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A detector scheme is proposed for studying the vI' --+ V r transition over 

medium and short baselines in appearance mode. A distributed target is 

formed by layers of low-Z material, emulsion-plastic-emulsion sheets, and air 

gaps in which T decays are detected. Target modules are alternated by drift 

chambers that provide electronic tracking. The tracks of charged secondaries, 

including electrons, are momentum-analyzed by curvature in magnetic field 

using hits in successive thin layers of emulsion. The electronic and three

prong decays of the T will be efficiently detected in addition to the muonic 

and semihadronic one-prong mod~s. At a medium-baseline location on mount 

Jura in the existing neutrino beam of CERN-SPS, the detector will show good 

sensitivity to a vJJ --+ Vr transition driven by a mass difference of L:i.m2 1rv 

eV2 
. 
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1 Introduction 

Transitions between the neutrinos of different flavors arevigorollsly pursued 

using the solar, atmospheric, reactor, and accelerator neutrinos. An accel

erator experiment using neutrinos from 7r+ and JL+ decays at rest over an 

effective baseline of L/E rv 1 rn/MeY, LSND at Los Alamos [1], has reported 

a positive signal in the channel vI-' ~ lie with a probability of rv 3 X 10-3. 

The upper limits of other accelerator and reactor experiments (2, 3] suggest 

that the fi# ~ fie oscillation is driven by a mass difference squared, ~m2, be

tween some 0.3 and 2.3 ey2 . As the observed deficit of muon neutrinos from 

the atmosphere is claimed to be driven by a much smaller mass difference of 

some 10-3 ey2 [4], this may qualify as a bigger ~m2 of the two required by 

a general scheme of transitions among three Dirac neutrinos. 

Qualitatively, there are sound reasons to believe that the transition 

driven by the bigger ~m2 must primarily manifest itself in the 11# -+ liT 

channel. First, one may expect that the mass hierarchy of neutrinos follows 

that of corresponding charged leptons, so that liT should be the most massive. 

On the other hand, the analogy with the known pattern of quark mixings 

suggests that mixings between the neighboring neutrino flavors (i.e., l/e-lII.£ 

and lIl-'-lIT) should be the strongest, while that for lie-liT may be substantially 

weaker. 

Thereby, one is encouraged to search for the lip. .-;.. liT transition in the 

flm 2 region of 0.3-2.3 ey2, where the existing restrictions on its probability 
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are not compelling [5, 6]. This "high-frequency" vI' -+ Vr transition can be 

best investigated over an effective baseline of L/E '" 1 km/GeV (to probe 

the Llm2 values around 1 eV2) in a vI' beam with mean energy well above the 

threshold for r production (to detect the V r in the appearance mode). Both 

conditions are ideally met by using the existing wide-band vp beam of the 

GERN-SPS accelerator (Ev ) = 27 GeV by flux) for irradiating a detector 

deployed in a "medium-baseline" location of Mount Jura at some 17 km from 

the vl' source [7). 

In this paper, we propose a conceptual scheme of a detector aimed at 

probing this "high-frequency" vIA -+ VT tra.nsition over the medium and short 

baselines, that employs the technique of nuclear emulsion [6, 8]. Like the 

planned experiment OPERA [9], we rely on the principle of EGG: laYers of 

thin emulsion are only used as a tracker for events occurring in passive ma

terial. But unlike OPERA, we aim at constructing a distributed target with 

low density and large radiation length [10], so that eithermuoDS, hadrons, 

and electrons can be momentum-analyzed by curvature inside the target it

self. Accordingly, the target largely consists of low-Z material like carbon 

in a form of carbon-fiber composite. Apart from narrow gaps instrumented 

with drift chambers that provide an electronic "blueprint" of the event, the 

target is built as a compact homogeneolls volume in ambient magnetic field. 

Owing to relatively weak multiple scattering in low-Z material, the successive 

layers of thin emulsion may act as an "emulsion spectrometer" in analyzing 

the momenta of charged secondaries and conversion electrons. In untangling 

the topologies of neutrino events, the detector will operate very much like a 

bubble chamber. 

The detector 

The detector is primarily designed for the Jura site [7] in the existing vI' beam 

ofCERN-SPS [8, 10], that provides an effective baseline of L/E '" 1 km/GeV 
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for the vlJ -t V, transition. A very similar apparatus can also be deployed on 

the "near" site (at 1850 m from the proton target) in the proposed vlJ beam 

pointing from CERN to Gran Sasso [11], where L/E S 0.1 km/GeV. Yet 

another possibility is a new short-baseline experiment in the existing beam 

of CERN-SPS, see [12]. 

The ECC-like fine structure of the detector is depicted in Fig. 1. The 

6-mm-thick basic element comprises a I-mm-thick plate of passive material 

(960 J.lm of carbon plus 40 J.lm of copper), an emulsion-plastic-emulsion sheet 

(50 + 100 + 50 J.lm), and an air gap in which r decays are selected (4800 

J.lm). The successive elements form a stack with a mean density of p = 0.49 

g/cm3 and with an effective radiation length of Xo = 52.6 em. (These values 

of p and Xoare very similar to those of bubble chambers with neon-hydrogen 

filling.) Note that the element does not feature the second emulsion-plastic

emulsion sheet (ES) downstream of the gap: the idea is to detect the kink 

using track segments in the ES's of two successive elements. As soon as the 

fitted position of the kink lies within the passive plate of the next element, 

the candidate event must be dropped. 

By adding a thin layer of copper downstream of carbon, we slightly 

compromise the radiation length but effectively increase the fraction of r's 

that decay in the air gap rather than in passive material. That the proportion 

of copper events is increased by the geometric effect is illustrated by Fig. 2. 

Of all r's produced in the passive plate, some 51% are seen to have decayed 

in the downstream gap. 

On the technical side, a 40-J.lm-thick copper foil can be glued to the 960

J.lm-thick plate of carbon-fiber composite. Carbon composite can be molded 

in brush-like form, with rigid 5-mm "bristles" on one side supporting the ES 

of the upstream element and creating the necessary drift distance. (This is 

only possible because we have just one ES per element.) The positions of 

the thin bristles will be tabulated, and secondary vertices that match these 

positions will be dropped. Thus, all we have in the gap is plain air, so that the 
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three-prong decays of the T are no longer overshadowed by pion reinteractions 

in the honeycomb [9]. 

The target as a whole, as shC?wn in Fig. 3 for a medium-baseline option, 

has a transverse area of 250 x 250 cm2 and consists of 900 elements grouped 

in 30 modules of 0.34Xo thickness. The gap between adjacent modules is 4 

em, and is instrumented by a multisampling drift chamber with an area of 

300 x 300 cm2. On total, the target contains 14.3 tons of passive material 

and 2.1 tons of standard emulsion (or a lesser amount of diluted emulsion [9], 

that may be warranted by a relatively low occupancy at a medium-baseline 

location). The 6.6-m-Iong target can be deployed inside the existing magnet 

of the NOMAD detector [IO}, that has a magnetic volume of 3.5 x 3.5 x 7.5 

m3 and delivers a field of up to 0.7 Tesla. For the short-baseline location, the 

transverse area of the module is decreased to 180 x 180 cm2, thus reducing 

the total amounts of passive material and of emulsion to -7.4 and 1.1 tons, 

respectively. 

The scheme also features an electromagnetic calorimeter (EMCal) of 

fine-grained lead glass, that has circular shape with 3,5-m -diameter. This is 

aimed at identifying electrons from the downstream modules and at detecting 

those photons that failed to convert in the target. The 4.5-m gap between 

the target and the EMCal is also instrumented by drift chambers. _The design 

of the muon system is not discussed in this paper. 

Event reconstruction 

The mean energy of ZIT-induced CC collisions is over 50 GeV, and therefore the 

bulk of T events will feature several energetic charged particles of either sign. 

Using the drift-chamber image of the event, we will be able to reconstruct and 

momentum-analyze their tracks and, at the very least, find the 3D-layer-thick 

module in which the collision occurred. 
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In a medium-baseline experiment, the occupancy of ESs will be rela

tively low, so that we can scan back along a fitted track, starting from the 

downstream ES of this module. As soon as the layer of origin is reached, a 

few successive ESs of the nearby elements must be fully scanned over rela

tively small areas towards finding the stubs of all other tracks associated with 

the primary vertex. To refine the alignment of the ESs, a sufficient number 

of long tracks of energetic muons must be fully reconstructed in emulsion. 

This first stage of emulsion scanning will yield a relatively small number of 

events featuring decay signatures (either a kink or a trident in the air gap just 

downstream of primary vertex). For the candidate events only, the second 

stage will be to scan down all tracks from the primary vertex and to find and 

measure the conversions of secondary photons in the target. 

As soon as a track is found in ESs, the estimate of its momentum can 

be refined using hits in emulsion (this primarily applies to electrons). That 

the successive ESs may act as an "emulsion spectrometer" is due to relatively 

weak multiple scattering in carbon. As in a bubble chamber, an electron is 

identified by change of curvature and by emission of brems. 

For the short-baseline option, a much higher occupancy of ESs may 

dictate a general scan of the relatively small amount of emulsion (1.1 tons). 

This may be allowed by the rapidly evolving technique of automatic scanning 

[13, 9J. Then, track stubs in the ESs can be put together using the drift

chamber "blueprint" of the event. The general scan of all emulsion can be 

avoided, if the system of drift·chambers is augmented by large planes of silicon 

detectors [14]. A silicon plane (that provides a single XY measurement) after 

every two or three modules may be enough, as scanback can be done along a 

stiff track that has already been reconstructed on electronic level. 

Detector responses to various decays of the T are investigated through 

a GEANT-based simulation, as described below. We also estimate the null

limit sensitivity of the proposed experiment to the vp. -+ V r transition. 
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Simulation procedure and assumptions 

For the T'S emitted in either the deep-inelastic and quasielastic YrN collisions, 

we generate the two leptonic decays and three semileptonic (quasi-)two-body 

decays: T- -t 1r-Y, T- -t 1r-1r°Y that is mediated by the resonance p- -t 

7r-1r0 , and T- -t 1T-1r+7r-V that is mediated by the resonance al -+ 1r-1T+1r-. 

Polarization of the T, that affects the angular distribution of decay products 

in the T frame, is accounted for. The lineshapes of intermediate resonances 

are generated in Gaussian forms. 

Thus generated T events are then propagated through the detector using 

GEANT. In fitting a track, we assume that each tracker traversed (either a 

ES or a drift chamber) provides two spatial points, that are then smeared by 

spatial resolutions (2 and 150 p.m, respectively). Then, particle momentum 

is obtained by fitting the "smeared" trajectory in uniform magnetic field of 

0.7 Tesla. Likewise, the EMCal resolutions in the position of the hit and in 

deposited energy are approximated as 8x = 8y = 2 mm and 8E (GeV) = 

O.OSVE + 0.02E, respectively. 

For the T decay to be detectable on apparatus level, we assume that 

the following minimum conditions must be satisfied: 

• the T must have decayed in the drift gap; 

• all charged daughters of the T must be momentum-analyzed by curvature 

and reliably sign-selected; 

• for a one-prong decay to a charged daughter d (either a muon, electron, 

or pion) 1 the kink angle must be suffiently large: (Jrd > 20 mrad; 

• for all decays.including T- -+ 1r-1l'+1r- v, the momentum of either charged 

daughter must exceed 1 HeV, and its emission angle must lie within 400 

mrad of beam direction; 

• the track of any charged daughter of the T must fire at least one drift 
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chamber. 

These" minimum selections" are implicitly included in all distributions for r 

events in the detector, as illustrated below. The adopted condition of normal

ization is that, for a given decay channel of the.7, unity corresponds to the 

total number of primary vertices in passive material prior to any selections. 

Detecting the leptonic decays of the T 

Of the r's decaying through either of the two leptonic channels, r- --t /l--viJ 

and r- --t e-vv, some 43% survive the aforementioned minimum selections. 

As electrons often generate showers in thick emulsion, in experiments like 

E531 [6] and CHORUS [8] the electronic decays of the r are detected much 

less efficiently than the muonic ones. One of the major goals of the proposed 

experiment is to detect the decay r- --t e-vv almost as efficiently as r- --t 

/l--vv. 

In fitting the e- track in magnetic field, one must take into account the 

variation of curvature due to energy loss in successive layers of the target. 

Actually fitted is the restricted segment of the e- track over which the actual 

loss of energy does not exceed 20% (so that the e- energy at endpoint always 

exceeds 800 MeV). This segment is required to include no less than 5 trackers 

(either ES's or drift chambers). For thus selected segments of the e- tracks, 

the length in z isplot~ed in Fig. 4. 

We compute an "ideal trajectory" for a given value of electron mo

mentum Pe, to which the observed trajectory is then fitted, using GEANT. 

In doing so, we switch off multiple scattering and radiation losses, but in

stead reduce the momentum "by hand" in each layer of the target by the 

same amount fJ.p that is treated as an empirical parameter. The value of fJ.p 

is selected so as to obtain (i) an unbiased estimate of electron momentum 

((Pr:-ea.s/p~rue) ("V 1) and (ii) a reasonable value of X2 . Due to multiple scatter
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ing, the fit is but marginally sensitive to increasing the spatial error in the 

ES from 2 up to 10 /-Lm. 

Dropping the poorly fitted electrons with x:/N DF > 3, we then plot 

the ratio between the fitted and true momenta, rJ:ea13 /p~rue, in Fig. 5. The 

same ratio is then separately plotted for two regions of electron momentum: 

Pe < 5 GeV and Pe > 5 GeV. Of the r- -+ e-vv decays of ~l r's produced 

in passive plates, nearly 38% are seen to be "good" events that survive the 

minimum selections (see above) and feature an electron that can be reliably 

detected and sign-selected (that is, 8Pe/Pe < 0.35). On average, the e

momentum is measured to a precision of some 13%. 

We may conclude that the proposed detector will indeed select the elec

tronic decays of the r almost as efficiently as the muonic ones. A comparison 

between the two leptonic modes will provide an important handle on the 

self-consistency of an observed VJ.' -+ V T signal. 

Reconstructing the (quasi-)two-body decays of the T 

An experiment aimed at the VJ.' -t liT transition should be capable of con

vincingly interpreting and demonstrating even a relatively small r signal. 

For this, an appreciable fraction of the signal must be unambiguously recon

structed as r decays rather than the decays of anticharm. Such distinctive 

signatures can only be provided by the (quasi-)two-body semileptonic decays 

of the r: r- -+ 1r-V, r- -+ p-v, and r- -+ alII. 

In a (quasi-)two-.body decay r- -+ h-lI, "transverse.mass" is defined 

as MT = Jmt +~ + 'Pr, where mh and Pr are the h-· mass and transverse 

momentum with respect to .". direction. The two-body kinematics dictate 

that the· MT distribution should reveal a very distinctive peak just below 

MTax = m." see Fig. 6. This" Jacobian cusp", that may provide a character

istic signature of the r, rapidly degrades with increasing Ap/p for the decay 
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products. Needless to say, analyzing the r- ~ 1T-1TOV decays also requires 

good reconstruction of 1TO ~. 77 decays in the detector. The MT technique 

for identifying massive parents by two-body decays in emulsion was proven 

by observing the relatively rare decays D;(1968) ~ J.L+v against a heavy 

background from other decays of charm [15]. 

The momentum resolution for the 1T- from the decay r- ~ 1T- V, as 

illustrated in Fig. 7, on average amounts to some 7%. The smeared and 

unsmeared values of MT for the decays r- ~ 1T-V and r- ~ 1T-1T+1T-V, 

that involve only charged pions, are plotted in Fig. 6. The Jacobian cusps 

of the original MT distributions for these decay channels are not destroyed 

by apparatus smearings of the proposed detector. The minimum selections 

are seen to accept some 40% of all r- ~ 1T-l/ decays and 27% of all r- ~ 

1T-1T+1T-V decays. 

In order to select the decays r- ~ 1T-1TOV, one has to reconstruct 

the 1TO from photon conversions that may occur either in the target or in 

the EMCal. In estimating the energy of a photon that has converted in 

the target, we count only those conversion electrons that have fired at least 

one drift chamber (these are then momentum-analyzed by curvature). The 

measured invariant mass of two detected photons, as plotted in Fig. 8, shows 

a distinct 1TO signal. Selecting the 1TO in a mass interval of 115-155 MeV, 

we then plot the measured value of MT for the decay r- ~ 1T-1TOV, see Fig. 

6. Again, the Jacobian cusp of the original MT distribution persists in the 

smeared distribution. Of the r- ~ 1T-1TOV decays of all r's produced in 

passive material, some 10% are seen to survive the minimum selections for 

the 1T- and the above selections for the 1TO• 

Sensitivity to neutrino oscillations 

In the proposed experiment, the T'S will he detected through essentially all 

decay modes, including the two leptonic channels and either the one-prong 
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and thre~-prongsemihadronic channels. For those r decay channels that have 

actually been simulated in the detector, the estimated fractions of all decays 

that survive the minimum selections, or detection efficiencies, are listed in 

Table 1. (Note that here we do not require the '/To from r- --t '/T-1fOy to be 

reconstructed.) 

Towards removing the background from the decays of strange particles, 

the one-prong decays of the r must be further selected in PT of the charged 

daughter with respect to r direction: PT > 250 MeV. The. resulting accep

tances are also quoted in Table 1 for the modes r- --t /rYfi,e-Yfi, 1f-Y, 

1f-1fOy, and 1f-1f+1f-Y. For these decay channels of the r, the acceptance

weighted branching fractions add up to some 0.28. Roughly accounting for 

the other one-prong and three"'prong channels, we estimate that nearly 32% 

of all produced r's will be accepted. 

Decay channel Branching 

fraction 

Detection 

efficiency 

Acceptance 

with PT > 250 MeV 

for one-prongs 

Acceptance 

times 

branching 

r- --t p.-Yfi 0.174 0043 DAD 0.070 

r- -} e-yfi 0.178 0.38 0.36 0.064 

r- -} 1f-Y 0.113 0040 0.40 0.045 

r- --t 7f-1fOy 0.252 0.38 0.30 0.076 

r- -+ 1f-1f+1f-v 0.094 0.27 0.27 0.025 

Table 1: The branching fractions, detection efficiencies, and acceptances (the latter inc1ud~g 

PT > 250 MeV for the one-prong modes) for those decay channels of the T that have been 

simulated in the detector. 

In a short-baseline experiment that will collect millions of neutrino 

events, an important source of background to the T signal is anticharm pro

duction in those antineutrino-induced CC events in which the primary J1+ has 

been misidentified in the detector. That the T, unlike anticharm, is emitted 

back-to-back with primary hadrons in the transverse plane allows to sup
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press the anticharm background by additional kinematic cuts (see, e.g.) the 

proposals [12, 16]). For our crude estimate of the null-limit sensitivity for 

the short-baseline option, these additional selections are assumed to accept 

some 50% of the r signal, while suppressing the anticharm background to a 

negligible level. 

At the medium-baseline location on mount Jura, the rate of lI~-induced 

CC collisions has been estimated in [17] as 843 events per ton of target 

per 1019 protons delivered by CERN-SPS. Assuming 1020 delivered protons 

which corresponds to 3-4 years of operation, the proposed detector will col

lect nearly 1.2 x 105 CC events. Even if the probability of the 11# ~ Vr 

transition is as small as 0.3% [1], we will detect some 58 r events with a neg

ligibly small background from the decays of strange and anticharm particles. 

Alternatively, a zero signal will translate into the 90% exclusion plot of Fig. 

9. Also shown is the null-limit exclusion plot for the proposed short-baseline 

experiment in the NGS beam (11]. 

Also note that the proposed detector will very efficiently identify, momenturn

analyze, and sign-select the primary electrons from CC collisions of the elec

tron neutrinos and antineutrinos. The energy of incident lie (ve ) will be esti

mated to better than 10%. If at the Jura site the transition 11# ~ lie indeed 

occurs with a probability of some 0.003 as in LSND [1], in an exposure of 

1020 protons on target we will detect and reconstruct some 290 lieN ~ e-X 

events due to oscillated neutrinos against a background of nearly 540 CC 

events due to the original lie component of the beam [17]. As the original 

lie component of the beam is substantially harder than the lI~ component, a 

111' ~ lie signal will effectively reduce the mean energy of lieN --+ e-X events. 

By comparing the observed value of (EVe) with the prediction for the original 

lie component, one may probe the mass difference that drives the II", -+ lie 

oscillation. 
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Summary 

A conceptual detector scheme is proposed for studying the 'V/.4 -T 'Vr tran

sition over the medium and short baselines. A distributed target is formed 

by layers of low-Z material, emulsion-plastic-emulsion sheets, and air gaps 

in which T decays are detected. Target modules with mean density of 0.49 

g/cm3 and radiation length of 52.6 em, that are similar to those of a bubble 

chamber with neon-hydrogen filling, are alternated by drift chambers that 

provide electronic tracking of neutrino events. The tracks of charged secon

daries, including electrons, are momentum-analyzed by curvature in magnetic 

field using hits in successive thin layers of emulsion arid in drift chambers. 

Electrons are identified by change of curvature and by emission of brems. 

Those photons that failed to convert in the target are detected by an electro

magnetic calorimeter based on Cherenkov lead glass, that also helps identify 

the electrons from a few downstream modules of the target. Apart from the 

muonic and semihadronic one-prong modes, the electronic and three-prong 

decays of the T will be efficiently detected. At a medium-baseline location on 

mount Jura in the existing neutrino beam of CERN-SPS, the detector will 

be sensitive to either the 'V/.4 -T'Vr and 'V/.4 -T 'Ve transitions driven by a mass 

difference of .6..m2 1 eV2 
f"V . 

This work was supported in part by the CRDF foundation (grant RP2

127) and by the Russian Foundation for Fundamental Research (grant 98-02

17108). 
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Figure 1. Schematic of the fine structure of the target, showing the carbon-copper plates 

(960 + 40 p.m), emulsion-plastic-emulsion sheets (50 + 100 + 50 p.m), and air gaps in which 

T decays are selected (4800 p.m). 
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Figure 2. The z-distribution of primary vertices through the carbon-copper plate for all 

events (a) and for those events in which the T has decayed in the drift gap (b). Of all T'S 

produced in passive material) some 51% have decayed in the downstream gap. 



15
 

--.,-..,.......-------~
 

Figure 3. The scheme of the detector for a medium-baseline location, showing the target 

modules, the drift chambers, and the electromagnetic calorimeter. On total, the target 

comprises 14.3 tOIlS of passive material (carbon and copper) and 2.1 tons of (standard) 

emulsion. The magnet is Dot shown. Overlaid is a typical r- ~ 1r-7r0 /l event in which the 

primary hadrons have been suppressed for clarity. 
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Figure 4. Length in z of the track segment used for analyzing the e- momentum by curvature. 
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R =pr;e8S/pt.;>e, for all values of Pe (a), for Pe < 5 GeV (b), and for Pe > 5 GeV (c). 
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Figure 7. The ratio between the measured and true momenta, R =pr:eas/p~rue, for the 1r

from the decay r- -+ 1r-V. 
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Figure 8. For the decay r- -t 1f-1fOIl followed by 1\"0 -7 'Y'Y, the measured invariant mass 

of the two photons that have been detected either in the target or in the electromagnetic 

calorimeter. 
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Figure 9. The null-limit exclusion plots (at 90% C.L.) for the medium-baseline experiment 

on Jura and for the short-baseline experiment on the near site of the NGS beam, assuming 

1020 protons on target delivered by CERN-SPS. 
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