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The intensity frontier

• Neutrinos are a key part of the intensity 
frontier strategy proposed by Fermilab: we 
cover the proposed experiments in this briefing

• There is a broad and rich program of 
associated measurements at the intensity 
frontier opened up by a powerful proton source 
(like Project X).  This is NOT covered in this 
briefing 
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Outline 

• The physics of neutrinos: the fundamental 
questions and why it is important to answer 
them

• Reach of the next generation neutrino 
experiments and long term evolution 

• Overall issues for the US HEP program relative 
to Europe and Asia; a proposed path forward



Part I: 

The physics of neutrinos: the 
fundamental questions and why
it is important to answer them

SC briefing on neutrinos, June 20094



SC briefing on neutrinos, June 20095

The physics of neutrinos

• The most abundant constituents of matter by far, 
but the least understood

The Neutrino Revolution (1998 -- ….)
Neutrinos have nonzero masses

• First and only confirmed physics beyond the 
Standard Model seen in any laboratory experiment

• Points to physics at a new high-energy scale

“Most important discovery in a quarter century”
Steven Weinberg
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The origin of mass
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Some particles may get their masses 
from the Higgs mechanism, to be tested at LHC.

Neutrinos are very unlikely 
to get their masses that way. 

Neutrino masses most likely include “Majorana 
masses”. These

• Are unique to neutrinos

• Violate the conservation of Lepton Number 
≡ #(Leptons) – #(Antileptons)

• Make neutrinos identical to their antiparticles



• Neutrinos are extremely light: mν< 10-6 me

• The most popular theory of why neutrinos are 
so light 

• In the See-Saw model, there are Majorana 
masses, and ν = ν and N = N.

• Confirmation would come from neutrinoless 
double beta decay.
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• According to the most straightforward 
See-Saw mechanism,

• From our knowledge of  mν and mq or l

• The heavy neutrinos N would have been made 
in the hot Big Bang.
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The unification of forces

• Grand Unified Theories (GUTS) unify the weak, 
EM, and nuclear forces at a very high energy.

• From the observed strengths of these forces at 
present energies, the unification must occur at

• See-Saw:  mN ~ 1015 GeV

Coincidence??

Neutrino mass may be a window on                     
the unification of forces.

SC briefing on neutrinos, June 200910

2 x 1016 GeV



Do all the mass spectra look similar?

• The quark and charged lepton (Mass)2 spectra all 
look like 

• GUTS relate the neutrinos, charged leptons and 
quarks.

• Naively, we then expect that all of these 
constituents of matter will have (Mass)2 spectra 
that look like

• However, Majorana masses, unique to neutrinos, 
could turn         into       .
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Matter-antimatter asym. of the universe

• The universe is presently matter-antimatter asymmetric:

• It contains nucleons (of which we are made), but 
essentially no antinucleons (which would annihilate us).

• Any initial matter – antimatter asymmetry would have 
been erased.

• The present preponderance of nucleons over 
antinucleons could not have developed unless matter 
and antimatter behave differently (CP).

• The observed difference between quark and antiquark 
behavior, as described by the SM, is inadequate.
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• If quark CP can not generate the observed 
matter – antimatter asymmetry, can some 
scenario involving leptons do it?

• The candidate scenario: Leptogenesis, an 
outgrowth of the See-Saw model
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• If matter and antimatter interact differently with light ν’s, 
quite likely they also interact differently with the heavy 
neutrinos N. (In the See-Saw model, both of these 
matter – antimatter differences have a common origin.)

• Then in the early universe, we would have had

Prob [ N  e- + …] = Prob. [N  e+ + ….]

• This phenomenemon (Leptogenesis) would have led to 
a universe containing unequal amounts of (leptonic) 
matter and antimatter

• Such a leptonic imbalance could have led, via SM 
processes, to the present prepoderance of nucleons 
over antinucleons in the universe.

matter                            antimatter
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Do matter and antimatter interact differently 
with light neutrinos?
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This is today’s version of comparing
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What we have learned so far

• The neutrinos νe,µ,τ of definite flavor
(W  eνe or µνµ or τντ)

are superpositions of the neutrinos of definite mass:
| να > = Σ U*αi | νi >.

• Inverting: | νi > = Σ Uαi | να >.
• Flavor-α fraction of  νi = | Uαi |2

• U contains 3 mixing angles and 3 CP phases.
• Only 1 CP phase, δ, affects neutrino oscillation.
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Part II: 

Reach of the next generation 
neutrino experiments and 
possible future evolution
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Accelerator-based neutrino programs

• All present and proposed neutrino programs are 
based on “straight” decay beams

• Superbeams:  π− → µ− νµ, π+ → µ+ νµ

• Muon-type neutrinos, with O(1%) contamination 
of electron-type neutrinos.  Broad energy tails
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Neutrino programs in US and Japan

• There are strong neutrino communities and 
experiments in Europe, Asia and the US.  The 
dominant programs are in Japan and the US

• The near term programs will either measure or 
push the limits on sin22θ13 by an order of 
magnitude and may give some handles on the 
remaining parameters

• Late in the decade:  US proposal is Project X 
based super-beam with massive detectors at 
DUSEL and a wide band beam 
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Neutrino programs in US and Japan

• The proposed US program would push 
sin22θ13 by two orders of magnitude from 
present levels and measure the mass 
hierarchy and CP violation over most of that 
range.

• To compete with this program Japan would 
have to upgrade J-PARC to 4 MW and build 
massive detectors (0.5 Megatons) in Kamioka 
and in Korea (T2KK).  The short baseline from 
Tokai to Kamioka is a handicap.
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Measuring electron appearance
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From left to right: probability of separate oscillations in the “solar” and 
“atmospheric regions, with CP interference and with matter effect 
(distinguishes normal and inverted hierarchy) 

1200 km with sin22θ13 = 0.04



Experimental example
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1.5 years (ν) + 1.5 years (ν)-



Comparative reach

• The graphs that follow show the comparative 
reach of various experiments for the three 
most important measurements: sin22θ13, mass 
hierarchy and CP violating phase δ.

• For each of the three most important 
parameters, the reach is expressed by a curve 
in a plane defined by two axis.  The vertical 
axis is sin22θ13 .The horizontal axis is the value 
of δ.  The reach of the experiments covers the 
area above the curves.
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The 3σ reach (2 MW, 0.1 Mton LAr TPC)
sin22θ13 Mass Hierarchy              CP Violation

at 90% CL                                                                      at 90% CL                                     at 90% CL
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The 90% CL reach (2 MW, 0.1 Mton LAr TPC)
sin22θ13 Mass Hierarchy              CP Violation

at 90% CL                                                                      at 90% CL                                     at 90% CL
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Neutrino: mass hierarchy (3σ reach)

Phys. Rev. D72, 033003 (2005)

2σ (thin lines),
3σ (thick lines) sensitivity.
4 years of ν + 4 years of ν run-

US: 2 MW, 0.1 Mton LAr TPC Japan: 4 MW, ~0.5 Mton WC

.3 years of ν + 3 years of ν run-

at 90% CL
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Neutrino: CP violation (3σ reach)

Phys. Rev. D72, 033003 (2005)

2σ (thin lines),
3σ (thick lines) sensitivity.
4 years of ν + 4 years of ν run-

US: 2 MW, 0.1 Mton LAr TPC Japan: 4 MW, ~0.5 Mton WC

.3 years of ν + 3 years of ν run-

at 90% CL
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• Quite apart from their relative sensitivities,

 the Japanese and U.S. programs would 
operate under different physical conditions.

 In the U.S. program, there would be 
 higher beam energy, wide-band beam
 a single large baseline, with initially water Cerenkov 

and then liquid-argon technology
 1300 km away.

 In the Japanese program, there could be
 lower beam energy, narrow-band beam 
 a single large water-Cerenkov detector, 300 km 

away or, a split version of this detector, with part of 
it 300 km away and the rest in Korea, about 
1000 km away

Neutrino physics with superbeams
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Evolution of the program

• Although not favored by most theories, 
sin22θ13 could be smaller than 0.001.  This is 
100 times smaller than present limits. 

• This would indicate a new symmetry at play

• CP violation and the mass hierarchy 
measurements are still possible at this level, 
but require new techniques
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Evolution of the program

• The favored approach is a “neutrino factory”: 
intense beams that are 50% νµ and 50% νe

(from the µ+ beam).  There is also a µ- beam

• A less favored approach is “beta beams”: a 
radioactive ion storage ring that produces 
(through weak decays) a pure beam of νe

• Both machines require an intense proton 
source like Project X at the front end
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Neutrino Factory
• Muons live too long to use a straight decay-pipe 

(unless it is tens of km long). The trick is to inject 
muons into a storage ring with long straight 
sections:

• Muon decays produce a beam consisting of 
50% νe(νe) & 50% νµ(νµ); no high energy tail

ν beam

33



For example: 
select µ+ : 
then have electron 
neutrinos and muon 
antineutrinos

νe → νµ oscillations result in the appearance of
a “wrong-sign” muon with negligible
background.  Need magnetized detectors !!
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µ+ → e+ νe  νµ µ+

νµ µ-

The power of using νe
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If sin22θ13 is small
• Choose a NF energy of 25 GeV & a very long 

baseline (e.g. ~3000km) 

• A NF would enable up to ~ x100 improvement in 
sensitivity compared to a superbeam

35



If θ13 is large (>.005)

• A 4 GeV neutrino factory aimed at the 
Homestake mine gives clean reach into CP 
violation, mass hierarchy and any unusual 
features discovered in either in oscillation 
phenomena or LHC (such as a Z’)

• Beams would be freer of systematic 
uncertainties and the approach would be 
useful if we need more precision.  The concept 
will be part of the current International Design 
Study.
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Neutrino Factory schematic
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Strategic value for Muon Colliders
• Muon Colliders & Neutrino Factories require 

similar, & potentially identical, muon sources:

38
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Muon vision for Fermilab

Muon Collider

detector

µµ
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Part III:

Overall issues for the US HEP
program relative to Europe and
Asia; a proposed path forward
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Comparative situation: Europe

• CERN has an extensive plan to build new  
injectors for LHC, including a high intensity H-

linac.  This is necessary to sustain luminosity 
increase as a function of time

• At present these upgrades are aimed at the  
relatively low intensity needed for LHC

• Hooks are in place to upgrade to a high 
intensity source for a neutrinos and rare decay 
program (4 MW, 5 GeV, SC Linac)
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Comparative situation: Europe

• Regarding future machines: CERN is investing 
a large effort on CERN Linear Collider CLIC 
(and a small effort on ILC).  CLIC is an 
extremely ambitious two-beam accelerator 
scheme to reach multi TeV energies in e+e-

collisions.  Rough timescale to start  in 2020

• Our view is that unless much of the physics is 
in the ILC region (500-750 GeV), CERN will 
delay building the ILC and force a wait until the 
end of the next decade to try to go to multi 
TeV e+e-
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The CLIC scheme

• 0.4 GW wall plug power, 0.2 nm collision 
stability, nanometer alignment of quads, 50 km 
long …………..many other challenges
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Comparative situation: Europe

• CERN has the strongest base in the world and 
the greatest flexibility:  European investments 
in particle physics are two to three times the 
US.  CERN budget is predictable.  However, 
with LHC upgrades CERN is largely committed 
until the end of next decade.

• If the US and Japan do not capture European 
effort  at the intensity frontier with neutrinos 
and rare processes, Europe  could easily 
move to cover this field. 
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Comparative situation: Europe

• For completion, there is an effort in Italy to 
build a Super-B factory.  It would recycle PEPII 
hardware.  It is in competition with a similar 
effort in Japan
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Comparative situation: Asia

• The main effort is in Japan.  China has a tau-
charm factory and a reactor neutrino 
experiment  (Daya Bay), both first rate but 
small compared to Japan’s program.

• Japan has a program to upgrade KEK-B into 
Super KEK-B, an asymmetric B meson factory 
with 40 times more luminosity.  Received first 
installment from Japan’s economic stimulus 
($30M).  In our opinion this is a going 
enterprise and formidable competition for the 
Italian Super B-factory 
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Comparative situation: Asia

• The J-PARC complex started operating for 
particle physics.  Initial proton beam power will 
be limited to 100 kW.  Present design with 
some upgrades will get 750 kW, same power 
as the NOvA upgrade at Fermilab

• There are long range plans, still undefined, to 
reach 4MW of power for neutrinos (lately a 
more realistic goal is 1.6 MW) in the J-PARC 
complex with half megaton detectors in 
Kamioka and in Korea (T2KK)
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J-PARC Inauguration July 6th
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Comparative situation: Asia

• Japan gives first priority to ILC, with ambitions 
to host the machine.  The level of yearly ILC 
R&D  investment is comparable to the US, all 
concentrated at KEK.  It has strong political 
and industrial support.

• Overall investment in Japan is about 60% of 
the US (including capital) for a community that 
is only about 30% of the US
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Comparative situation: US

• Tevatron will shut down in 2011; no new 
accelerator facilities have been built since the 
completion of the Main Injector in 1999.  

• The earliest new facility would be Project X 
starting construction in 2013.  By its 
completion it will be 20 years since the start of 
the last accelerator facility

• The NOvA upgrade to Main Injector fills gap 
with the NOvA and MicroBooNE detectors
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Comparative situation: US

• We can have a world class program with 
Homestake detectors (could start before 
Project X is complete with the 700 kW upgrade 
to the Main Injector that is included in NOvA) 

• Project X: a flexible source of high intensity 
beams

• Important to develop Liquid Argon TPCs –
further reach in all parameters at a smaller 
scale than water Cerenkov counters
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Comparative situation: US

• ILC R&D comparable to other regions, and 
world competitive when coordinated with 
Project X

• Muon collider R&D significant but at a level 
about 30% of investment in CLIC – it is well 
behind CLIC development
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 Participation in 
Tevatron and LHC
ILC R&D at about 
same level as the US; 
strong political support
Minor R&D on muon 
collider

The energy frontier in the world
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Japan EU
LHC exploitation and 
upgrades to 
accelerators and 
detectors
Major effort on CLIC 
(my guess about $30-
40M/year)
Effort at CERN on ILC 
neglegible.  In the rest 
of Europe comparable 
to effort in the US. 
XFEL at DESY is a big 
help in technology 
development

US
Tevatron running 
through 2011
Major participation in 
LHC (roughly 50% of 
the US community)
R&D on ILC at 
$35M/year coordinated  
with Project X R&D.
Muon collider R&D at 
about $8M/year
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The energy frontier: beyond LHC

LHC Results

ILC Enough

ILC not enough

CLIC

Muon collider

or

or

By far the easiest!



 Initially JPARC (max 
700 kW) + 20 kton SK 
water Cerenkov, 
baseline 295 km
Must share beam 
between experiments; 
missing long baseline
Upgrade to MW power 
source + larger 
detectors possible late in 
the decade
Upgrade KEKB to 
SuperB factory (40x gain 
in rate)

The intensity frontier in the world
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Japan EU
Upgrade of injector 
chain for LHC (similar 
to Project X) could 
allow neutrino program 
late in the decade
Same upgrades could 
drive intensity driven 
experiments
SuperB factory in Italy 

US
700 kW + 15 kTon 
NOvA, sensitivity to 
mass hierarchy, base-
line 810 km
Neutrinos and high 
intensity proton 
program for rare 
processes do not 
interfere
2.1 MW Project X, 
with baseline of 1290  
km, to 100 to 300 kton 
detectors at Homestake
Multi-stage mu2e 
experiment; future K 
program with project X



Path forward

• A vigorous move towards LBNE based on 
Fermilab beams to DUSEL: opportunity to 
capture European and Asian contributions and 
the leadership role

• Critical time: there is enough world-wide 
strength and desire for an ambitious neutrino 
program that it opens an opportunity for the 
US program.  Delays, ambiguities, two agency 
complications, previous US record, could lead 
us to miss this opportunity. .
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Path forward

• The intensity frontier program with Homestake 
detectors and Project X should be running by 
the end of the decade.

• An ILC program, coordinated with Project X, to 
be in position if LHC tells us the physics lies at 
“low energies”.  Allows us to be a player late in 
the decade

• A program on muon collider R&D at twice the 
current level leading to paper design by 2012 
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Path forward

• In the 2012-13 framework, if the energy 
required is high, transfer most ILC R&D to 
muon collider R&D.  It would allow hardware 
prototypes, including helical cooling channel to 
be developed between 2012 and 2020, the 
time when the world would be in position to 
choose the next lepton collider
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