the results are worse and so arenot reported). Ex
ept in the region |δCP | > 150o, the re-sults obtained with the 350 MeV neutrino beam (3.5 GeVproton beam) are somewhat better, even if a 11% im-provement of the δCP -independent sin2 2θ13 limit 
an berea
hed with the 260 MeV neutrino beam obtained withthe 3.5 GeV proton beam.
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Fig. 16. 90% sensitivity 
ontours obtained with SPL beamenergy of 2.2 GeV (- - - -), 3.5 GeV (� · �), 4.5 GeV (��)and 8 GeV (· · · · · ·) at 90% CL. Default parameters of table 6are used either with a 5 years positive fo
using s
enario (a)or a mixed s
enario of 2 years positive fo
using and 8 yearsof negative fo
using (b). In parti
ular, it is reminded that thetunnel geometry parameters are LT = 20 m and RT = 1 m.8 Summary and outlookA 
omplete 
hain of simulation has been set up for theSPL-Fréjus proje
t. The neutrino produ
tion has been ex-tended to the kaon de
ay 
ontribution, whi
h is importantto test SPL energy s
enario above 2.2 GeV.The beam line optimization has been performed us-ing the sensitivity to sin2 2θ13 and δCP . The shape of thefo
using system has been updated to obtain a neutrinobeam energy around 260 MeV or 350 MeV.In a positive only fo
using s
enario, the best limit on
sin2 2θ13 is 0.71×10−3 (90% CL, δCP = 0), with a 4.5 GeVbeam energy and a 40 m long, 2 m radius de
ay tunnel,and a beam energy around 350 MeV. However, the 3.5 GeVbeam may also obtain rather similar limit with 0.76 ×
10−3 (90% CL) with the same tunnel parameters. The
δCP independant sin2 2θ13 sensitivity is limited to ≈ 10−2due to the δCP ≈ 90o region.In a mixed fo
using s
enario, the best limit on sin2 2θ13independent of δCP is 2.02 × 10−3 (90% CL) obtainedwith a 3.5 GeV beam energy, a 40 m long, 2 m radiusde
ay tunnel and a beam energy around 260 MeV. Butfor |δCP | < 150◦, the 350 MeV neutrino beam is better,keeping the primary proton energy at 3.5 GeV and withthe same de
ay tunnel parameter.The 
omparison of the optimization presented in thispaper with the results obtained by other proje
ts is dis-played on �gure 18. It presents the 5 years positive fo
us-

Fig. 17. 90% CL sensitivity 
ontours obtained with the de-
ay tunnel geometry parameters LT = 40 m and RT = 2 mand di�erent SPL beam energies (3.5 GeV or 4.5 GeV) anddi�erent horn designs (260 MeV or 350 MeV neutrino beams):(��) 
urve for a 350 MeV/4.5 GeV setting, (· · · · · ·) 
urve for a
350 MeV/3.5 GeV setting, (- - - -) 
urve for a 260 MeV/3.5 GeVsetting. Other default parameters of table 6 are used eitherwith a 5 years positive fo
using s
enario (a) or a mixed s
enarioof 2 years positive fo
using and 8 years of negative fo
using (b).ing s
enario, and two versions of a mixed s
enario usingpositive and negative fo
using: one s
enario duration is 5years in total and the other one is 10 years running intotal and has been used in the previous se
tion. It showsthe 
omplementarity of the SPL-Fréjus proje
t with thebeta beam-Fréjus proje
t. Espe
ially when 
onsidering thesensitivity to sin2 2θ13 for δCP < 0.The authors think that the present study may be ex-tended in many respe
ts. The beam line simulation partmay be performed with a single simulator as FLUKA (orGEANT4 [45℄ for 
omparison). Other targets may be en-visaged (tantalum, 
arbon) as well as other dete
tor typesas a Large Liquid Argon dete
tor [46℄. The baseline lengthmay also be revisited as well as the o� axis option. Thesensitivity analysis may be deeper investigated using the
omplete set of possible ambiguities as in referen
e [17℄,and the θ13 or δCP measurement a

ura
y with new beamenergy s
enario may be investigated too.The authors would like to thank M. Mezzetto for expressinghis interest sin
e the early stage of this work and for providingus with his sensitivity 
omputation program. Also the authorsthank S. Gilardoni for fruitful dis
ussions.
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t revisited 15Table 12. Minimum sin2 2θ13 × 103 observable at 90% CL 
omputed for the worse δCP 
ase, and for di�erent de
ay tunnellength (LT ) and radius (RT ) for the 3.5 GeV and 4.5 GeV s
enarios and 2 years of positive fo
using plus 8 years of negativefo
using. Other parameters are �xed to default values (table 6). Settings are identi
al to those of table 5.setting (1) (2) (3) (4) (5) (6) (7) (7b) (8) (9)
2.2 GeV 2.52 2.58 2.30
3.5 GeV 2.34 2.22 2.10 2.13 2.09 2.08 2.02 2.28 2.16 2.09
4.5 GeV 2.91 2.60 2.43 2.48 2.52 2.39 2.34 2.55 2.53 2.47

CNGS combined

CHOOZ excluded

Beta Beam Disappearance T2K

BNL
SPL 5y

SPL 1y+4y

BetaBeam

-150 -100 -50 -0 50 100 150

10

10

10

10

-4

-3

-2

-1

δCP (deg.)

Si
n2

 2
θ 1

3

Double CHOOZ

SPL 2y+8y

Fig. 18. 90%CL sensitivity 
ontours labeled by the proje
t orexperiment involved. The "CHOOZ ex
luded" dashed 
urve
omes from the ex
lusion obtained from referen
e [10℄ with
∆m2 = ∆m2

atm; in the same 
onditions is given the sen-sitivity foreseen for the "Double-CHOOZ" proje
t [11℄. The"CNGS 
ombined" has been obtained 
ombining the resultsform OPERA and ICARUS [41℄. The T2K 
ontour has beenderived from referen
e [42℄. The BNL 
ontour has been ob-tained from referen
e [43℄. The "Beta Beam" 
ontour has been
omputed with 5 years running with both νe and ν̄e neutrinobeams in an appearan
e mode, while the dashed "Beta Beamdisappearan
e" has been obtained as if the β beam were anal-ysed like a rea
tor experiment with 1% systemati
 error [44℄.The "SPL 5y" and "SPL 2y+8y" and "SPL 1y+4y" 
urveshave been obtained from the optimisation des
ribed in thispaper ("5y": positive only fo
using s
enario; "1y+4y": 1 yearof positive fo
using and 4 years of negative fo
using s
enario;"2y+8y": 2 years of positive fo
using and 8 years of negativefo
using s
enario) using a 3.5 GeV beam and a de
ay tunnelof 40 m length, and 2 m radius.A De
ay probability 
omputationsThis appendix 
ontains the probability formulas and thealgorithms used in the �ux 
omputation (see se
tion 5.1).A.1 Pion neutrino probability 
omputationPions de
ay only as π+ → µ+ + νµ or π− → µ− + ν̄µ andthe neutrinos are emitted isotropi
ally in the pion restframe, with an energy of about 30 MeV given by the 2-body de
ay kinemati
s. Applying a Lorentz boost knowing

+

µ +

νµπ

α

θ

δ

Fig. 19. Pion de
ay in the tunnel frame. To rea
h the dete
tor,
δ = −α is needed.the pion momentum and dire
tion, it is possible to 
om-pute the probability to rea
h for the neutrinos the dete
-tor. Only neutrinos parallel to the beam axis are supposedto pass through the dete
tor �du
ial area, and therefore,the neutrinos must be emitted by the pion with an angleopposite to the angle between the pion and the beam axis(see �gure 19). This gives:

Pπ =
1

4π

A

L2

1 − β2

(β cosα − 1)2
(2)where β is the velo
ity of the pion in the tunnel frame, Ais the �du
ial dete
tor surfa
e, L the distan
e between theneutrino sour
e and the dete
tor, and α the angle betweenthe pion dire
tion and the beam axis in the laboratoryframe.A.2 Muon neutrino probability 
omputationMuons de
ay only as µ+ → e++νe+ ν̄µ or µ− → e−+ ν̄e+

νµ, and will produ
e ba
kground events. The mean de
aylength of the muons is 2 km, therefore, most of them donot de
ay in the tunnel. This indu
es a la
k of statisti
sto estimate the 
orresponding level of ba
kground. Thisproblem has been solved using ea
h muon appearing inthe simulation in the following steps:1. the probability for the muon to de
ay into the tunnelhas been 
omputed using a straight line propagation;2. the available energy for the neutrino in the tunnelframe has been divided in 20 MeV energy bins;3. one νe and one νµ have been simulated in ea
h of theenergy bins (step 2). Then, the probability to rea
hthe dete
tor has been 
omputed, and multiplied bythe probability 
omputed at step (1).After the probability 
omputation, the non useful muonis dis
arded by GEANT to gain in CPU time.



16 Jean Eri
 Campagne, Antoine Cazes: The θ13 and δCP sensitivities of the SPL-Fréjus proje
t revisitedTable 13. Flux fun
tion in the muon rest frame [47℄.
f0(x) f1(x)

νµ 2x2(3 − 2x) 2x2(1 − 2x)
νe 12x2(1 − x) 12x2(1 − x)Table 14. Charged and neutral kaon de
ay 
hannels [49℄.

K± K0
L K0

S

µ±νµ 63.51% π−e+νe 19.35% π+π− 68.61%
π±π0 21.17% π+e−ν̄e 19.35% π0π0 31.39%
π±π+π− 5.59% π−µ+νµ 13.5%
e±νeπ

0 4.82% π+µ−ν̄µ 13.5%
µ±νµπ0 3.18% π0π0π0 21.5%
π±π0π0 1.73% π+π−π0 12.38%The probability for the muon neutrino and the ele
tronneutrino to be emitted parallel to the beam axis is [36℄:

dPµ

dEν

=
1

4π

A

L2

2

mµ

1

γµ(1 + βµ cos θ∗)

×
1 − β2

µ

(βµ cos ρ − 1)2
[

f0(x) ∓ ΠL
µ f1(x) cos θ∗

] (3)where βµ and γµ are the velo
ity and the Lorentz boost ofthe muon in the tunnel frame, θ∗ is the angle with respe
tto the beam axis of the muon in the muon rest frame,
ρ is the 
orresponding angle in the tunnel frame. As thepion 
ase, this angle appears be
ause the neutrino mustbe parallel to the beam axis. ΠL

µ is the muon longitudinalpolarization, the parameter x is de�ned as x = 2E∗
ν/mµwhere E∗

ν is the neutrino energy in the muon rest frame,and the fun
tions f0(x) and f1(x) 
oming from the matrixelement of the muon de
ays are given in table 13. The signin front of ΠL
µ in equation 3 is (−) for the µ+ de
ays and

(+) for the µ− de
ays, respe
tively.Muon polarization is 
omputed using the 
onservationof the transverse 
omponent of the velo
ity four-ve
tor
γ(1, β) between the muon rest frame (where the polar-ization is 
omputed) and the pion rest frame, where themuon heli
ity is −1, due to the parity non 
onservation.It yields [48℄:

ΠT
µ =

γπβπ

γµβµ

sin θ∗ and ΠL
µ =

√

1 − ΠT2
µ (4)where γπ, βπ, γµ, and βµ are the Lorentz boost and velo
-ity of the pion and of the muon in the tunnel frame, and

θ∗ the angle with respe
t to the beam axis of the muon inthe pion rest frame.A.3 The treatment of the kaonsContrary to pions and muons, kaons have many de
ay
hannels. They are summarized in table 14.There is a very small amount of kaons produ
ed (se
-tion 3), and this number has been arti�
ially in
reased in

order to obtain statisti
ally signi�
ant results. The mul-tipli
ity of de
ay 
hannels makes impossible the methodused for the muon 
ase (A.2). The method 
hosen for thegood 
ompromise between the gain in CPU and the statis-ti
al un
ertainty of the results, is to dupli
ate many timesea
h kaon exiting the target. The number of dupli
ationvaries between 10 and 300. It depends on the initial kaonrate and therefore on the beam energy.All the kaons daughter parti
les are tra
ked by GEANTuntil they de
ay. Three di�erent types of daughter parti-
les are identi�ed in the kaon de
ays. The �rst type 
or-responds to primary neutrinos, the se
ond type 
on
erns
harged pions and muons, and the neutral pions are leftfor the last type.In the K± → µ±νµ(ν̄µ) de
ay modes, the 
omputationof the probability for a neutrino to rea
h the dete
tor isthe same than the 2-body de
ay formula used to in thepion de
ay (equation 2), where β is now the kaon velo
ity,and α the angle of the kaon with respe
t to the beam axis.When a neutrino is produ
ed by a kaon 3-body de
ay,the probability to rea
h the dete
tor is 
omputed using apure phase spa
e formula. It yields:
dPK

dEν

=
1

4π

A

L2

1

mK − mπ − ml

×
1

γK(1 + βK cos θ∗)

1 − β2
K

(βK cos δ − 1)2
(5)where mK is the kaon mass (
harged or neutral), mπ isthe pion mass (π0 mass in K± de
ays and π± mass in

K0
L de
ays), and ml is the mass of the lepton asso
iatedwith the neutrino. The βK and γK are the velo
ity andthe Lorentz boost of the kaon, θ∗ is the angle between theneutrino dire
tion and the kaon dire
tion, in the kaon restframe. Finally, δ is the angle between the kaon dire
tionand the beam axis in the tunnel frame.When a π± is produ
ed in the kaon de
ay 
hain, it istra
ked by GEANT until it de
ays, and the probabilityof equation 2 is applied to the produ
ed neutrino. In 
aseof a muon, it is treated as explained in A.2. The muonpolarization is 
omputed this time using the kaon de
ayinformations. Finally, when a π0 is produ
ed, as it 
annot
reate neutrinos, it is simply dis
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