The Neutrino Factory

The Final Frontier in Neutrino Physics?
Alan Bross 4




e In order to demonstrate the power of the Neutrino Factory,
I will first briefly discuss the physics of neutrino oscillations

e Describe the Baseline Neutrino Factory Design
e International Design Study for a Neutrino Factory

e Show the Neutrino Factory Sensitivity for the neutrino
oscillation parameters in comparison to other State-of-the-
art facilities -

e Outline the Technical ingredients of the Neutrino Factory
e Outline the R&D Program and give the proposed Timeline
e Beyond the Neutrino Factory?
e "A Journey of a thousand miles, begins with a single step”

Alan Bross May 8, 2009



e It has now been over 10 Years since the discovery of v

oscillations/mixing

e Neutrino oscillations can be described within the following

framework:

e Mixing between three mass eigenstates (SvM)
e Existence of Right-handed neutrino states
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O. Mena and 5. Parke, hep-ph/0312131

Fractional Flavor Content varying cos 6

e How are the unknown parameters determined?

Em Alan Bross PACOO May 8, 2009
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To second order in sin20,; and o

P. Huber and W. Winter, Phys. Rev. D68, (2003)
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o In the previous equation if V26gn,L = 2x, sinAA=0, and
all but the first term disappear

sin?[(1 — A)A]

e This allows for a clean measurement (no dengeneries)
of sin220,; and the sign of Am?;;(Hierarchy)

e For a constant matter density, p, (approximately 2 e-
per nucleon)

o Lyggic [km] ~32,726/p =~ km (with p in g/cm3)

e Then = Add a Second baseline for CP violation
sensitivity

Sin” 2013 sin” fas
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e What you have are 2 counting experiments

e Measuring the # evts of all neutrino flavors that you are
sensitive to as a function of neutrino energy @ 2 Ls

e But, of course, you must know your source
e Neutrino energy spectrum
e Neutrino flavors in the beam

e A very precise determination of the neutrino source
provides the opportunity to measure the neutrino
mixing parameters very precisely
e The detector Must be Up to the Job
e Must have sufficient statistics
e Good handle on All systematic uncertainties

How Do We Accomplish This?

m Alan Bross PACOO May 8, 2009
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Well-understood neutrino source:

u ey,
u Decay Ring: - -,
Y Ring U —ev,v.

S. Geer, Phys. Rev. D57 (1998) 6989

e Flavor content fully known

e “Absolute” Flux Determination is possible

e Beam current, polarization, Near Detector semi & purely leptonic
event rates

e Tremendous control of systematic uncertainties with well
designed near detector(s)

m Alan Bross May 8, 2009



disappearance

appearance (challenging)
appearance (atm. oscillation)

disappearance

‘Reference’ Neutrino Factory:

e > 102! useful decays/yr: exposure '5 plus 5'
years
Two baselines (%7500 km & ~4000 km)

e 50 kT magnetised iron detector (MIND)
with MINOS performance - Golden Channel

"Golden"” — Sign of n observed
in detector opposite to that

Detector i .
e Backgrounds (for golden channel): stored in decay ring
Sign of p mis-ID'd W —=> v, = vn->up

Charm decays
e £ ~0.15%

m Alan Bross May 8, 2009




Neutrino Factory Accelerator Facility
Baseline out of International Scoping Study

FFAG/synchrotron option
Proton Driver

s

Hg Target

Buncher

Bunch Rotation

Cooling
0.9-3.6 GeV ]
RLA Linac to
~ 0.9 GeV
O”_Q) —

e

O

3.6-12.6 GeV RLA
12.6-25 GeV FFAG )

g
++1*+++—f1—+—'r1*1'+-i*{—4—1 ++ ?
-+
Neutrino Beam é Vﬂ

Muon Storage Ring
1.5 km

Linac option

Muon Storage Ring

ISS Accelerator WG report: RAL-2007-023

e Proton Driver
e 4 MW, 2 ns bunch
e Target, Capture, Drift
(m—M) & Phase Rotation
° Hg Jet
e 200 MH2z train
e Cooling
e 30 tmm (J_)
e 150 tmm ( L )
e Acceleration
e 103 MeV — 25 GeV
e Decay rings
e 4000 km L

Baseline is race-track
design

Triangle interesting
possibility (C. Prior)

Alan Bross
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{B=1T °
iron (4 cm) scintillators (1cm)

ISS2006 1cm transverse resolution

IS S2006

signal efficiency

10 15 20 25 30 35 40 45 50
reconstructed neutrino energy (GeV)

spectrometer shower absorber

Electronic det:
e/n/u separator
&

“Time stamp”

stainless steel plate o0 1sion film Rohacell® plate
35 1mm plates ~ 2 X0

Two baselines:
e 3000 - 5000 km
e 7000 - 8000 km

Magnetised Iron Neutrino Detector
(MIND) at each location

Magnetised Emulsion Cloud Chamber at
infermediate baseline for tau detection

° Alan Bross
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Hierarchy
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True value of sin®26;5 True value of sin®26;5 True value of sin26;5

SPL:  4MW, IMT H,0C, 130 km BL
T2HK: 4 MW, IMT H,0C, 295 km BL
WBB: 2ZMW, IMT H,OC, 1300 km BL

NF: 4MW, 100KT MIND, 4000 & 7500 BL
BB350: y=350, IMT H,0C, 730 km BL
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Determine
parameters with
precision sufficient
to determine the
structure of the
underlying theory

e Explore very large
mass scale

Beyond the SvM
e NSI
e Sterile v

e Mass Varying v
(MVN)
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Carl Albright - arXiv:0803.4176v1
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How do we go about it?




Proton Driver

e Primary beam on production
target

Target, Capture, and Decay

e Create 7's; decay into pu's
Phase Rotation

e Reduce AE of bunch
Cooling

e Reduce emittance of the muons

Acceleration

e Accelerate the Muons
Decay Rings

e Store for ~1000 turns

Production of
O(102Y) w/yr

Alan Bross
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High Power Targetry
Tonization Cooling -
200 (& 805) MHz RF

> Obtain high accelerating gradients (~15MV/m)

> Investigate Gas-Filled RF cavities
Acceleration- A cost driver for NF
> Linac for initial acceleration
>  Multi-turn RLA's
> FFAG's -
Decay Ring(s

Prior, C. R. WE6PFP099, (these proceedings)

Theoretical Studies

> Analytic Calculations

> Lattice Designs Note: Almost all R&D Issues

> Numeric Simulations for a NF are currently under
theoretically and experimentally study

° Alan Bross May 8, 2009




Mercury Intense Target
Liquid-Hg Jet

@ Science & Technology
Facilities Council
|
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Beam

: Solenoid __ JetChamber K. McDonald, TU4GRIO3
Secondary il s 0 (these proceedings
Containment ™ | Proton

3 2 1\

= ok 4 =
— R |
il t iy T - I

e Experiment Completed (CERN)
e Beam pulse energy = 115kJ
o B-field=15T
o Jet Velocity = 20 m/s
e Measured Disruption Length = 28 cm

e Required "Refill" time is then 28cm/20m/s = 14ms
> Rep rate of 70Hz

> Proton beam power at that rate is 115kJ *70 = 8MW
3¢ Fermilab Alan Bross PACO9 May 8, 2009




OVERHEAD HMANTPULATOR

OVERHEAD
CRENE (50TOH)

TYPICAL STACKED
SHIELDING

DECAY CHANHEL
CRYOSTATS

HERCURY PROCESS
CELL

HMATIH CRYOSTAT
(TARGET REGIOH)

The Target Hall Infrastructure
V. 6raves, ORNL

Alan Bross
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Proton Hg Beam Dump
T. Davonne, RAL
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MuCool and MICE




B> ds E, 2B3E, m,Lg

B4 MeV)?

€EN.min — AdE
5] 3 AL
2Bm, —-Lp

e Figure of merit: M=L.dE /ds

‘ T all emittance

Merit Accelerator

(dE /ds)min Ly

Material (MeV g~tem?) (gem™2)

Momentum loss is Momentum gain
61.28 1.03 opposite to motion, is purely longitudinal
D E decrease
61.28 1
94.32 0.55
86.9 0.47
Neglecting Engineering Issues

Windows, Safety

46.22 0.20
65.19 0.18
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Component R&D and Cooling Experiment

MucCool

o With High-Intensity Proton Beam

MuCool Test Area

Alan Bross

MuCool
LH, Absorber
Body



MuCool has the primary responsibility to carry out the
RF Test Program

e Study the limits on Accelerating Gradient in NCRF
cavities in magnetic field

e Understand, in detail, the interaction of field
emission currents with applied external magnetic field

e Fundamental Importance to both NF and MC - RF
needed in
e Muon capture, bunching, phase rotation
e Muon Cooling

e Acceleration Arqguably the single most critical
Technical challenge for the NF & MC

m Alan Bross May 8, 2009



805 MHz Studies

D. Huang, TU5PFP032, these proceedings.

e Data seem to follow
universal curve

Max stable gradient

Safe Operating Gradient Limit vs Magnetic
Field Level at Window for the three different
Coil modes ®
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degrades quickly with
B field

e Re-measured
e Same results

Superconducting Coils
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Treating NCRF cavities with SCRF processes

o '1|"6}-I|§W20)1 MHz Cavity - Gradient Achieved (Design -
m
o Treated at TNJLAB with SCRF processes - Did Not Condition

e But exhibited Gradient fall-off with applied B

History of Sparking during B field Studies

Power Source Instabilities

¢ Gradient
M Sparks
B Field

Gradient, MV/m, Number of Sparks, B field TX10

Data Run Number

Alan Bross May 8, 2009



e Approaches to a Solution

e Reduce/eliminate field emission
- Process cavities utilizing SCRF techniques
- Surface coatings

Y (o1 (1ol W WVZT R DT T3 (T M Norem, J., TUSPFP002, (these proceedings)

e Material Studies

- Non-Cu bodies (Al, Be?) R. Palmer, TUIGRIO3, (these proceedings)

— Breakdown

e RF cavities filled with High-Pressure gas (H,)

- Utilize Paschen effect to stop breakdown
K. Yonehara, TUSPFP020, (these proceedings)

e Magnetic Insulation

- Eliminate magnetic focusing
- Not Yet Tested

m Alan Bross PACOO May 8, 2009



http://mice.iit.edu/




L. Coney, TU6RFPO57, (these proceedings)

Tracking
Spectrometer

== ~ Cavities Hyclﬂ-o'gen

Magnetic Fiber Tracker Absorbers
shield

e Measure transverse (4D) Muon Ionization Cooling
e 10% cooling - measure to 1% (10-3)

e Single-Particle Experiment
e Build input & output emmittance from p ensemble

m Alan Bross PACOO May 8, 2009



MICE schedule (April 2009). 1818 shut downs

17Aug09 028ep09
!:li' STEP 1 fix DS + new target
Run: Sep09
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ISIS shut-down (provisional) Aug 2010-Apr 2011
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Run: 2011
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Alain Blondel MICE funding agency commiuee z4 Apni Zuuy Run 2011-2012
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e Beam Line Complete
e First Beam 3/08
e PID Installed
e CKOV
e TOF
e EM Cal

o First Spectrometer &5 , = =
Summer 09 Fiber Tracker
L Spectrometer Solenoid being assembled

:—;m Alan Bross PACO9 May 8, 2009







D. Neuffer, TUIGRCO5, (these proceedings)

e Drift (n—p) COOLING LATTICE
e “Adiabatically” bunch beam first (weak 320 to SC 106 Almm?
240 MHz rf) _
e &-E rotate bunches - align bunches to ~equal e
energies 5 15.25 MV/m

e 240 to 202 MHz, 12MV/m
e Cool beam

p
\ﬂll l| T— U l| l‘ l|
e | | |
Targ Solenoid Drift Buncher Rotator Cooler

et

Obtains ~0.085 u/ 8 GeV p
~ 1.5 102! y/year B ti-Rotation ) | § 4 4§ §

m Alan Bross May 8, 2009




Cooling

0.9-3.6 GeV _
RLA Linac to

0.9 GeV

3.6-12.6 GeV RLA

12.6-25 GeV FFAG

Acceleration Systems

Alan Bross May 8, 2009




A. Bogacz, WE6PFP100, (these proceedings)

BETA_X&Y[m] 15

FFAGs — EMMA S. Smith, WE4PBIO1, (these proceedings)

Alan Bross PACO9 May 8, 2009




Linac option

Neutrino Beam

Hg Target é]

L]

Buncher '
Bunch Rotation l

Cooling

0.9-36 GeV :
RLA Linacto

O—<—9)

3.6-12.6 GeV RLA l
— |
12.6-25 GeV FFAG :p

Ay
g

3 PR o

. +—++ 1
et

Neutrino Beam
Muon Storage Ring
" 15km

Figure 1. Schematic drawing of the ISS baseline for the Neutrino Factory accelerator
complex. The various systems have been drawn to scale.




Kurup and Long, WE6RFPO67 (these proceedings)

e Takes as starting point - International Scoping Study v-Factory
parameters

e ~4MW proton source producing muons, accelerate to 25 GeV, Two
baselines: 2500km & 7500km

e IDS Goals

o Specify/compute physics performance of neutrino factory
o Define accelerator and detector systems

e Compute cost and schedule
Understand the cost at the ~ 50% level

o Identify necessary R&D items

e IDS Deliverables

e Interim design report (c. 2010)
Engineering designs for accelerator and detector systems
Cost and schedule estimates
Work plan to deliver reference design report
- Report production itself
- Outstanding R&D required
e Reference design report (c. 2012)

Basis for a "request for resources” to get serious about building a neutrino
factory

m Alan Bross PACOO May 8, 2009



International Design Stud

’ Interi

actory roadmap

0c
0c
0c
0c
810
6102

Neutrino Faqtory ro_et

Reéoorét

Aspirational
NF timeline
presented

in at NuFact07

° Alan Bross

May 8, 2009




e Must Consider the case for a Neutrino
Factory for the scenario where 0, is
large(ish)

e Possibly measured before report is delivered

e Low-energy Neutrino Factory:

o Interesting option, especially in this scenario and
as a step in a possible staging scenario, but:

- Physics reach for oscillation parameters for small 0,,
not as competitive as for baseline

° Alan Bross May 8, 2009




Fermilab to DUSEL (South
Dakota) baseline -1290km

4 GeV muons yield appropriate
L/E,

Use a magnetized totally active
scintillator detector

Decay

Geer, Mena, Pascoli Channel
Phys. ReV D 75, 093001 (2007)
Bross, Ellis, Geer, Mena, Pascoli

Phys. ReV D 77, 093012 (2008) i
inear

Cooler

Proton

Accumulate

Potentially
X10 increase
in Sensitivity

Over
Super-Beam

Ankenbrandt, Bogacz, Bross, Geer, Johnstone, Neuffer, Popovic
Fermilab-Pub-09-001-APC; Submitted to PRSTAB

Alan Bross May 8, 2009




Exploring the Energy Frontier with a
Muon Accelerator Facility




MUON COLLIDER
PROTON SOURCE = SITE SPECIFIC TEST FACILITY NEUTRINO

2 T FACTORY
| 0 Collider PROJECT

Recycler Main Inj : Rebunch R&D Hall
S GEV SC Linac ECYC er din njectc-l (\ Decay COOI Pre-Acce!
i ' A R

Q Target Phase Rot. 0.2-0.8
& Bunch GeV

B
6D Cooling 0 0

PROJECT X

EXISTING FACILITIES

Final Cooling 5

Starting with a high-intensity proton .., -
source: Project X MUON COLLIDER |  Muon Acc
* We see a natural evolution of "muon” Collicer Ring %)
program for Fermilab
Project X — Low-Energy NF gt A ¥ore ice @
(pointing to Homestake) — High- MUON COLLIDER | Larger ring
Energy NF — 1.5 TeV MC — 4 TeV
MC

Alan Bross May 8, 2009




FY09 ‘FY1O FY14 |FY15

and Simulations

|
Tgt. R&D
|

MICE (4D cooling)

| CcompoemReD OCRE SRR magnets )|

Feasibility Study

Demonstration experiments
I

RDR

Component prototyping
I | I

Qanstruction (through 2028)

Tllustrative MC timeline presented to P5 (Palmer)

Alan Bross May 8, 2009







e Neutrino Factory
e There is a Very Compelling Physics case for a precision neutrino
program

> With present assumptions Neutrino Factory out-performs all other options.
However, more is needed before concluding this is the right path - size of 0,3

e With our present understanding the NF looks to be Technically Feasible
 IDS-NF will set the Engineering Benchmark and Cost

e We believe ~2013 will be a pivotal time in HEP

e Neutrino Data from Reactor and Accelerator Experiments
> Double Chooz Daya Bay
- MINOS, T2K ,NOvA

e LHC Physics Results (may impact v sector)

e RDR for a Neutrino factory available from IDS-NF

e The Neutrino Factory may become the Final Frontier in Neutrino
Physics (no other facility can'do better)

e But it may also be the first step along the way to a New
Energy FrYon‘rier in HEP ; 2 v

FTE21T, BTRT

m Alan Bross PACOO May 8, 2009



I would like to thank all my colleagues in the
Neutrino Factory and Muon Collider
Collaboration and, in particular, Alex Bogacz
Patrick Huber, Ken Long, Olga Mena, Dave
Neuffer, Bob Palmer, Steve Geer and Mike
Zisman for their valuable input for this talk

Thank You
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