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Lecture 3: the future?

4. Future neutrino beams
4.1 Remaining questions in neutrino oscillation physics
4.2 Conventional accelerator-based Super-Beam
experiments: CERN-Gran Sasso, T2HK, LBNE, LBNO
4.3 Beta-beams: neutrinos from the decay of
radioactive isotopes
4.4 nuSTORM: neutrinos from a muon storage ring
4.5 Neutrino Factory, the ultimate neutrino facility
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4.1 Remaining question in neutrino
oscillation physics
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What have we learned so far?
1 More than 50 years of neutrino experiments have
established a “standard model” for neutrinos

— Neutrino oscillations have been established

— Neutrinos have mass: so far only measured the Am;?

— We have established neutrino mixing and the parameters
of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

-id
c, S, 0}(1 O 0 ¢, 0 sze

U=|-s, ¢, O[]0 ¢y s5| O 1 0

id

where ¢ =cos0,, and S, = sin 0,
— We would like to achieve similar level of precision to the
quark sector (CKM matrix) on the mixing parameters
— We also want to determine CP violation and the phase 6
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a Consistent picture emerging
2 Global fit provides:

a Unknown quantities: .|

What have we learned so far?
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Neutrino oscillations in vacuum

o Oscillations of three neutrino families, if: ‘Amfz‘ << ‘Amzz3

2 2
Amm‘ ~ ‘Amm‘

, [ Am? Nucl. Phys. B579 (2000), 17
. H(Vem)(x) = 553 sin’ 20,, sin’ [ - x]
S. =Sinég.
Am with ;
2 .2 - 2
Pvev,(v‘ev‘,)(x) = ¢, 8In" 20, ; sin [T;x] c; = COs HU

Am;
4 . 2 e 2 13
B, v w5 (X)=c;3sIn"20,;sIn [ X

o Oscillations, if ‘Amfz‘ not negligible:

4E 4E

. - L[Am? . - o[Am?
P, w5 (X) = Sy 8in° 20, sin’ [ 4E13 x| +¢Z, sin® 26,, sin? [mx +
~ AmZ, 1(AmZ, \ . [Am? ] where =isfor v,v
+Jcos|x0 - X ( x)sm 2 Y| J =038in20,,8in20,; sin 26,

(Jarlskog coefficient for CP violation)
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Oscillations in matter (MSW effect)

o Matter oscillations for two neutrinos (MSW effect):

In vacuum:
2 Am2 X
P (x)= Kvu v, (x)> = sin®26,, sin’ [lzx] =sin®26,, sin* | T —
o 4E "
In matter: A2
2
E,, (x)= ‘<VM v, (x)> =sin®20,, sin’ :Zizx] = sin®20,, sin’ | w—
M

Due to CC interactions of v, with electrons in matter: A = ZE\/EGF’%

Am. sin20,,
Am/ cos20,, - A

A new effective mixing angle in matter arises: tan20,, =

with new effective mass eigenstates:

1
= 5((1%12 +m; + A) ¥ \/(Amf2 c0s20,, - A)2 + Am, sin’ 2612)

2 .. .
At resonance A =Amy,cos20,, mixing can be maximal: 0, =mnl4
Amy, L,

\/(Amfz c0s20,, - A) +Amssin26,,  SN20:

Oscillation length: L, =L,
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Oscillations in matter (MSW effect)

o Matter oscillation results for three neutrinos:

P

vevu(\Te\TM)

, Am% | . | B.
P, = s,sin”20,,| —=- [sin®*| —*x
2EB. 2
Am; A
P, =c;,sin’ 20 2 Isin* | —x
2 23 12( A 4E -
. Am; | Am}, Am] A
P, = Jcosdcos s | 22 20 g | 2
4E " | A 2EB_) |4E
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AE "\ A 2EB_| |AE

i _L 2 — 2 4 .2
with B_ =5 (Am130052013+A) + Am;sin” 20,; =

(x)=P+P,+P,+P,

(MSW effect)
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Independent of CP phase 6
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4.2 Conventional accelerator-based
Super Beam experiments
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Super beams

2 Super beams are defined as conventional neutrino
beams but with target powers that exceed 1 MW

a The EUROnNu project studied and compared the
performance of three types of future neutrino facilities

— A Super Beam from CERN to a water Cherenkov detector
established in the Frejus tunnel in France

— A Beta Beam facility at CERN, also pointing to Frejus
— A Neutrino Factory facility

2 The EUROnNu project studied the CERN to Frejus

facility  phys.Rev. STAB 16, 021002 (2013)
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CERN-Frejus Super Beam

1 Based on CERN Superconducting
Proton Linac (SPL) design: 4-5 GeV
protons, with 4 MW power

a Split power into four 1 MW Ti pebble

bed target stations with 4 horns
Phys.Rev. STAB 16, 021002 (2013)

SPL (4-5 GeV, 4 MW) Accumulator
r . ng

proton driver

Magnetic

horn capture p (50 Hz )

hadrons

decay tunnel

~300 MeV v, beam to far detector
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MEMPHYS

o The detector proposed in Frejus is a Megaton Mass Physics
(MEMPHYS) water Cherenkov detector: two modules 103 m
depth, 65 m diameter — 572 kton

o 120,000 12" PMTs per module ™
a Coverage of d¢p:

Super-Beam
100
90 f 5% slg 5% bkg
- 10% sig 10% bkg
80L 15% sig 15% bkg

70E
60

50F

a0f
30F

Fraction of &, coverage (%)

20F
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Hyper—l§a_miokande

Total Volume 0.99 Megaton
Inner Volume  0.74 Mton
Fiducial Volume 0.56 Mton (0.056 Mton x |10 compartments)
Outer Volume 0.2 Megaton
Photo-sensors 99,000 20”® PMTs for Inner Det.

(20% photo-coverage)

25 000 8”<D PMTs for Outer Det.

\

1>
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Hyper-Kamiokande

o Tokai to Hyper-Kamiokande: 295 km baseline at 2.5° off-axis
— Measurev, —v, oscillations:

Signal Wrong-sign
vu—ve CC)| appearance

(0.75kW x 7yrs)
600: 400¢ —
3 Total V_mode :
3, /
% 400;— BG all
3 F
L% 200; BG fromv,

® 1 2
E,"¢ (GeV) E,"C (GeV) ;
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Hyper-Kamiokande

o Tokai to Hyper-Kamiokande: 295 km baseline at 2.5° off-axis
— Measurev, —v, oscillations: ¥ HIOGo

2
|

Normal hierarchv (known), sin?26., = 1.0, 7Z.5MW vear V s=<1)
2 X g ; 7 = 5=12xn
S=n

1o

20
‘ > 30
% :True points

ormal Hierarchy

0.1 0.15
$in220,, Reactor 613 exps.(10)

5=—12n

Events/50MeV
N F =
=

o
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o
o
)
o
FeN
3

w
-

0 precision (1O error size)
< 20° at =90°
< 10° at 5=0°
— CPV discovery >30 (50) in 74% (55%) of 6
— Mass hierarchy and 0,,; octant with >3c
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LBNE

2 Long Baseline Neutrino Experiment (LBNE):
Fermilab-Sanford Lab, SD (formerly Homestake or DUSEL)
— CDO approval Jan 2010 — 1300 km

I_H APPROXIMATE é.ogvﬁ.g:\

e JESESS————
(LBNE TARGET HALL)
Iusns ABSORBER I
M0 o nE
t ] 24
27
N ey
ELEV. AT TARGET
C579:
656.17" [200.0M] ALONG BEAM LINE
PROFILE
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LBNE

o Long Baseline Neutrino Experiment (LBNE):

— Wide band beam: multiple oscillation | = o
maxima v, appearance e
— Far detect: 34 kton Liquid Argon TPC | £ [\ s
— Fine grained near detector 2}< ,l 7
>3000E i \ g0.03
o\ /1 o

= .

’ 1 Ev(csevf‘gl

Loading dock Septum with LAr purification system
Truss cover, readout racks

Upper level veto  HVAC
not shown

Module 1 : Module 2
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LBNE

1 Long Baseline Neutrino Experiment (LBNE):
— For cost reasons, needs to be staged: 10 kton Liquid Argon

— Measure v, —v, oscillations: goal is mass hierarchy and CP

Signal Events Background Events
10 kt: Ve v, NC | v, CC | v Beam | v, CC | Total
Neutrino Normal Hierarchy 222 19 24 42 14 99
Neutrino Inverted Hierarchy 98 19 23 44 15 100
Anti-neutrino Normal Hierarchy 54 11 11 23 ¢ 54
Anti-neutrino Inverted Hierarchy 80 11 11 23 9 54
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LBNE

1 Long Baseline Neutrino Experiment (LBNE):

— For cost reasons, needs to be staged: 10 kton Liquid Argon
— Measure v, —v, oscillations: goal is mass hierarchy and CP

Normal Hierarchy Inverted Hierarchy
I I I I I I
10 + Beam, Signal/BG Error _ 10 FLENE10 -
CDR, 5%/10% —

5%/10% ==-- LENE1O4+TZ2K4+NOVA

™

o="Ay

S N = O @

-1 -0.5 0 0.5 1 -1 -=0.5 0 0.5
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LBNE

1 Long Baseline Neutrino Experiment (LBNE):

— For cost reasons, needs to be staged: 10 kton Liquid Argon
— Measure v, —v, oscillations: goal is mass hierarchy and CP

5 T T T 7 14 . . .
HENETO NOVA/T2K 700 kKW, 100 ktyrs mm—
a b 12 [+ 1100 kW, 200 kt.yrs I
10 | +2300 kW, 200 ktyrs I |
o 3
L%‘ Eg 8
5 2t "6
4
1 r ,.
2
0" ' ; 0
-1 =0.5 0 0.5 1
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LBNO in Europe

o Similar to LBNE, with 20-100 kton Liquid
Argon and Magnetised Iron Neutrino
Detector (MIND) for muon catcher

/
Helslokl g Reteragurg

a CERN-Pyhasalmi (Finland): 2300 km oz o
2 Near detector: high pressure gas LAr TPC® /27000~ “M

2100 km from RAL, 1500 km from
DESY, and 1160 km from Protvino.

NOMAD
Al Coil ECAL

Argon gas
pressure
vessel

= I S

CECCCODD N
LUCCCCECD
] N
A Y

Flange
@=5.0m

TPC charge readout Central cathode
Ar fiducial volume
TASD calorimeter

Dipole coil

/n — 0 ROGPUR = — =551 Accelerator-based Neutrinos, Paul Soler




LBNO in Europe

1 Mass hierarchy and CP violation sensitivity of LBNO

Exclude 8§cp=0and §cp =7t

~ 10 e
N, (o T T 225?2_0 pot N;i ELBNOIL=2300|ém Rlunningmolde:75%n|u-25%anlu5
< [MH determination ] g 9ENH 20 kton LAr + SPS(700kW)

| 50% nu+50% anu p — ]

100 e ] full y2 3 8:10 years 20 kton LAr + HPPS(2MW) :
i 4 > 7F z
i g 70 kton LAr + HPPS(2MW) ]
80 s 7 6F / \ =
I NN e . w/o trlz;r:‘s(;/erse 5 550 PN A :
40:- ______________________ _ 3536 N N\
[ 5 ] 2F =
20 . E 3
i 3a | 1F =
0- | T ] P |9(.)%qu§ L
0 1 2 3 4 5 6 % 5 6
100
o~ u
o 90 CPVdiscovery
o)) F T ¢ J
© C J
o 80 - =
> F ]
3 70 =
S ]
© BOF =
) F ]
§ so0f :
8 40F ;
LC E ]
30 70 kt LAr .
20+ or HP-PS 3
10F £
0: . N . AP S B B E: 22
0 5 10 15 20 25 30

Integrated SPS 400 GeV p.o.t. (x 10%)



4.2 Beta Beam experiments: beams
from the decay of radioactive isotopes

23
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Beta beam

o Beta beam: beta decay of accelerated radioactive nuclei
(P. Zucchelli, Phys. Lett. B, 532 (2002), 166-172.)
- He-6 for antineutrino production: y ~ 100 He—= Li+e +v, V, <V,
- Ne-18 for neutrino production: y ~60  ['Ne=F+e' +v, v, <v,

lon production Acceleration Neutrino source

Experiment A V.V

4 \i EURISOL study

Neutrino Decay ring
Source

Proton Driver

SPL Acceleration to final energy

PS & SPS

lIon production

[SOL target &
lon source

Beam preparation

S00T
Pulsed ECR Bp = 1500 Tm

B=5T
C=7000m
L, =2500m

Ion acceleration
Linac

®He: y=150
8Ne: v=60
Acceleration to
medium energy
RCS vy —
V.V 24
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Beta beam

2 New beta beam study during EUROnu study

Phys.Rev. STAB 16, 021002 (2013)
Baseline, low-Q isotopes Optional, high-Q isotopes

Linac 160 MeV, 1.2 MW

Linac (LiLi)| e e renkov

Isotope in Fréjus tunnel
collection (baseline)
“Molten Salt uction
target A
)

8B/8Li

Decay Ring, y =100
Circumference 6900 m

Pulsed ECR Bp ~500Tm

Linac 100 MeV I @

Rapid Cycling Synchrotron .

u 25
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Beta beam

o Use the 572 kton MEMPHY'S water Cherenkov at Frejus
a Coverage of 8qp:

50 o
--------- LENF .
....... BB100 100 - - Ny
40 SPL—1st ™~ = A
— — — SPL+BB LN N '\
" ‘*-“_.- N\
3 = = SPL-2nd . \. "\ 50
30 20 '\\ N \
‘Q "--\‘ ’---\ ) \--. -~ - \ 1
0S| ] \ ' - N\ K
N §o SO \ 3o
, ; ‘ : ‘ 10 . \
20 ' 1 ] \ N\ \ '
' 1 ] 1 N\ '
' \ ] \ Y
’ \ ' \ v\ \
/ \ / \ 5 N\ \
" 4 7 \ \\ ¥ / 3 -\ N \ \ \ \
10 .= - Seaer’ 7T S\ \ N
| £ -~ \\ il \ ~hay A \ \ -
o .
— N Nany, e - ) \\ \ \“
................... = . !
_______________________ b -
\“ \|
-180 -90 0 9% 180 0.0 0.2 0.4 0.6 08 1.0

fraction of &

a Performance improves by comlementing with Super Beam
data: neutrino factory LENF})I has best sensitivity 26
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4.4 nuSTORM: neutrinos from stored
muons

27
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NUSTORM

a First mini-Neutrino Factory could be nuSTORM (Neutrinos
from Stored Muons) — 3.8 GeV muons

o Physics goals: sterile neutrino search, cross-section
measurement and R&D for Neutrino Factory, facility where a
6D ionization cooling experiment could be carried out for
muon collider

o Letter of Intent and Proposal to Fermilab, Expression of
Interest to CERN — received first stage approval in June

1@ —

Neutrino Beam Muon Decay Ring Target
. o

| 170 m -
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Cd O d

NUSTORM

Magnetised iron (Super BIND)
far detector

Scintillator-iron calorimeter
Far detector: 1.3 kton at 2 km
Near detector: 200 ton
Magnetic field: 1.5-2.6 T
Current = 240 kA by STL

TRANSMISSION LINE MAGNET /// .
100 kA Drive Conductor Z=
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NUSTORM

o Performed appearance
and disappearance analyses:

2 2
2 2 m,XxX ; ) m, X
P, (x) =4‘U ‘U ‘ sin’| —%= Esmz(29 )sm2 —a
VYo, e4 u4 4E eu 4E
2 2\ ., m124x .2 ) m124x
PW(x)=4‘UH4‘ 1—‘UH4‘ sin”| —— | =sin (ZHW)sm —
L Total App. Background : 6 events —— _
- " vugApp. 173 events e
2 12t :
=
8 10} R
N
g 8f :
e,
£ or l
c - -
o 4
w ,
2 = ' “ -
0 1 2 3 4 5
Neutrino Energy (GeV)

>
o —— ”CCQQ_'III
0C> 10 --8- :'lac.ffomV,,OC
© «— u rec. from¥, NC
£ 1 --v.- u rec. fromv, CC
w —p-wme.fromy NC| _, o —e—e—o—o—+—o
T 10" —
o ——
S 102
o
LL103 ——
1 0—4 - .
- TS e i
105 N _;#‘_T_?-‘IA
10® i ir
Tiorclsseslus el ool sl lae s sl svsvlasnh
0 05 1 15 2 25 3 35 4
True Energy (GeV)
(a)Appearance efficiencies
g [ =w I
—as— pTrec.fromv
g 10:E —a—::‘rec.fromv:NC
&= - | —=— n*rec.fromv, CC
U_‘: 1 u* rac. from v, NC
P E +_._—o—+'—"'.."'°"+
i) i
T 10'F
g FE ™
w B * x* v—
10'2 E— +_.__._—.—-—Q—=§=%:.:4.t - . _;_—f— _2__._
103;_ +_7:+
2 B
I T P P P I P
LA Y-S R V- B Y- S B Y-S
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NUSTORM

o Performed appearance

Sterile neutrino °
Sensitivity (>100)

and disappearance analyses:

Pvev u (.X') = 4‘Ue4

2 2
P, (x)=4U,, (1—‘UM4‘ )sin2

2
- 2
M4‘ sin

N Total App. Background : 6 events ——
14 PP gApp 173 events .-
2 12t
=
2 10}
N
g 8r
o
2 o
c —
o 4
w ,
0 ——-"\———-—-——-""'_/u\a—'\/\u
0 1 2 3 4
Neutrino Energy (GeV)

2
m?,x , o o(mix
—1 Esmz(ZHeM)sm2 —=
4F 4F
2 2
mo,x\| . L[ m,x
L= = smz(2l9w)sm2 —e

Am? [ev2]

0.1

....
o
-

“99% C.L., 1% Sys
106, 1% Sys

-99% C.L., 5% Sys -

e 106, 5% Sys
" 99% C.L. Evidence

99% C.L. Appearance

0.0001

0.001

0.01
sin2299u

(a) Sensitivity of appearance experiment using BDT analysis.

i ComblnedMVA,QQ%CL SR,

Combmed MVA, 10c

5.3 Cuts, 99% C.L.

Cuts, 10c

99%CL Evidence
99% C.L. Appearance -~ ]

rrrrr

10
D
e 1
=
<
0.1
0. 0001

0.001

0.01

sin2299‘l

0.1

(b) Sensitivities of appearance experiment using cuts-based analysis
and of a combined experiment with MVA methods.
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4.5 Neutrino Factory: the ultimate
neutrino facility

Accelerator-based Neutrinos, Paul Soler
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Neutrino Factory

o Neutrino Factories produce neutrinos from muon decays in a
storage ring.

o Rate calculable by kinematics of decay (Michel spectrum)

L Y

+ + =
M — e +V.“ +Ve Tt |,1‘+1,‘|ll f
L-e""Ue"'ﬁu

U —e +v, +v,

o For example, if u* accelerated to 25 GeV-

Neutrino spactra

1o Defines detector requirements: 0 5 10 15 20 3

Neutrino Energy (GeV)
— Since muon and electron neutrino and anti-neutrino species are

produced simultaneously we need to determine the charge and lepton

identity to separate from background — Magnetic detectors.
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International Design Study
o International Design Study for a Neutrino Factory (IDS-NF)

— Principal objective: deliver Reference Design Report by 2013
- Physics performance of the Neutrino Factory

- Specification of each of the accelerator, diagnostic, and detector
systems that make up the facility

- Schedule and cost of the Neutrino Factory accelerator, diagnostics,
and detector systems.

— Co-sponsored by EU through EUROnu
— Web site: https://www.ids-nf.org/wiki/FrontPage
2 Interim Design Report: IDS-NF-020 arxiv:1112.2853 delivered 2011

o Reference Design Report that itemises facility, accelerator and
detector performance and physics reach will be published by

the end of the year

34
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Neutrino Factory

o Before 0,5 discovery,
baseline design for a
Neutrino Factory had two
storage rings and energy
was 25 GeV

o Two different detectors at
two different baselines to
reduce ambiguities in 04,
vs O fits

o One baseline was ~3000
km and the other was
~7500 km (

+ + =
‘u —€ +vﬂ +Ve *_T:’:/"‘“'AW

u —e +v, +v,

magic baseline). C

+ s
u —e +v, +v,
U  —e +v,+v, Neutrino Beam

Proton Driver:
>— Linac option

Ring option)7

O o aa

Linac to 0.9 GeV  0.9-3.6 GeV RLA

3.6-12.5_Gev-_rg_LjAﬁfﬁ.-----<D

12.6-25 GeV FFAG

n

Muon Decay
Ring

755 m

Phase Rotation

Target
Buncher

Neutrino Beam

Muon Decay Ring

IDS-NF Baseline 2010/2.0



Neutrino Factory Baseline

IDS-NF 2012/3.0

Neutrino Beam

Proton Driver:
— Linac option
Ring option

Muon Decay
Ring

549 m

Buncher
Phase Rotation

Target
Cooling

O

Linac to 0.8 GeV 0.8-2.8 GeV RLA

I-:r-o—n:—c—o;ﬁ;g-b_’.j ’,}
2.8-10 GeV RLA ’

[
FFo_rr:_CB:)ﬁrTD
Linac to 1.2 GeV 1.2-5 GeV AN

RLA 510 Gev

4
I
N
.

FFAG

Baseline reviewed last year:
from 25 GeV to 10 GeV muons
and only one storage ring with
detector at ~2000 km, due to
large 0,5 results

o Magnetised Iron Neutrino

Detector (MIND):
— 100 kton at ~2000 km
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Optimisation of Neutrino Factory

a2 Optimisation for high 6,5: only one baseline
Contours of CP coverage

1.0r

1 IDS-NF 2010/2.0 =
' MIND LE ==
0.8+ TAS

25

L o
20F

L
15F /

E, [GeV]

CP fryction

20F

L ol
15 i
| )

E, [GeV]

00—

3 ; - - = S
10~ 10 10 :
L [km] L [km]

For small 6,,: Energy ~25 GeV, Baseline ~4000 km True sin“26:3
For large 0,5: Energy 10 GeV, Baseline ~2000 km
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3

3

H

Neutrino Factory Baseline

Proton driver

— Proton beam ~8 GeV on target Neutrino Beam 4" —e" +v, +v,
Proton Driver: _ - _
Target, capture and decay  [r-inac option Uy, Y,
: ing option Muon Decay
— Create &, decay into u (MERIT) _ Ring
Bunching and phase rotation 5 549 m
— Reduce AE of bunch ;s £5 2
Cooling @ & a& 8
— Reduce transverse emittance 4 Geﬁ z_s-Gev RLA
(MICE) e e
Acceleration C——239
— 120 MeV-> 10 GeV with —
RLAs or additional FFAG Linacto1.2GeV  1.2-5 GeV ~
(EMMA) IDS-NF 2012/3.0 “FRAG
Decay ring
— Store for ~100 turns
38

— Long straight sections
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Optimum energy proton driver

2 Optimum beam energy

Adopted 10 = 5 GeV

— Depends on choice of target
— Optimum energy for high-Z targets around 8 GeV
— Results validated by HARP hadron production experlment

—

Nll(proton.GeV

0.012

e
o
—

g

0.006

0.004

0.002

MARS+FLU KA

- = i l:
- k] i el = §
- : ! b
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Target R&D: MERIT

a MERIT experiment tested Hg jet in 15-T solenoid

— 24 GeV proton beam from CERN PS
 Ran Autumn 2007

‘?'""IL I Y () )
1] A -

15-T solenoid during tests at MIT

MERIT experiment showed proof-of-

principle of Hg jet system in magnetic
field - rated up fo 8 MW
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MERIT and Target
2 Results MERIT:
— Hag jet target operated at 8 MW in 15 T magnetic field with v=15 m/s

10T 15T

o Had to increase radiation shielding in solenoid surrounding
new design for target station - Mo

200 1e+06

2011 Target System Concept |
.~ Superconducting magnets 150 — RN G2
; 10000
; 100
tungsten-carbide (WC) beads + water .--iii 50 100
| | 73— tungsten-carbide beads + water g/ 0 ]
>
i -50
' 0.01
proton beam and mercury jet | E 100
0.0001
mercury pool proton dump \ -150 —- ; !
beam window 200 el J i ‘ 16-06
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Muon Front End
Adiabatic B-field taper from Hg "~

Drift

Rotate

Bunch

Cool

target to longitudinal drift 00017
Drift in ~1.5 T, ~100 m solenoid s}
Adiabatically bring on RF voltage < 600 |

3
5‘

e S

End of Orift

End of Buncher

End of rf-retator

to bunch beam = 00l } I
Phase rotation using variable L Y _
— High energy front sees -ve E-field 0 8o 200 25% (,?;%5‘5 550 4o a8,
— Low energy tail sees +ve E-field e

— End up with smaller energy spread soe oo %J\_\

lonisation Cooling e ———
— Try to reduce transverse beam size | - -
— Prototyped by MICE oo
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Ionization Cooling

Principle Practice

O,

dE/dx

@

multiple scattering

©)

re-acceleration I
— o~ = +
2 3
Al dz E,B* dz 2mp® EX,
2 r
_ lonization: Multiple scattering:
2 Goals of MICE: cooling term heating term
— design, engineer, and build a section of cooling channel
— measure performance under different beam conditions
— show that design tools (simulation codes) agree with experiment

— demonstrate operation LH, close to high gradient RF in high B fields 43
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'Muon Front End |
N = v

FE
Jarget  soenoia Drift Buncher Rotator Cooler
18.9m ~60.7 m ~33m ~42 m ~75m
AE
& ..
Drift rf-Buncher .. rf-Rotation. . . . . . .
-
®
@ ® .

2 Buncher: m} (@

— 33 normal conducting RF cavities
— RF frequency: 320-234 MHz
— Gradient: 3.4-9.7 MV/m T el ]

Om 3m 6m Om 12m 15m 18m 21m 24m 27m 30m 33m
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'Muon Front End |
\.@\JUL — | (/\

Target

Solenoid Drift Buncher Rotator Cooler

> »ld
al

\ 4

18.9m ~60.7 m ~33m ~42 m ~/5m

AE
@
..
. D“\'Bllllc]l"l ... l-f'R':'t"lti""u. . . . . ' '
-
- ® ot

1 Phase rotation:

SC Coll

5, ——
— 56 cells of 0.75 m length | | |
— Total length: 42 m >0 Be
— 56 normal conducting RF 525 o /rWindow
cavities with SC coils
— RF frequency 230.2- 202.3 MHz
0 25 50 75 100 125 150

— Gradient 12 MV/m

z [cm]
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'Muon Front End
\P 1”( 0 . (0
i i | I I
9l s 4 Drifi | Buncher Rotator Cooler
18.9m A“’60 /m ~33m ~42 m

~/5m

. Dri \ 'i-R-:-t;ltiull. . . . . ' '

a Cooling channel:

— 100 cells of 0.75 m length
— Total length: 75 m

‘ \\
=
- <
— 100 normal conducting RF

cavities with SC coils

SC Coil

r [cm]

l { cavy w {/ i Egéorber
— RF frequency 201.25 MHz RS r—
— Gradient 15 MV/m z [om]
— LiH absorbers (1.1 cm
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Acceleration

1 Redefined baseline after moving to 10 GeV (IDR: 25 GeV)

— One possibility: Recirculating Linear Accelerators (RLA) up to 10 GeV
0.8 GeV

0.44 GeV/pass

1.6 GeV/pass

— Another possibility, Fixed Field Alternating Gradient (FFAG): LINAC
up to 1.2 GeV, RLA up to 5.0 GeV and FFAG from 5.0 -10.0 GeV

ATASRNDD

EMMA: first

‘ ALY g demonstation of
> o non-scaling FFAG

with electrons

N : . ccelerator-based Neutrinos, Paul Soler



Decay Ring Geometry |

1 Racetrack geometry (469 m straight) et

\_~

o

Py / -
- — "
5 GeV 10GeV  15GeV 206GV r

. D e Cay e | e Ct ron ene rg y us ed > //dcciv ,eléi:tron% :: S -
to measure muon polarization T

First magnet after straight section
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Detector concept and analysis

o Far detector searches for “wrong-sign” muons at Magnetised Iron Neutrino

DeteCtor (MIND) ma ron decay not detected
detector
+ —
— u v Vv
V. o _ — cC e M.
50% ~ Va
o™
e o < v
50% -5 Y9 ——=» ¥ . |wrong _ v, M
“7\ sign Ve Vi 5
T muon NC T -
+ E_'_ T
o Efficiency 50-70%, background rejection ~103:
E _’__._,-.-—o-—~— el L -
07 ;_ -+ R . g - o T l-‘_‘}-_'- |
> 0.6 T ——— 1 2 | - R ot S ARE S :
| T . NN R ' 5 SR F
3 05F g T Telc -
- s T . S .3 ]
Yoar g “
[} C —— v,CC Signal = C Bl ] 7.cCIDasy,
- - N R [ " rec. from
é 03 E_ =i= -=+= v,CC Signal 'g - E -+ - :uccu:uvu "
* 02 ;_ —— V,CC Signal,u” Focus, [g i . w rec. fromv,NC
C I S B ¥,CCID asv,, i Focus
0.1 = =+ v,CC Signal, u” Focus B i ~w== v,CCID as¥,, 1" Focus
0 - sl saadaaa ol e La e be oo Loy A l.n.l.x.: Joowaad v o Lo s oo v o Lo
0 1 4 5 6 7 8 g 10 0 1 2 3 4 5 6 7 8 9 10

True Neutrino Energy
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CP fraction

Performance 10 GeV Neutrino Factory

2  Optimisation for 10 GeV Neutrino Factory with 100 kton
MIND at 2000 km gives best sensitivity to CP violation, even

at latest value of sin®26,,~0.09

arXiv:1203.5651
O e Y
-H ------- ] o
signal syst. - I 1
0.8 MIND LE s 1 4% - _ —— BB350 |
LBNE 1% ! 20l 1
LBNE+Project X 1% ' O_ — — - LENF
T2HK 5E7s 5% ] [ e
06 o ——————  T2KH 20E7s 56 - | e [2HK
LBNO - 33kt 5% ; | N P
LBNO — 100kt 5%
\ BB100 24,
04 BB 100+ SPL s 20,
2025
T2K, Daya Bay, NOvA
02
0 : GLOoBES 2012 - Apr 16 |
§oo 0.05 0.10 0.15 0.20 0.25 0.30
True sin®26;3
NF yields A3~5°, regardless

of value of & —150-100 -50 O 50 100 150
o

dU
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Conclusions

Neutrino oscillations so far explains all the atmospheric, solar and
long baseline neutrino data

After discovery of 6,5, the mass hierarchy, the 6,, octant and CP
violation remain the main unanswered questions in neutrino

oscillation experiments

This opens up the possibility of new long baseline experiments
that may discover CP violation

Next generation accelerator experiments: T2K, NOVA

Future proposals: LBNE, Hyperkamiokande, Beta Beam,
Neutrino Factory?

Short baseline data is still in conflict: LSND and MiniBoone
results not clarified yet

NuSTORM offers best prospects for light sterile neutrino search
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