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Questions for the future

As the first chapter in the study of neutrino oscillations comes to an end, a new
chapter begins. The great progress in neutrino physics over the last few decades
raises new questions and provides opportunities for major discoveries. Among the
compelling issues today:

1) What is the value of 8,3, the mixing angle between first- and third-generation
neutrinos for which, so far, experiments have only established limits? Determining
the size of 613 has critical importance not only because it is a fundamental
parameter, but because its value will determine the tactics to best address many
other questions in neutrino physics.

2) Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?
What is the value of the CP violating phase, which is so far completely unknown?
Is CP violation among neutrinos related to CP violation in the quark sector?

US Particle Physics:
Scientific Opportunities
A Strategic Plan

for the Next Ten Years

3) What are the relative masses of the three known neutrinos? Are they “normal,”
analogous to the quark sector, (ms>mgz>m) or do they have a so-called “inverted”

hierarchy (mz>my>m3)? Oscillation studies currently allow either ordering. The

ordering has important consequences for interpreting the results of neutrinoless Report Of the Partic | e
double beta decay experiments and for understanding the origin and pattern of Ph - P .
masses in a more fundamental way, restricting possible theoretical models. ys ICS rOJ ect

Prioritization Panel
4) ls 82 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing

provide insights regarding unification of the fundamental forces? Will it indicate
new symmetries or new selection rules?

5) Are neutrinos their own antiparticles? Do they give rise to lepton number
violation, or leptogenesis, in the early universe? Do they have observable
laboratory consequences such as the sought-after neutrinoless double beta
decay in nuclei?

6) What can we learn from observation of the intense flux of neutrinos from a
supernova within our galaxy? Can we observe the neutrino remnants of all
supernovae that have occurred since the beginning of time?

29 May 2008

7) What can neutrinos reveal about other astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

8) What can neutrinos tell us about new physics beyond the Standard Model, dark
energy, extra dimensions? Do sterile neutrinos exist?
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4) Is 8,3 maximal?

Because of its excellent energy resolution
NOVA can make ~1% measurements of
muon neutrino disappearance using quasi-
elastic channel

excerpted from US Particle Physics: Scientific Opportunities. A Strategic Plan for the Next Ten
Years. Report of the Particle Physics Project Prioritization Panel, May 2008
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What is the value of 8,3, the mixing angle between first- and third-generation
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the size of 843 has critical importance not only because it is a fundamental
parameter, but because its value will determine the tactics to best address many
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Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?
What is the value of the CP violating phase, which is so far completely unknown?
Is CP violation among neutrinos related to CP violation in the quark sector?

What are the relative masses of the three known neutrinos? Are they “normal,”
analogous to the quark sector, (mg>mgz>m) or do they have a so-called “inverted”
hierarchy (mz>m1>ma)? Oscillation studies currently allow either ordering. The
ordering has important consequences for interpreting the results of neutrinoless
double beta decay experiments and for understanding the origin and pattern of
masses in a more fundamental way, restricting possible theoretical models.

Is 823 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing
provide insights regarding unification of the fundamental forces? Will it indicate
new symmetries or new selection rules?

Are neutrinos their own antiparticles? Do they give rise to lepton number
violation, or leptogenesis, in the early universe? Do they have observable
laboratory consequences such as the sought-after neutrinoless double beta
decay in nuclei?

What can we learn from observation of the intense flux of neutrinos from a
supernova within our galaxy? Can we observe the neutrino remnants of all
supernovae that have occurred since the beginning of time?

What can neutrinos reveal about other astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

What can neutrinos tell us about new physics beyond the Standard Model, dark
energy, extra dimensions? Do sterile neutrinos exist?
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neutrinos for which, so far, experiments have only established limits? Determining
the size of 843 has critical importance not only because it is a fundamental
parameter, but because its value will determine the tactics to best address many
other questions in neutrino physics.

Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?
What is the value of the CP violating phase, which is so far completely unknown?
Is CP violation among neutrinos related to CP violation in the quark sector?

What are the relative masses of the three known neutrinos? Are they “normal,”
analogous to the quark sector, (mg>mgz>m) or do they have a so-called “inverted”
hierarchy (mz>m1>ma)? Oscillation studies currently allow either ordering. The
ordering has important consequences for interpreting the results of neutrinoless
double beta decay experiments and for understanding the origin and pattern of
masses in a more fundamental way, restricting possible theoretical models.

Is 823 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing
provide insights regarding unification of the fundamental forces? Will it indicate
new symmetries or new selection rules?

Are neutrinos their own antiparticles? Do they give rise to lepton number
violation, or leptogenesis, in the early universe? Do they have observable
laboratory consequences such as the sought-after neutrinoless double beta
decay in nuclei?

What can we learn from observation of the intense flux of neutrinos from a
supernova within our galaxy? Can we observe the neutrino remnants of all
supernovae that have occurred since the beginning of time?

What can neutrinos reveal about other astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

What can neutrinos tell us about new physics beyond the Standard Model, dark
energy, extra dimensions? Do sterile neutrinos exist?
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ad Part of my charge

 We would like the "NOvVA Science Update" talk to explain the
strategic position that NOvA will occupy as it starts up, with
respect to the other neutrino experiments such as MINOS,
Double CHOOZ, Daya Bay, K2K, T2K, etc. What limits or
measurements are expected to exist at that time (mixing angle,
mass differences, oscillations, CPV, etc.) and what will be
NOvVA's sensitivity for confronting them as the experiment
evolves from partial to full operational capability? How is the
competition expected to evolve as NOVA carries out its
experimental mission?

June 16-18, 2009 Director's CD-3b Review Mark Messier, co-spokesperson
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What do we know now about 0139

SNV~

LINLINN NLNL LR L L L R DL I L NN R DL L DN L UL L DL L N L R L DL LD LI AL DL LD LN BN DL L DL RO BRI LINL L BN B L B LB
- | Atm & LBL & CHOOZ
I - i Solar & KamLAND
I L | ALL v oscillation data 2008
| |
0o 001 002 003 _ 004 005 006 007

.2
sin“ 6, ,
Figure 4: Hints of 8,5 > 0 from different data sets and combinations: 1o ranges.

* Above: recent global fit to world data by Fogli et al.

(arXiv:0905.3549)
* 013 = 0 disfavored by ~2 ©
e Central value sin?013 = 0.02 or sin%2013=0.08

June 16-18, 2009 Director's CD-3b Review Mark Messier, co-spokesperson
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< Progress toward 013>0

90 and 99% CL measurements of sin?20,,
sin*20,,=0, normal hierarchy, averaged over d¢p
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90 and 99% CL measurements of sin?20,;
$in?20;3=0.01, 8¢p = 37/2, normal hierarchy
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* Addition of
NOVA pushes
discovery past
>99% CL

*NOVA is the only
experiment which,
on its own,
provides any
information about
Scp

* T2K + Daya Bay
have some small
sensitivity, but
with NOVA added
this covers half
the O0.p space
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only experiment
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space
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* NOVA is the only experiment which, on its own, has sensitivity to hierarchy
* “World” sensitivity to mass ordering only turns when NOvA data is added
* If Ocp 15 In “wrong” half of the plot we learn that with NOVA
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R NOVA 1s the foundation of the US

~wn accelerator neutrino program

— It addresses 7 of the 8 physics questions called out by P35 as the
focus of the neutrino program over the next decade

— Among the next generation experiments, NOvA
uniquely provides information on the mass
hierarchy and CP phase to DUSEL?

Mt /207

100+ #2 L?f(r 7

— NOVA provides the incentive and continuity

to increase the NuMI beam power from
400 to 700 kW and ultimately to
2.3 MW

200 KW N bear to DUSEL?
~100 K2 #/20 a DUSEL?
G s L?4r?

— Ensures a robust future program.




