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Neutrino mixing

0 Weak eigenstates do not have to coincide with mass eigenstates
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Neutrino mixing matrix (Pontecorvo-Maki-Nakagawa-Sakata, PMNS matrix)

similar to CKM matrix of quark sector.
—id
C12Ci3 812€C13 §13€

5 i5
C1pCo3 = 812523813€ §23C13

i
T Cp8y3 T 81,0)3513€ Cy3C3

| _ i
Uivs =| = 812C23 = €15235)5€

i
812823 7 C12C3513€

States: ‘Va> — ZUm'

Vi> where a=e,u,7 and =123

Neutrino Horizons 215t Century 3
RAL Forum, 18 April 2008



Neutrino oscillations

O Matter oscillation results for three neutrinos: 5
(MSW effect) QW
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Neutrino oscillations

o Matter oscillation results for three neutrinos: Only one term
(MSW effect) - :
Pvevﬂ(vevﬂ)(x) =P+P+P+P / In equation
2
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Degeneracies

0 Intrinsic degeneracy: opne expt.. v and anti-v

One expt, only v [ Pr(013.5) = Py(612.9)
P4(013,5) = Pi(613,9), P_(013,8) = P_(613,9)
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Degeneracies

O Eightfold degeneracy:

- The sign of the atmospheric mass difference

Saet = sign(tan 2653 )

The octant of the atmospheric angle
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“guessed parameters”

Strategies: different experiments to resolve degeneracy problem
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Unknown parameters

© i@ 1 o Consistent picture emerging
= 2 e 1 R ' . . 2 2
Tk 5—“5’ | O Global fit provides 0.5, 8,,, Am,,2 and Am,,
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Neutrino factory concept

0 Neutrino Factories offer one of the most promising ways to
be able to observe CP violation in the neutrino sector.

0 Neutrinos produced from muon decay in storage ring. Rate
calculable by kinematics of decay (Michel spectrum)

+ +
1 —e +v, +v,

U —e +v, +v,
0 For example, if u+ accelerated to 50 GeV:
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Neutrino factory concept

o Baseline design for a Neutrino Factory from International Design Study
0 Design can fire neutrino beams to two different detectors at two different

baselines
- FFAG/synchrotron option Linac option
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Detector requirements

Detector requirements established by International Scoping Study for a
Neutrino Factory Detector Report

(RAL report: RAL-TR-2007-024 (arxiv:0712.4129v1 [physics.ins-det])
Baseline detector requirements are:
— Two detectors at 4000 km and 7500 km —
— Magnetised Iron Neutrino Detector (MIND)

of 50 kton fiducial (gold channel)

— Possible addition of Magnetised EMUISION  fosore Nevtine ot sd suver-
Cloud Chamber (MECC) of 10 kton (Silver) — Detector working Grocp,
Beyond the baseline improvements for

platinum channels (R&D needed):
— Magnetised Liquid Argon: 10-100 kton el
— Magnetised Totally Active Scintillating

Detector (TASD): 20-30 kton RALTR:2007:024
Near detectors: magnetised detector to measure flux and hadronic
background

The 1SS Detector Working Group




Magnetised Iron Neutrino Detector (MIND)

o Golden channel signature: “wrong-sign” muons in magnetised calorimeter
(Cervera et al. 2000) Magnetic Iron Neutrino Detector (MIND)

o Far detector (3000-7000 km) can Q20 m
search for “wrong-sign” muons in v beam
appearance mode (for example, —
Large Magnetic Detector)
detectorﬂ _ IB= 1T -
> _ iron (4 cm) + scintillators (1cm)
500/ 7y < o Background: charm production,
<€_ charge misidentification.
T 1 not detected
vV wron Hadron decay
50%----- e V/ — fu \,U_\ signg i
z muon CC e K ___
Qt=PuSiI‘I2 0 s
o Eliminates background V. v Ve 2o
e "u _p-
at 10 NC ) 2 N




Magnetised Iron Neutrino Detector (MIND)

“Golden” paper (Cervera et al, 2000) was optimised for a low value of
0,5, SO efficiency at low energy cut severely

Used fast simulations and detector
parameterisation ' -
MIND analysis redone (Cervera 2007) o

Eff
I

— Improved event selection, \

—  Sitill fast simulation -

—  Perfect pattern recognition b
— Reconstruction based on parameterisation. -
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—  Dipole field instead of toroidal field
—  Fully contained muons by range
—  Scraping muons by curvature
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Magnetised Iron Neutrino Detector (MIND)

[0 Backgrounds from charm, NC and charge misidentification

‘\«'HCC ?HNC Charge mid-ID
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Magnetised Iron Neutrino Detector (MIND)

[1 Signal efficiency:
Efficiency plateau between 5 and 8 GeV

Baseline: LLL > 150 cm
Ensures charge mis-ID
below 103

signal efficiency
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Magnetised Iron Neutrino Detector (MIND)

[0 Improvements: MIND analysis with full GEANT4 reconstruction
¢ Demonstrate that for Ev < 10 GeV

¢ Backgrounds are below 103

¢ The efficiency can be increased with respect to fast analysis
¢ Compute:

¢ Signal and backgrounds efficiency as a function of energy

¢ Energy resolution as a function of energy

¢ |dentify crucial parameters to be optimised to maximise
the sensitivity to the osc. parameters

¢ Optimise segmentation and B field based on the above
parameters and taking into account feasibility and cost

Neutrino Horizons 215t Century 16
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Magnetised Iron Neutrino Detector (MIND)

Event generators:
¢ Only DIS interactions as coming from LEPTO have

been generated so far

¢ Including QE and RES should have a big impact at
low neutrino energies:
®* No hadron shower:

# Easy pattern recognition
+ Better neutrino energy resolution

¢ Help in improving the threshold energy and reduce
backgrounds

o Generators: Nuance, Neut, Neugen, Genie

Neutrino Horizons 215t Century 17
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Magnetised Iron Neutrino Detector (MIND)

of 1 cm
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Magnetised Iron Neutrino Detector (MIND)

agnetic field:

¢ Even if we are able to isolate a 1 GeV/c muon, the ratio
curvature/MS is not sufficient. ~5% charge mis-ID
¢ The magnetic field strength is the crucial parameter
¢ Going from 1.25 to 1.7 Tesla average is feasible (u. Nelson, Goldeno?)

¢ >10.0mimprovement at 1 GeV/c. 103 level
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Magnetised Iron Neutrino Detector (MIND)

0o R&D: development of scintillator bars and readout system through
fibres, electronics ...

Extruded scintillator: pioneered Fermilab

~20 m

Photon counting by MPPC
Multi-Pixel-Photon-Counter
@ Charge distribution
2003/09/08 m LED light (HPK 100 pixel)
#We can distinguish up to 45 p.e. peak.

W Variation of Intervals between peaks is in 2%.

- Gains for each pixels are uniform.
2p.e I

0O Photon detectors:
APD, MPPC ...

§ I 3p.e ?: l
o Build prototype for test = | 1
beam mt;p. Increasm'{:LZED light < HUANS [+ 30p.e
o Engineering: |
Magnetic field o

il i e | L o L R ey
90 100 120 140 160 180 200 220 240 250 300 3350 400 450 500 530 600



Indian Neutrino Observatory

Indian Neutrino Observatory (INO) in advanced stage of planning
Recommended for funding
Detector size: 48 mx 16 mx 16 m
Readout: RPCs |
B=15T '¢

O O O O O

0 Physics case: atmospheric oscillations with magnetised detector,
matter effects, sign Am2,,, 6,5, CP, CPT, ultrahigh energy v and

0 Far detector at magic baseline of neutrino factory
#» CERN to INO distance = 7152 km

#» JPARC to INO distance = 6556 km

P to INO distance = 7653 km 21



CP fraction

Magnetised Iron Neutrino Detector (MIND)

o Performance of IDS-NF baseline detectors (two MIND detectors, one at
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Totally Active Scintillating Detectors (TASD)

Possible improvement: Totally Active Scintillating Detector (TASD) using
Nova and Minerva concepts Ellis, Bross
— 3333 Modules (X and Y plane)
— Each plane contains 1000 slabs
— Total: 6.7M channels

0 Momenta between 100 MeV/c to 15 GeV/c  Reduction thresholql: |
o Magnetic field considered: 0.5 T access second oscillation

5 Reconstructed position resolution ~ 4.5 mm  aximum and electron
P ' identification 23



Neutrino CC reconstructed efficiency

Efficlency

Totally Active Scintillating Detectors (TASD)

TASD - NuMu CC Events

Muon charge mis-ID rate
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Excellent o¢

Main problem: magnetisation of huge volume
Difficulty and cost!
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Totally Active Scintillating Detectors (TASD)

However, possible magnetisation can be achieved using
magnetic cavern concept (10 modules with 15m x 15 m diameter)

Bross Use Superconducting Transmission
v A Line (STL): cable has its own cryostat!
|

- S 058 T at 50 kA

Injection Malded Ultern
Cold Pipe Support Ring s

50K Trace Cooling
i Invar Tube —.
liviar Cryoplpe —. . Efruded Aluminum
b : Vacuum Jacket
NbTi / Copper Aluminized Mylar
T Supsrcenducior —. ~ Superinsulation
Braid

" Extruded Aluminum

R SOK Thermal Shield

£y

ARSI ¥ Developed for VLHC
R&D needed to develop concept!!
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Totally Active Scintillating Detectors (TASD)

O Possible use of TASD opens up possibility of running at a low energy
Bross, Ellis, Geer, Mena, Pascoli

95% CL mass hierarchy at 1480 km
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neutrino factory (4 GeV)

1

0.8

0.6

0.4

0.2

95% CL CP violation at 1480 km

P - e e = T I 1110 T T TOLNIT T T T TTTITT
Tl -:_:I.-.,l- _.I___:"—I_ _....._._..I_.r..'_q i r-_::.:.:::-l?___“_:
. .':_-'.- i T B .-"'-.-',.- al T

i ! P

/ 100 il
i III. - -\'\'-. —
B i ’ ] B S e T
H ! L9 ."-. T,
|: _I. - ._--_. _-:_-\-___-.._.l.-ﬂ
[
= P/ 1 0+ —
) ) | -.--___-.:_-:-:._,—I-I'I--'I_-_-_I-I_I.-
[/ 7 |
.'l .-‘- .-".. -

':. _Il. = _.-'. .__.-.-.-.
IIII II_ a e J .-._- —
|III |II -] 1 [::II::I — '-_.-. .\-\H-\._H_ -

a1 | 4 '\-_l. i ' ® .H'H.\_ .
'-I IllI . -.."-_ i . "

I ] - "h_:_
."||'||||| L i || L iiiii B 'NEITT .I-'I""'I'-I-r"_"-'-"";""l"ﬂ
10 3 1a 2 10 I i .:'_'| 4 1|'_:. 3 3 U =
. b
Il sin®26. .
Neutrino Horizons 215t Century 26

RAL Forum, 18 April 2008

10-1



Hybrid detectors MIND+TASD?

o Compromise between MIND and TASD concepts? Optimisation of
geometry not done

o lIron free regions: improve momentum and charge determination
MIND ~1-2m TASD MIND

=]/
IS
|'fjfjfff9ff Jf’w"ﬂ II
Gl

o Combining MIND+TASD and iron-free regions ,
2 »  air + active (1cm) Iron (2cm) + active

slectron shower

Scintillator N

naaron ijo'jief I

iron



Liquid Argon TPC

o Liquid argon detector is the ultimate detector for v, (“platinum channel”)
and v_appearance (“silver channel”). Simultaneous fit to all wrong and
right sign distributions.

o Liquid argon is a mature technology: ICARUS has constructed 2x300 t
modules and observed images

0o Main issues: inclusion of a magetic field, scalability to ~15-100 kT
o Two main R&D programmes: Europe & US

Neutrino Horizons 215t Century 78
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Liquid Argon TPC

A tentative detector layout |[ElilelEReEtEbiolfeiE [

(GLACIER) imaging, scintillation, possibly
Cerenkov light

Charge readout plane
(LEM plane)

Extraction grid

Field shaping
electrodes

Cathode (- HV) UV & Cerenkov light readout PMTs

Magnetic field problem Neutrino Horizons 21 Century 79
Field 0.1-1 T? RAL Forum, 18 April 2008



Hybrid Emulsion Detectors

o Emulsion detector for v, appearance, a la OPERA: “silver channel”
Emulsion Cloud Chamber (ECC)

Plastic base

/|

1 mm

A
Y

Y

Pb

N

Emulsion layers

O Issues: high rate, selected by choosing only “wrong sign” Tt — u events
o Assume a factor of two bigger than OPERA (~4 ki)

Neutrino Horizons 215t Century 30
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Magnetised Emulsion Cloud Chamber

target spectrometer shower absorber

T

y A

™~ Electronic det:
X e/n/u separator

\

“Time stamp”
|

stainless steel plate  emulsion film Rohacell® plate
Muon momentum resolution Muon charge misidentification
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Hybrid Emulsion Detectors

Possible design hybrid emulsion-scintillator far detector

o For 60 walls emulsion = 1.1M bricks = 4.1 kton
o Total length of detector is: ~ 150 m

Electronic detectors:

Golden and silver
channels simultaneously!

ECC emulsion analysis:

A

Sm

Y

Target  Spectrometer Vertex, decay kink e/yID, multiple
Trackers . . .
scattermg, kinematics
Pb/Em. /
Pb/Em. bri Link to muon ID,

Candidate event

i }Basic “cell” /
wpeestt Eﬂ

b Emulsion 1 mm

N F ’w“ «—

l

Brick finding, muon ID, charge and p Ap/p<20%

32



Near detector

What needs to be measured

Near detectors should be able to measure flux and energy of v, and 176
Calibration and flux control (inverse muon decay):

v,te = U +V, V,te =V, +u
High event rate: ~10° CC events/year in 50 kg detector

Measure charm in near detector to control systematics of far detector
(main background in oscillation search is wrong sign muon from charm)

Other physics: neutrino cross-sections, PDF, electroweak measurements, ...
Possible technology: fully instrumented silicon target in a magnetic detector.

Neutrino Horizons 215t Century 33
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Flux Measurement at Near Detector for NF

1 Best possibility: Inverse Muon Decay: scattering off electrons in the
near detector. Known cross-sections

V,te =V, +u v,te —=v, +u

 Rates in 1 ton Near Detector for 102" muons/yr
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- 1001
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Near Detector used to extract Pv.v,

0 Use matrix method with Near Detector data (even if spectrum not identical in
near and far detector!) to extract oscillation probability:

-1 -1
Pvevﬂ = M2 MManOSC
o Where: M,=matrix relating event rate and flux of v, at ND
M,=matrix relating event rate and flux of v, at FD
M=matrix relating measured ND v, rate and FD v, rate

M, osc=matrix relating expected v, flux from ND to FD

| Posc calculated using Matrix Method for theta13=8deg |

o Proof of principle works = T =
for Neutrino Factory near 0008 | 61 3=80 e
detector but need to extract **F|]|
3000

syst errors of method:
2500

Probability of oscillation 2000
determined by matrix method
under “simplistic” conditions.

Need to give more realism to
detector and matter effects.

1500

1000

fII] H|11 [II'I HI]] HI|1

500




Charm measurement for NF

=]

o Motivation: measure charm cross-section to j| Chemdcey
. . . i %lﬂ 3 B L“:»Tﬁcm
valldatg size of charm background in wrong-sign : | s B
muon signature 5 % Lp200cm
o Charm cross-section and branching fractions 8»“5— .
poorly known ol 3
S T % O Semiconductor vertex detector only
E | viable option in high intensity
| environment (emulsion too slow!)
Impact parameter sighature
' search ‘\-‘ - ".- v, CC
0002 . i.:::ll) % k‘l l d"ﬁ!j-l:ID’
| | Yy OO
|§|L_L. 3y um



Other measurements Near Detector

0 Near detector neutrino physics: . o F LU RN e T

Cross-section measurements: # o ﬁ;{ﬁ[ﬁi} -

DIS, QES, RES scattering H _

sin20,, - 3sin20,, ~ 0.0001 e

Parton Distribution Functions, B s _
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o from xF, - 80s~0.003 i ey e
e =g e
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Near detector

R&D programme

Vertex detector options: hybrid pixels, monolithic pixels (ie. CCD, Monolithic
Active Pixels MAPS or DEPFET) or strips. Synergy with other fields such as
Linear Collider Flavour Identification (LCFI) collaboration. Already started
testing these detectors at Glasgow.

Tracking: gas TPC (is it fast enough?), scintillation tracker (same composition
as far detector), drift chambers?, cathode strips?, liquid argon (if far detector
is LAr), ...

Simulations for full design

Collaboration with theorists to determine physics measurements to be
carried out in near detector and to minimise systematic errors in cross-
sections, etc.
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EuroNu

EuroNu: four year EU Design Study for “A High Intensity Neutrino
Oscillation Facility in Europe”

EuroNu will carry out a design study for Super-beam, Neutrino Factory,
Beta-beam, neutrino detectors and physics performance.

Detector tasks:

— Define the baseline detector options needed to deliver the physics
for each of the neutrino facilities.

— Priorities: performance and cost of ISS baseline detectors
Magnetised Iron Neutrino Detector (MIND) for the Neutrino Factory,
water Cherenkov detector for the Super-Beam and Beta Beam
facilities and near detector at each of the facilities for absolute flux
normalisation, measurement of differential cross sections and
detector backgrounds.

— Desirable other studies: extensions to the baseline options,
including Totally Active Scintillator Detector (TASD) and Emulsion
Detectors for the platinum and silver channels, beam
instrumentation and shielding requirements for the near detectqy.




O

DevDet

DevDet is a new Integrating Activity proposal across Europe to coordinate
“Detector Development Infrastructures for Particle Physics Experiments”

It is a 37.8 M€ proposal to the European Union (EU) with a requested EU
contribution of 11.0 M€. It has 87 participants from 21 different countries

It includes the luminosity-upgraded LHC (SLHC), future Linear Colliders
(ILC/CLIC), future accelerator-driven facilities and B-physics facilities (Super-B)

The proposal covers:

— Development of common software

— Development of common microelectronics tools

— Coordination office for Linear Collider

— Coordination office for Neutrino facilities

— Test beam infrastructures at CERN and DESY

— lrradiation facilities at CERN and other European countries
— Transnational access to all facilities

The Neutrino community will benefit since a coordination office for Neutrino
Facilities will coordinate R&D activities in communication with neutrino
community and coordinate neutrino test beam facilities and measurements.
Also, liaise with other communities in common software and common
microelectronics
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Test Beam Facility for Neutrino Detector R&D

[0 Request test beam in East Area at the CERN PS, with a fixed dipole
magnet for dedicated Neutrino Detector R&D

Magnetized version
B=0.5 T version

[ \ Helmholtz coils
|

Liquid Argon tests, beam telescopes for
i silicon pixel and SciFi tests, calorimetry ...

RD42, AMS
MICE-TPG
GLAST

ATLAS/BPM

CLOUD Si-TRD.
T11 (1-3.6 GeVic) LHCb-RICH
ALICE-TRD

CMS-RPC

ALICE
T10 (1-7 GeVic)

i

T9 (1-15 GeVic)

DIRAC
T8 (primary)

North
Target

LEwaal IHC rrad

” Primary 24 GeV/e p beam

OPERA
T7 (1-10 GeV/e)

Need very low intensity = 1000 /spill

South

Neutrino detector test facility:
resource for all European
neutrino detector R&D

EAST AREALAYOUT
(2006 Situation)



MIND prototypes for Test Beam

[0 Prototype MIND (“BabyMind”): A. Cervera

How big do we make test beam detector? 40m
Current default is ~2x2x4 m3
ie. ~103 of full MIND

Important to contain u < 2 GeVI Bo1 T

> \14111

v beam

14m

iron (4 cm) scintillators (1cm)

1cm transverse resolution

[0 Use of INO test stand in a beam environment:
—  Nearly the same as “BabyMind”
— Main difference: dipole vs toroidal field = .-
. Probably not an issue '
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Conclusions
O A number of European proposals are being catalysts for
neutrino detector development and R&D

—  EuroNu: approved, contract still under negotiation (final draft soon):
hope to start ~ July

— Laguna also partlg funded for investigation very large volume
detectors (water Cherenkov, liquid argon and scintillator)

—  DevDet proposal submitted, decision ~July, would not start until well
into 20009.

d With STFC funding uncertain, is it the right time to put forward
a PDR for Neutrino Factory Detector R&D?

 If we did, it could be based around the following:

1. Magnetic detector: scintillator and photon readout technology for MIND or
TASD at neutrino factory. Build protype “Baby MIND” to put in test-beam.

2. Near Detector: charm detector (strip vs pixel) and tracker (ie. scintillating
fiore) — also to put in test beam.

3. LIC]UId argon R&D activitieSNeutrino Horizons 21+ Century 43
RAL Forum, 18 April 2008



