3

A
-
0
N
c
n

<
N

Accelerator searches for
Vu = V= oscillations
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CERN and University of Sofia
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Legend

- Introduction to neutrino oscillations

- Short baseline accelerator searches
for vu - V:
— CHORUS
— NOMAD

* Future long baseline accelerator
searches



Neutrino mixing

Associate neutrino flavour with the

charged lepton flavour as seen in (Vf 4+ Ao /+ B)

charged-current interactions:

For massive neutrinos: flavour eigenstate

need not be a mass eigenstate but can be ‘ VI > — Z U /m ‘ Vm >
a coherent superposition: 0

Mixing matrix U is unitary

Mm L
The propagation of different —

mass eigenstates leads to A( Vg —> ng) — ZU Kme 2 E Uf’m
m

flavour oscillation in vacuum:

Simplification for 2 mixing cos & e‘5 sin @
flavours with mixing angle 6 U = _is -
(phase 5): —e °sin¢d cosd

Interactions are now nondiagonal with the mass eigenstates!



Neutrino oscillations

The probability that a neutrino oscillates
(changes flavour):

. . L(km)
. 2 2 2 2
P(vg —> vg,ﬁ) = sIn® 26sin {1.27&\/I (eV )E(Gev)}
With definition: OM = M22 - M12
L(km) ~
To have a large effect: d\/|2 eV2 >
(ev?) E(GeV)

1
2
Maximum at 1/4 oscillation length (—j = 1276M°



Am?  (eV?)

Two parametric oscillation plot

Cosmologically relevant
Solar v + seesaw + DM ?
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Collaboration
v/

Belgium (Brussels, Louvain-la-Neuve),
CERN, Germany (Berlin, Miinster),

Israel (Haifa), Italy (Bari, Cagliari,
Ferrara, Naples, Rome, Salerno),

Japan (Toho, Kinki, Aichi, Kobe, Nagoya,
Osaka, Utsunomiya) ,Korea (Gyeongsang),
The Netherlands (Amsterdam),

Russia (Moscow), Turkey (Adana, Ankara,
Istanbul)



CHORUS Main objective

v, appearance in the SPS WBB v, beam via oscillation

P(v,— v.) down to 1:10* for dm? ~10 eV?

v_ direct detection in 770 kg nuclear emulsion target

Tag: visible 1- and 3- prongs L%‘
decay of primary t-lepton el

interaction R
\\ k

(decay path ~1.5 mm) ey X,
W Vq Vu BR 18 % Kink

h- v, Nme 50 %

& V¢ Ve 18 %

T T Ve NT®  14%



CERN West Area Neutrino Facility

450 GeV
SPS  Beryllium earth/iron
protons target horn reflector  vacuum tunnel  shielding SHORYS NOMAD

e — --

<L> ~0.6 km; oL(rms)/L~0.2

124 m 290 m 408 m

- WBB, <E\’u> = 26.6 GeV

» ~5-10 19protons on target
+ ~840K V, CC in CHORUS

*V.CC/V, CC~3.107°

(~0.1 background event)



LN West Area
i | Neutrino Facility




SPS and WANF (v, ) neutrino beam

protons Protons on neutrino from 1994 to 1998

2.0E+19
1.8E+19
1.6E+19
1.4E+19
1.2E+19
1.0E+19
8.0E+18
6.0E+18
4.0E+18
2.0E+18
0.0E+00

number of days of operation

1 21 41 61 81 101 121 141 161

181

201

221



CHORUS S/
detector &t

= i e §
. = - 4
-

Nucl. Instr. Meth A 401 (1997) RN AL L. *F

Muon ik ; 770 kg emulsion
spectrometer : ] 4 target and
Air core 1V scintillating fibre

spectrometer and tracker
emulsion tracker




Scintillating fibre
tra Jk@rs
Nucl Instr. Meth A 412 (1998) 19

00~ 2 mrad, 0,,~150 um




External electronic
detectors:

- sign and momentum of pions §

* Hadronic and e-m shower
energy and direction

* Muon momentum and id

Event pre-selection and
post-scanning ana/yS/s

™= o ==

NI A378¢1§’

5E/E ~35 / /E(ée IQ




Neutrino data-taking collection efficiency 1994-1997

Year of exposure 1994 1995 1996 1997 All

POT / 10%° 0.81 1.20 1.38 1.67 5.06

Expected Ncc /10° 120 200 230 290 840

Chorus efficiency 0.77 088 0.94 0.94 0.90

Deadtime 0.10 0.10 0.13 0.12 0.11

Good emulsion 097 0.73 1.00 1.00 0.93

N.B. Longest/Largest emulsion exposure ever done




Event in CHORUS
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Nuclear emulsion yesterday

1947, first nuclear emulsions. Lattes et a/., Brown et al.:

Discovery of nApAe




CHORUS emulsion plate

Target = 4 stacks (1.4@1.4 m?)
1 stack = 36 plates

MIP : 30 ~ 40 grains / 100 um

1/4 plate

emulsion 350 mkm

€

& ‘
& base 90 mkm
.'.)J ..':

A4

; <
- 6Grain size ~ 0.3 mm

- Angular resolution ~ 1.5 mrad



CHORUS automatic microscopes

\

Network
data
storage




CHORUS automatic microscopes

High Perdormance

Lssing Cluster

apfics

A
v

1m



{Inside a "vertex plate"

=== Fa2
> % - a‘

(® v beam

|

=3 1y,

=

~21 iy,

View size: 120x150 um?

Focal depth: ~3 um

Red frame: ~30x40 umz



Veartex plate
6000 Impact N ——— N
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T- kink detection
(parent search)

Principle: Offline selection

m small impact parameter between
parent and daughter

m kink pointis in the vertex plate

Parent track (T) can be detected by
wider view and general angle scanning
at the vertex plate

scan-back track

Impact parameter

Plate n+1 Plate n Plate n—1 /

genédral scanning area

Vertex plate



Off-line video-image analysis

‘ CHORUS Emulsion Display ’

CHORUS Emulsion Display

Ti

N

;X'

LR




Manual scanning on special events:

Diffractive D*, production, double leptonic decay

vwWN->u DN

—DJy
Phys. Lett. B 435(1998) 458-464. AN
1 Y-Projection 1 | Z-Projection [ | X-Projection
---Yham., _."W _vhan., ® v-beam
*:"'4."

30um
mu.l.

60pm
\ﬂ;

Yix Plale
Vix Flate + 1

:
:
:
5




Status of Phase I scanning

Year of exposure 1994 1995 1996 1997 All
Good emulsion 97% 73% 100% 100% ~93%
1u to be scanned 66911 110916 129669 151105 458601
1u scanned so far 69% 47% 76% 72% 66%
luvertexlocationand kink ;95871 51809 38919 45920 126229
search
Op to be scanned 17731 27841 32548 37929 116049
Op scanned so far 60%  48%  73%* 51%*  55%*

Op vertex location

and kink search Sl

4023 (6758* 5164*

* Qu decay search not finished yet (1996-1997),
not included in current results




t Det efficiency:

CC T—U
Sﬂ:—)p . GVT ] A
- GCC Al,u

S=N, if P =1
A=detector acceptance
N'*=normalization
n=Kink finding efficiency

In the same way,
it is applied to
the Op sample

T—U
Kink

45920

1.89
0.93
0.39

0.37

1
-N*-Br(t—>u)n
1994 1995 1996 1997

N,, 19581 21809 38919
e 1.89 1.89 1.89
ra 0.93 0.93 0.93
<A.> 0.39 0.39 0.39
<A,> 0.17 0.17
<A.> 0.093 0.093
<A,> 0.026 0.026

<g,> 0.53 0.35 0.37
<g;> 0.24 0.25

<Ee> 0.12 0.13

<€u> 0.22 0.23

NueoI 11987 14769



Background

o 1psample (T Ap)
- charm production from antineutrino CC (with primary
lepton (e* or pu*) unidén’rified

(i“)+fv‘—}(“j)+ﬂ—+x s ~10-6"/ Nin
’ 3 1 + neutrals
— V. contamination of the beam _ .« ~10-7 / N

e 0p sample (T Ah)

- charm production from antineutrino CC  .2.106 / N!u

- 1-prong nudgw/erac’ripn without visible recoil or ntclear
 break-up (White kinks ~2:10-5/ N»




Curre

+ No_V_candidates found

N Vree (expecfed) = P,ur.Sl 10

S = 6003 + 17% (syst)

S
N

&

_< 2.38 /6003 =

oS}

. P,

nt Result

CHORUS current limit
siv 20, < 8 -107%
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(NIM A320 (1993) 331)
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Qutlook:

* Phase I scanning: Going to finish this year
Expected gain in sensitivity:

+ ~1.2 from 1y (short decays, statistics)
+ ~1.2 from O n (3prongs, O n 96+97)
* Phase IT scanning and analysis: years 2000-2001

- New generation of automatic systems
* Upgraded predictions
* 3prongs dedicated search

* T D e? (electron id by MS in emulsion)
- Full vertex analysis
(NETSCAN, General tracking) = charm physics:[V.,[?,cc,D+/D0O

P, < 1.0-10 -* (in absence of 7-candidates)



THE NOMAD EXPEREIMENT

+ The NOMAD experrment rs based o a finegrarmied
ELECTRONIC DETECTOR optimiized for:

o partrofe identrfication fep of bolth signs )

o Fccurate measurerment of morrenia and aenergres of partrcfes
foharged and newtral) produced in » interscifons.

= good reconstrucikion of dnematics £ evenft Fopology .

+ T he defector is = TRACKING & CALORIMET Y

devrice wikh Fhe folfowrng properiyres:

farge miass o Maxiriise neutrning interactions (2.7 fons);

fowr farget densriy 6O rranirnse rernferacinon s!

the average densifyv s .1 g/fcrm™ (2.0F gicm® for frguid fuedrogen )

o Fegh resofuiron apparatues affowrng e measuremenids.

— ‘efectronic bubbfe chamber™ wirth high sfaftrstrcs datra.

* Afffiough origmally concewved for the b, — L search,
NN OATALD 15 suriablfe for different FHY=SICS TOFPRPICS

o Iy SIPPearance search;
. appearance search (LS at farge Duoarn= )

4]

o search for rare phenormena:
Ixfon sedrch, new gauge Aoson search, Marmen anomafy efc

o sftudy of partrofe productron o orferacirons.,

— gerneraf purpose defector for neufrimoe physrcs.



THE DETECTOR

T
T mbers

Frort
Calor imeter

TRD
T=—=Tdulex Freshomer

E

Dipsles lagnet

Tlmutci T

=00 &
et Flanes Trigmer Flanes
L m=te= i BElectoomamretic Hadoonic
’ 1 Drifr Chamber= Cmlocimeter Cml=rcimeter
TRIGG ER: Aty Ty T

Drift Chambers (target and momenturm Mmeasurerment )
Fidercizl mass 2.7 tons with average densiby 0. 1= fomm™

A charmbers 3+ 5 chambeaers in THID regron

Aomentum resclurtion — % 5% (g o= 100G 0]

Transition Radiator Detector { TRID) for =% identification
D modulfes (IS radiztor Foils folfoned By strawn tubes pfane}
T refjecticn —— 107 for afectron effriciency = D0%

Lead glass Electromagnetic Calorimeter [ energy rmeasurermienk)
ol B/ E = 3.2% ./ E[Se0W ] dae 1%

Preshower (= and + detection])
Additional w refecticon —— 107 For aefectron effrciency = Q0%

FPrecise v positicon mressoremrent ol o), o) — Lo
Hadronic Calorimeter (» and K7 webo]

PMuon Chambers for .,r_t.d: identification
= o~ AT Rrp. = 5FeV S0

Front Hadronic Calorimeter (FIAL)
Frtrmz I 77 tons target.

Detaifed description rn Mucf. Instr. Adeth. A40% (1998 ) 96



r, 7 candidate (run 8rdd, event 228)

[x)

f




Dara sample r,, CC miferaciions

149495 1940 0040
19496 J09 A00
1949y 427 000
19498 328 000
Totaf 1995-95 1. 354 000

THE 2z~ SEARCH

- A FFEARAMNMCE =y = =Tty ST
tr, 55 defecfed by O inferascofsons i
- IMNID2DIRECT | T rdenfrfioafron Fhroorsfh rEs
secondarys wisibfe decay prodercofs:
= Eob, 17.8%%
— _— FE SR S § A0 KRF.

L S LTy 15.29%

T of=f R2 2

o F he srgrnaf s extracted from e fadds of fhe backegroormnd

FrsFribarfrons By rmeans of KINERMASAT IO CRITERILA
_
- A e, sSeervad wverlff ppese as = STATISTICAL EXCESS

o F owenfts e FRhe mmiforesfng Krnerma i regrore s

o backsroored frormr ordrnary o rrmrfheracirons,
o Srrrfarericarss evertd s,

= Precf s Efea s fE rey tairead

_—



Il The signal 1. CC has intermediate
properties between the two backgrounds:

W,
v e

s T o --" /
r 1
o

Raarons

Q.
Raarans
W
.—:’J

» ’H_’_,
____________ T -7
‘% 1
b=

1 _ng(
¢II:
Raaran s
1
q,II:
h. =
Far ==l I ] "] CC
1 =
P,
Lar B I L VNC

iffrculF Fo reject efficrenthy borh backesrowund sowurces with

srmipfe kinemaiic oriferia —-
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What to dofurther with accelerator beams?
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Long baseline experiments

Japan: K2K
(250 km)
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USA: NUMI

(732 km) &—

Europe: NGS
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Long base line beams compared to WANF

CERN WANF K2K FNAL NUMI  CERN NGS5

Irotons:

Energy (GeV) 450 12 120 400

Dot /cycle 2 x 10*° 6 x 10 4 x L0*? 4.8x 10"

Cyele time (s) 14.4 2 1.9 27.6

Days/year 200 x 075 250 x 0.7 300 x 0.6V 200 x 0.7

Dot/ year L5 = 10** 4.5 x 10*° 3.7 % 107 4.5 x 10%
Long-baseline v's:

< E(vucc) > — L5 GeV 16 GeV 17 GeV

v, CC/kt/10™ — 2 13-86 544

v, CC/year — = 200/22.5kt 460 — 3200/kt 2450/kt

vr appearance — Na Yes/No Yes
Status.

Running date — 1998 1999 — 2002 — 2005 .7) —




MINOS (Main Injector Meutring Oscillation Search)

Far Detector /

Fermilab

25 200 m*Active Detector Flanes
4cmwide solid scintillator strips
WLE fiber readout

31l m

(2 sections 15 m long)

MINOS detector

Magnetized Fe Plates
486 Layers x 2.54 cm Fe
5.4 kT Total Mass
lagnet coil
<B>=15T i‘ Parameter

Valne

Near detector mass

Far detector mass (2 snpermodnles)

Bieel planes (far detecior)

Mapmeiic field (far detecior)

Active detector planes

Active detector strips

Near detector distance from decay pipe
Far detector distance from decay pipe
Cosmic ray rates

Nenirino energy range (3 confignrations)
Detector energy scale calibration
Detector EM energy rescluiion

Detector hadron energy resclntion
Detector mocn energy resclution

NCCC event separation

Fleciron/r separation

Far det. v event rate (high-energy heam)
Near det. v event rate (high-energy beam)
Near-far relative rate nocertzinty

0.98 [metric) ki total, 0.1 ki fiducial
5.4 {metric) kt total, 3.3 ki fidncial
Bm wide, 2.54-cm ihick octapgons
Torcidal, 1.5 T at 2 m radins
Factrnded polysiyrene scintillator strips
4.1-cm wide, 1-cm thick, ~8 m long
200 m

730 km

270 Hz in near det., 1 Hz in far det.
1ic 25 GeV

5% absclnte, 2% near-far

23%/+'E [«5% constant term)
80%/+/E [« T% comstant term)

<12% (from corvature cr ranpe)
Fificiency =80%, correctable to 89.5%
Hadron rejection ~ 107 for & ~20%
3000 ». OC events/kt/yT (0o cecillations)
20 events/spill in target region

2%




ICANOE detector

~ Liqguid targeit:
— 1.4(1.9)kton active (total) mass
—2rexternal dimensions 11.3x11.3x18.0 m3

» Solid target: LT I THETRES MALL @
: . FROMT (BEAM EHTRMHCEY WEK
—>Magnetized calorimeter

module, 9x9x2.6 m*=
(2 meter of Fe)

—20.8 kton mass

>~ Swupermodule:

—>Joining 1 liquid + 1 solid
target, i.e. 2. 6kton

—» “Expandable’

82.5 m long

ICAROE DETECTOR
LAYOUT M THE LHGS HALL B




OPERA detector

Magaet 200 ton iron/emulsion
electronic sandwiches + muon
trackers . .

target identificator

modulc
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Lmm. H |

“m . .
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OPERA module
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Long baseline experiments’ claims

High Am#* further
improved by inclusion of
hadronic channels

vV, >V,

— [TT] LI | TTT
A \
“E i
-]
OPERA
-1 -
10 F :1()
4
-2 -
10 E :1ﬂ
YV, > Vs
0% C.L
1n'3:— Ji0
F 1 5 0ol = l 5 ]
10 10 10 sinZ 20
4 years

Am? (eV?)

=
L=}

V= Ve
™ Ay ! AR
. Exposure. e OPERA i,
F 20 kton x year == '
.1-
.z'_
.3-
3 Yy €V,
: 907 C.L
-‘- ..I4. | 5 EETH | 7
10 10 10 10 10 sin? 20

(MINOS high energy beam (PH2high) configuration, NUMI-L228 & TDR)

(OPERA, CERN/SPSC 99-20)
(ICANOE, tau appearance, electron channel only, optimized for low Am?Z)



Conclusion

¢ Current short baseline accelerator searches for
v,— v, oscillations have almost done their job;

¢ No oscillations seen (so far) for large 6m? and
small mixing angles;

¢ Atmospheric neutrino data suggest, on the
opposite, small mass difference and large mixing
angle;

& Several long baseline accelerator experiments are
on the start scratch to clarify the issue...
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