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Standard Neutrino Model:
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 Three mass states
linked to three
flavour states via
unitary mixing
matriX; Am?, =275x105eV2,  Am?;, =24 x 103 eV?
* Additional, sterile, states conceivable:
— Would imply:
* 3-neutrino mixing matrix not unitary



A window on the unknown:

Neutrino masses are tiny compared to those of the other
fermions:

— Hint that neutrino masses do not arise from the same mechanism?
— Related to physics at very high mass scales as in “see-saw models”?
If Standard Model Lagrangian is treated as an effective theory:

— Dimensional analysis [Weinberg] indicates that:

* Majorana mass term for neutrinos is first term beyond the Standard
Model Lagrangian

Fundamental questions:
— What is the nature of the neutrino, Majorana or Dirac?
— What is the absolute neutrino-mass scale?
— Is CP-invariance violated in neutrino oscillations?
— |Is the neutrino-mass spectrum normal or inverted?
— Is the neutrino-mixing matrix unitary?
— Are there sterile neutrinos?
— Is there a connection between quark and lepton flavour?



, Option thumbnails:
 Conventional super-beams:

— Wide-band, long baseline: e.g. LBNE, LBNO
* <E,>~2—3 GeV; matched to LAr or Fe calorimeter;
* Long-baseline allows observation of first and second maximum
* Near detector exploited to reduce systematic errors

— Narrow-band, short baseline: e.g. T2HK, SPL
* <E,>~ 0.5 GeV; matched to H,0 Cherenkov;
e Short-baseline allows observation of first maximum
* Near detector exploited to reduce systematic errors
* Beta-beam, short baseline: e.g. CERN y=100;
— <E,> ~ 0.5 GeV; matched to H,0 Cherenkov;
— Short-baseline allows observation of first maximum

— Requires short-baseline super-beam to deliver competitive
performance

* Neutrino Factory: IDS-NF baseline E ;=10 GeV;
— Uniquely well known flux (flavour content and energy spectrum);
— Baseline 1500—2500 km
— Requires a magnetised detector
— lIdentified by EURONu as the facility for the high-precision programme



The SvM measurement programme:

Looking beyond MINOS, T2K, -\.‘ | Daya By
NOvA, DChooz, Daya Bay, Reno, ... po e
— 0,5 will be very well known X i ‘

Therefore future programme = 0.06
must:
— Complete the “Standard
Neutrino Model” (SvM):
* Determine the mass hierarchy

* Search for (and discover?)leptonic
CP-invariance violation

— Establish the SvM as the correct
description of nature:

* Determine precisely the degree to which 0,; differsfromn/4
* Determine 0,; precisely
* Determine 0,, precisely
— Search for deviations from the SvM:
e Test the unitarity of the neutrino mixing matrix
e Search for sterile neutrinos, non-standard interactions, ...
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CP-invariance violation:
* Seek to establish:
—P(v, > vg) # P(V, > V)
by measuring the asymmetry:
P(vy — vg) — P(Uy — Up) 1

P(vy = vg) + P(Uy — Ug) ™ sin 2013

* Large 6,; makes discovery conceivable, but:

— Places premium on the control of systematic
uncertainties
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Systematic uncertainties:
— critical at large 0,3

T2HK, a case study:
[applicable to, e.g. C2CF, ...]

— Narrow-band beam
— Near and far detector

0.059 0.1

normalization of ND - 5%

normalization of FD — 5%

energy calibration of ND (e—like) — 2.5%
energy calibration of ND (u-like) — 2.5%
energy calibration of FD (e-like) — 2.5%
energy calibration of FD (u-like) — 2.5%
v—beam, v,—flux normalization — 15%

T2HK CPV at 30 |— statistics only et default systematics
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The case for precision:

What determinesthe goal for sensitivity and precision?
— Sensitivity:
* Definitive discovery!

— Must have sensitivity of “~5¢”
— To resolve the LSND/miniBooNE “suite of anomalies” may set the bar higher!

— Precision:

* Field presently led by experiment;
— Too many, or too few, theories;

* Goal to determine parameters with a precision comparable to that with which the
quark-mixing parameters are known

| fitter
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LSND:

* LSND reported
evidence for an
KARMEN2 (90% C L) oscillation with
L Am? ~ 1 eV2;
— If confirmed,
implies at least

LSND (99% CL) .
LSND (90% CL) onhe neutrino state

that does not
couple to Standard
Model Wor Z

* |.e. one or more
“sterile” neutrinos




Further information on sterile neutrinos:
el © Additional information:

— MiniBooNE low E, excess

— Reactor neutrino flux

—>1Cr and 3’Ar v, rates
— Cosmic microwave background

* Individually, or taken together,
the “hints” are not convincing

Oscillation with only 3v

and sin?26,; = 0.06 i H oweve r :

— Revolutionary if any
one of the “hints”
would be confirmed

— Clear need to
resolve the issue

Antineutrino

Phys.Rev.Lett. 102, 101802 (2009),
Phys.Rev.Lett. 102, 101802 (2009)

Oscillation with 4v

B. Kayser and one Am? >> 1 eV?



What we need to measure:

* Present, inconclusive, information from v_>
and v > & transitions

* Ideally, study:

Flavor Transition CPT Conjugate

Ve =7 Vu

Ve =™ Vi

L

and
— Determine neutral current rate
 oscillationto steriles will change neutral current rate

— Study v,N and v N scattering

* including hadronic final states to eliminate background
uncertainties



Present programme and future options:

Present programme:
— Super-Kamiokande, MiniBooNE, SciBooNE, ...

Electron-(anti)neutrino sources:
— Mono-energetic neutrinos from electron capture
— IsoDAR: 3Li produced in a cyclotron; observe v,

Muon-(anti)neutrino sources:

— LArl/NESSIE: near/far LAr detector combination at
FNAL/CERN

Muon- and electron-(anti-)neutrino sources:

— LENA + cyclotron to produce muons

* Rate vs distance measurement from neutrinos produced in
muon decay at rest

— huSTORM

* Neutrinos from stored muon beams illuminating near/far
detector combination
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Neutrino-nucleus scattering:

r“"‘.-;__
~————— 108 decays/yr

for 5 years

150 M




nuSTORM and cross section study:

* nuSTORM event rate is large:

— Statistical precision high:
 Can measure double-differential cross sections
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— Event rates for 100 T fiducial mass

* Neutrino flavour-composition and flux very well known:
— Storage ring instrumentation will yield flux uncertainty of 1%
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MODULE |

€ REINFORCEMENT

B=04T.

_'__A,__‘U‘”HI Density = 0.1 g/cm3, 85% in the radiator foils.

Figure 11: Schematic of the HIRESMNU concept showing the straw tube tracker (STT), the electromagnetic

imeter (EC > detector (MRD). The STT is based upon ATLAS
[174-176] and CC vi is one module of the proposed straw tube tracker
(STT). Interleaved with the straw tube Iz iators, which provide
the STT. At the upstream end of the STT are layers of nuclear-target for the measurement of cross sections

and the 7”s on these materials.

* Staged approach possible:

¢ of the mass of

Detector options:

Argon gas
pressure
vessel

Beam 8“ EI

|
Hydrogen
cask ‘
|
Flange A 1
@=5.0m
TPC cathode

TPC charge readout TASD  Ar fiducial volume

Figure 12: Schematic of the pressurized argon gas-based TPC detector. Both the TPC and scintillator
calorimeter layers surrounding it are enclosed in ¢ ssure vessel. A 0.5 T magnetic field is applied to the
pressure vessel volume. Downstream of the TPC are also an electromagnetic calorimeter (ECAL) and a
magnetized iron neutrino detector (MIND). The latter acts as a muon spectrometer for neutrino interactions

occurring in the TPC and as an independent near detector for the sterile neutrino program.

— Initial measurements exploit existing detector:
 If at FNAL Minerva, Mini/MicroBOONE are candidates
— Possible exploitation of LAr detector developed for LAGUNA or

ICARUS/NESSIE etc.

— Implementation of one or more dedicated detectors to make

definitive measurements

* Generic study performed to evaluate performance ...



Cross section measurement performance:

* Existing experiments:
— Sets the goal

Systematic uncertainty (%)
Experiment Detector | Monte Carlo | Other | Sub-total || Flux

MiniBooNE
NCE
(B, ~1GeV)
MiniBooNE
CCQE v,
(E, €0.2 -3.0GeV)

MiniBooNE
CCQE v, 14.6 8.5 16.1 08 19.5
(E, €0.2—-3.0GeV)
MiniBooNE

cCr y, 4.4 56 | 105| 187

(Ey € 0.5—2.0GeV)

Inclusive v, CC
(B, ~1GeV)
Minerva

7, CCQE

Dup — 71
0.1GeV

e Performance of HiResMnu:

Reconstruction
Background

HiResMv
FSI error

I TR NS VR

Assumed performance of
generic detector for
evaluation of precision of
cross section measurement:
Momentum resolution of contained tracks | 3%

Angular resolution

Minimum range for track finding

* Flux uncertainty varied:
— 1% nuSTORM specification

— 10% typical of conventional
beams for comparison



NUSTORM:

—Six-fold
improvementin
systematic
uncertainty ETEEE S TRy
compared with
“state of the art”

— Electron-neutrino §
cross section
measurement _
unique

* HiResMnu at e JT

Ve Sccae (10% cm?/nucleon)
S : :

e
]
— T

—y
-]
T

-
(=]

UL B
-

T ] T

D HiResMy @ vSTORM
D HiResMy @ 10% unc. flux

ury
'
TT T

cm?nucleon)

Lo
w©
T T

e
]
T T

ceqe (10°

2 -
]
TT T [T T T[T 1T 7T

o
'S

9]

_Q -

(1] [*]
v 10°® em?nucleon
Ve GCCQE( )

)_
v
-+
o %?

G_I.III|III\lIIII|IIII‘IIII|IIII|IIII|IIII|IIII|I\II n IEEEI NN NI NN RN N EERINENEE NN L1111
0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5

E, (GeV) E, (GeV)

Vi
o
B
o
o
—




CCQE cross section measurement:
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Simulation of “generic detector”:

— Muon-neutrino CCQE cross section measurement substantially
improves “state of the art”

— Electron-neutrino CCQE measurement unique
— Evaluation of other channels has begun




Sterile neutrino search concept:




SuperBIND, baseline sterile detector:

* Magnetised iron calorimeter:
— MINOS-like, optimised for nuSTORM beam

SuperBIND@arameters

Geometry:
CirculariFelplate: Diameter: 600.0
Thickness: 1.5

Scintillator:
Extruded@ectangulariar: |CrossBection: 0.75E2
Material: Polystyrene
Dopants:
POP: 1.00 | %byaveight
POPOP: 0.03 | %by@Eveight
Coating: 15(%ETiO,An@olystyrene
Photo-detector: SiPM
Magnetisation:
Toroidalield: Stength:




SuperBIND: magnetisation:

e Superconducting transmission line:
— Developed for VLHC and prototyped at FNAL

Injection Molded Ultem
Cold Pipe Support Ring

50K Trace Cooling
Invar Tube

Invar Cryopipe Extruded Aluminum

N Vacuum Jacket
Wrapped Copper Tape Aluminized Mylar
Superinsulation
NbTi / Copper
Superconductor i Extruded Aluminum
Braid S 50K Thermal Shield 20

1.95
1.9

Xcoord 0.1 0.68 1.26
Perforated Invar ; J Y coord 0.0 0.0 0.0
Flow Liner & Support ) Z coord 00 0.0 )
_____Component: B, from buffer: Line, Integral = 5.81206574218637

Table 15: Magnet parameters for SuperBIND.
Name Unit Value
Iron core outer diameter m 6.0
Iron core inner diameter m 0.2
Iron core length m 15.82
Iron plate thickness mm 15
Number of plates 440
Space between plates 21
Number of superconducting racetrack coils 8
Superconducting cable length m 320
Racetrack coil current kA 30
Total current kA-turns 240
Peak field on the coil T 0.83
Inductance mH 40

Total stored energy MI 18




SuperBIND: performance:
* Cuts-based analysis:
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Sterile-neutrino search sensitivity:

Total App. Backgfound :6 ev ' Oscillated Ba(':kgrou'nd —
v, App. 1 73 ev Un-oscillated v, Spectrum
Oscillated v, Spectrum

Event Yield per 250 MeV
Event Yield per 250 MeV

1.5 2 2.5 3
Neutrino Energy (GeV)

"‘a"‘”’BDT 99% C.L., 1% Sys
; BDT, 100, 1% Sys

i~ 'BDT, 100, 5% Sys e

CUtS 99°/o CL.,1% Sys S
Cuts, 105, 1% Sys

99% C.L. Evidence ------
99% C.L. Appearance

99%, 1% SyS
99%, 5% Sys
99°|/o Exclusion

0.001 0.01 . ' 0.01
sin226eu
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B plementa_tion, at FNAL:

-_ . S -" “?’::. NPy 2 - o =75
AP P e X

- &2

.........

* Benefits from existing extraction tunnel;

* |ldeal baseline from storage ring to DO assembly building:
— Space and infrastructure for SuperBIND and LAr detector;

e Space and access for near detector



at CERN:

Principal issue:
— SPS spill is 10 ps:
* Implies bend for proton or pion beam
* Two options:

— NA implementation:
* Possible exploitation of synergies with ICARUS/NESSIE

— NA-to-WA implementation:
* Advantage is proton/pion bend not required;

* Longer baseline must be tuned to larger muon energy
(possible)

* Consideration just starting: b S I
— Eol submitted to CERN: considered at June SPSC Pl PSS ARy,

Y - Pa
,..$ POINT.1.8 ;/V
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Technology test-bed:

52.21605'
[15.92M]

~.82,02078' _—
\ [25.00M]

e —

Only 40% of ns decay in straight
Need n absorber

S [25.00M

-

., 82.02078'

49212450
[150.00M]

Partide Distribution Alter a 3270 mm lron absorber
3270 is the length which gives the most 200-500 MeV/c Muons

of 33875

Particle Count

400 600 800
Muon Total Momentum (MeVi/c)

At end of straight we
have a lot of ns, but

also a lot of us with
45<P(6eV/c)<bb After 3.27m Fe, we have ~ 10%° ji/pulse in 200 < P(MeV/c) < 500
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Conclusion:

 The nuSTORM has the potential to deliver:

— Unique programme of v, and v, cross-section measurements:

* In kinematicregion of interest LBL experiments;

— Critical contribution to search for CP violation and precise determination of
neutrino-oscillation parameters

— Exquisitely sensitive searches for sterile neutrinos:

* Technique that is qualitatively different to, and quantitatively better than,
LSND, MiniBOONE and other proposed experiments;

— A programme of accelerator and detector R&D towards future LBL
(SBL) neutrino facilities, the Neutrino Factory and the Muon Collider.

* nuSTORM collaboration enthusiastic and growing:
— Has defined twin track approach:



Neutrinos from STORed Muons May &, 2013 vSTORM Eol

Letter of Intent

Neutrinos from Stored Muons (STORM):

| April 5, 2013 Final—R1 vSTORM Eal
STO R M Neutrinos ;:I'Dl‘n Stgred i}%uons (STORM):
Neutrinos from STORed Muons “xpression of Inferest

Executive summary

Proposal to the Fermilab PAC L
N i The STORM facility has been designed to deliver heams of &'z and & ; from the decay of a stored ¥ beam
P. Kyberd and D.R. Smith with a central momenium of 3.8GeV/c and a momentum spread of 108 [1]. The facility is unique in that it
Brunel University, West London, Usbridge, Middlesexr UBS 3PH, UK will:
& Serve the future long- and short-baseline n:utnnm:]]auon programme s by pmudmg definitive mea-

P Sy 1 P vl T e Ll T e |

Of the world’s proton-accelerator laboratories, only CERN and FNAL have the mfrastructure required to
mount #STORM. In view of the fact that no siting decision has yet been taken, the purpose of this Expression
of Interest (Eol) is to request the resources required to:

e Investigate in detail how ¥STORM could be implemented at CERN; and
e Develop options for decisive European contributions to the #STORM facility and experimental pro-
gramme wherever the facility is sited.

an ; E 5. A magnelised 1ron neutnno TIOr al & distance of == 1 oo m
from the storage ring combined with a near detector, identical but with a fiducial mass one enth that of the far
detector, placed at 20-50m, will allow searches for active/sterile neutrine oscillations in both the appearance
and disappearance channels. Simulations of the 1, — 14, appearance channel show that the presently allowed

D. Adey, 5.J. Brice, A.D. Bross®, H. Cease, M. Geelhoed,
Kobilarcik, A. Liu®, N. Mokhov, J. Morfin, . Neuffer,

5. Parke, TR ovic, P. Rubinov, T. Sen, and S. Striganov region can be excluded at the 10 level while in the 1, disappearance channel, STORM has the statistical
Fermi Natig lerator Laboratory, power to exclude the presently allowed parameter space. Furthermore, the definitive stdies of 7N (% ,N)
scattering that can be done at vSTORM will allow backgrounds to be quantified precisely.
Bar 500, Batwvia, IL 60570% UU5A

The European Strategy for Particle Physics provides for the development of a vibrant neutrino-physics pro-
gramme in Europe in which CERN plays an essential enabling role [19]). ¢ STORM is ideally matched to the
development of such a programme combining first-rake discovery potential with a unique neutnno-nucleus scat-
tering programme. rSTORM could be developed in the North Area at CERN as part of the CERN Neutrino
Facility (CENF) [20]. Furthermore, vSTORM is capable of providing the technology test-bed that is needed
to prove the technigues requm:d by the Neutrino ]:'arlm}' and, C\-entua]]_',' the Muon Collider. ++STORM is
R. Asfandivarov, A. Blondel, A. Bravar, F. Cadoux, F. Dufour, A. Haesler, Y. Karadzhov, Sttt e . b g

Of the world's pmtun-eco:lcmtm Inbomtm. only CERN and FNAL ha.\.t the mFNLq.mctun: required to
mount #STORM. In view of the fact that no siting decision has yet been taken, the purpose of this Expression

CERM-5PSC-2013-015 / SPSC-H

05/ 04/ 2013

E. Wildner

CERN,CH-1211, Geneva 2%, Switzerlond

~
-y

4
)

A. Korzenev, C. Martin, E. Noah, M. Ravonel, M. Rayner, and E. Scantamburlo

University de Geneve, 24, Quai Emest-Ansermet, 1211 Geneva 4, Sutsse of Interest [[‘_‘Dn 'sflo th_u'ﬁmt TEHCH.IEC:SI‘EqIJ]IEd-lD: )
s Investigate in detail how STORM could be implemented at CERN: and
2 Corresponding author: bross@ifnal gov s Develop options for dCC:i-S?VC.EI.LjI'UpCm'.I contributions to the vSTORM facility and experimental pro-
b Also at Indiana University Bloomington, 107 S Indiana Ave, Bloomington, IN 47405, USA pamme wherever the facility is sited,

The Eol defines a two-year programme culminating in the delvery of a Technical Dezign Eeport.




Conclusion:

 The nuSTORM has the potential to deliver:

— Unique programme of v, and v, cross-section measurements:

* In kinematicregion of interest LBL experiments;

— Critical contribution to search for CP violation and precise determination of
neutrino-oscillation parameters

— Exquisitely sensitive searches for sterile neutrinos:

* Technique that is qualitatively different to, and quantitatively better than,
LSND, MiniBOONE and other proposed experiments;

— A programme of accelerator and detector R&D towards future LBL
(SBL) neutrino facilities, the Neutrino Factory and the Muon Collider.

* nuSTORM collaboration enthusiastic and growing:

— Has defined twin track approach:

* FNAL:
— Lol and (recently) proposal for Phase | approval submitted

* CERN:
— EOIl submittedto SPSC:

* An exciting opportunity!



