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W
hat's so special about neutrinos from

 the sun?

 They are copiously produced
 They should be only ν

e   
(no other flavors, no antineutrinos)

 Their rate should be predictable...

John B
ahcall,

1934  --  2005



φ
νe (H

om
estake)

  φ
νe (Theory)

=  0.34 ± 0.06

The neutrinos should
 be detectable...

R
ay D

avis

Som
ething w

as apparently w
rong...

 A
. The flux calculation

 B. The m
easurem

ent in the detector
 C

. both
 D

. neither



Very few
 people bet....

 A
. The flux calculation

 B. The m
easurem

ent in the detector
 C

. both
 D

. neither
    .

Sudbury N
eutrino O

bservatory (SN
O

) could m
easure the solar 

flux regardless of the neutrino species:

ν
sol d →

 ν n p  ⇒
 φ

νe + φ
ν

µ
 + φ

ν
τ

SN
O

:  φ
νe + φ

ν
µ

 + φ
ν
τ   =  (4.94 ± 0.21 ± 0.36) × 10

6/cm
2sec

Theory*:                φ
total   =  (5.69 ± 0.91) × 10

6/cm
2sec

*
B

ahcall, B
asu, Serenelli

The total flux is there!   It is just that they are not all ν
e !



ν
1

A
s neutrinos travel through the sun, their flavor evolves

in the high-density electron environm
ent...

And the m
ixing is really large !

This can only happen if the original electron neutrino w
as

a superposition of m
ass states

ν
2

B
ahcall w

as right to 
stick to his guns!



N
eutrinos don't have m

ass.
 W

rong

B
ut if they did, then the natural
scale is  Δm

2 ~ 10 →
 100 eV

2   
         W

rong

as is needed to explain dark m
atter

O
scillation m

ixing angles m
ust be sm

all 
  W

rong
like the quark m

ixing angles

Solar neutrino oscillations m
ust have

  W
rong 

a sm
all m

ixing angle solution because 
    w

e can m
ake that fit w

ith G
U

Ts so nicely

Sim
ilarly, the atm

ospheric neutrino deficit  W
rong

    m
ust be due to an experim

ental problem
because large m

ixing doesn't fit our view
.

W
hat w

e know
 now

Prejudices of
experim

ents
past...

ν
e
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This is the status of our know
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Super K
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M

acro, K
2K

H
om
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G

allex, Super-K
SN

O
, K

am
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W
H

A
T'S TH

A
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N
ow

 being tested by M
inos!



A
nd ...    Δm

13 2   =   Δm
12 2   +  Δm

23 2

B
ut ...

 1     ≠
   0.003 + 0.00005

LSN
D

atm
os-

pheric
solar

A
 little sim

plistic
(you should really apply the 

full 3 neutrino form
alism

)
but you get the point

This  is a B
IG

 problem
:

In SM
 there are only 3 neutrinos

increasing
(m

ass) 2

Δm
12 2 = m

1 2 - m
2 2

Δm
23 2 = m

2 2 - m
3 2



D
ata points:

Excess after 
B

eam
-off 

subtraction

Size of the
B

eam
-

related 
backgrounds

Expectation for oscillations 
(Δm

2=0.24 eV
2)

A
 4σ excess of electron-like events in a m

uon-neutrino beam
...

neutrinos from
 a stopped m

uon beam
 (~30 M

eV
)

liquid scintillator detector

LSN
D



Som
ething m

ust be w
rong...

 A
. The flux calculation

 B. The m
easurem

ent in the detector
 C

. both
 D

. neither



And there are a  few
 people w

illing to ask
w

hat if the answ
er is....

 A
. The flux calculation

 B. The m
easurem

ent in the detector
 C

. both
 D

. neither
    .



e.g., Pas, et al, hep-ph/0504096

e.g., K
aplan, et al, hep-ph/0401099

e.g., G
iedt, et al, hep-ph/0502032

e.g., K
ostelecky, et al, hep-ph/0406255

Sterile N
eutrinos

M
ass V

arying N
eutrinos

Lorentz Invariance V
iolation 

N
eutrinos &

 Extra D
im

ensions

String theories im
plying 

Light D
irac N

eutrinos

D
epressed N

eutrinos? 
Enhancing appearance 
with M

atter Effects!

A
re your neutrinos sterile? 

H
elp is on the w

ay 

e.g., Sorel, et al, hep-ph/0305255



B
ut really it is an experim

ental question...

M
iniB

ooN
E:

B
ooster

K
+

target and horn
detector

dirt (~450 m
)

decay region
absorber

prim
ary beam

tertiary beam
secondary beam

(protons)
(m

esons)
(neutrinos)

K
eep L/E sam

e w
hile changing system

atics

P(ν
µ     νe )= sin

22θ sin
2(1.27Δm

2L
/Ε

)



M
onte C

arlo

Signal

M
isIDintrinsic

If w
e see a signal, then som

e new
 physics is going on...

Like the presence of sterile neutrinos...

Ferm
ilab 

delivered
5E20 protons
on target. W

h
at w

ou
ld a 

sign
al look like?



The R
-process needs a large neutron im

balance

H
ow

 do you create a very large neutron-im
balance?

First create an anti-electron neutrino rich environm
ent.

... w
hich w

orks if the conditions are right (high electron density,
right oscillation param

eters) to produce a ν
e →

 ν
s  resonance

A
n asset for astrophysics?

A
llow

ed ranges for 
oscillation to enable
sufficient U

 production

B
eun, Surm

an, M
cLaughlin &

 H
ix,

prelim
inary



O
nly the 3 active neutrino flavors

Zero neutrino m
ass

N
o neutrino m

ixings (no oscillations)
Sim

ple Ferm
i-D

irac energy distribution
  (the neutrinos are "therm

alized") 

1 billion ν's
1 m

1 m

1 m

A
 sm

all asym
m

etry in n/p ratio 

 num
ber of relic particles

  of each species
  testable via:

 expansion rate
 large scale structure 

That w
ill affect:

The D
/H

 ratio
The H

e abundance
The 7Li abundance

R
elic sterile neutrinos affect these predictions!

Standard Cosmology 
Assumes

A
ny extra neutrinos

w
ill affect cosm

ology



"N
ew

 constraints on the cosm
ological background of relativistic particles,"

S. H
annestad, astro-ph/0510582

W
M

A
P only

A
ll data

B
B

N

N
ν  = 4.2

+1.2
−1.7

@
95%

 C
L

C
osm

ology is reaching the point 
w

here it m
ight identify new

"particle physics" first!



U
H

E N
eutrino Experim

ents  
can definitely give traditional, accelerator-based experim

ents
a run for their m

oney

Experim
ents that can detect E

ν >10
17 eV

are looking beyong LH
C

 energies!

Search for enhancem
ents of σ

νN  
beyond SM

 probing... 
 extra dim

ensions, 
 black hole production,
 strongly interacting neutrinos,
 ... &

 m
ore exotic stuff!



A
nita-lite has already ruled out "Zburst M

odels"
ultra-G

ZK
 ν + C

νB
 →

 Z  →
 U

H
EC

R
s

Even a sm
all experim

ent can do a lot!

South
Pole

ν
U

H
F-m

icrow
ave

3km
of ice

Prototype for the A
nita Experim

ent,
w

ith 18.4 days of flight tim
e

K
usenko &

 W
eiler,

hep-ph/0106071



These experim
ents show

 that 
W

e are in the process of a change in approach

Last century (i.e. 5 years ago!!!)
U

nderstanding of 
→

 →
 →

U
nderstanding of 

Particles
the U

niverse

ν
µ

Today
U

nderstanding of 
←

 ↔
 →

U
nderstanding of 

Particles
the U

niverse
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The A
PS-sponsored

M
ultidivisional study on...

The Future of N
eutrino Physics

W
orking G

roups:

Solar &
 A

tm
ospheric N

eutrinos
R

eactor N
eutrinos

Super B
eam

s
N

eutrino Factory &
 B

eta B
eam

s
N

eutrinoless D
ouble B

eta D
ecay

A
strophysics &

 C
osm

ology

http://w
w

w
.aps.org/neutrino



The B
ig Q

uestions:
1.  W

hat is the role of neutrinos in shaping nature?

2.  A
re neutrinos the key to understanding 

the m
atter-antim

atter asym
m

etry?

3. W
hat can neutrinos disclose about the deep interiors of 

astrophysical objects, and the m
ysterious sources

of ultra high energy cosm
ic rays?



The B
ig Q

uestions:
1.  W

hat is the role of neutrinos in shaping nature?

2.  A
re neutrinos the key to understanding 

the m
atter-antim

atter asym
m

etry?

3. W
hat can neutrinos disclose about the deep interiors of 

astrophysical objects, and the m
ysterious sources

of ultra high energy cosm
ic rays?

A nice
exam

ple
to again
em

phasize
the
overlap!



The idea:

a heavy partner 
to the ν (getting 
m

ass from
 the 

M
ajorana term

)

B
efore the electrow

eak phase transition...

N
1

-H
+

These are m
assless:

-H
+

N
1

N
2

H
−

Interference betw
een these tw

o
types of diagram

s can lead to 
a different rate of decay to
particles than antiparticles

  →
  C

P V
iolation

"Leptogenesis"

Today,
w

e cannot study the N
's

but w
e can study the ν's...



From
 A

tm
ospheric

and Long B
aseline

D
isappearance

M
easurem

ents
From

 R
eactor

D
isappearance

M
easurem

ents

From
 Solar N

eutrino
M

easurem
ents

From
 Long Baseline

A
ppearance

M
easurem

ents

Putting C
P violation

into the light neutrino
M

ixing M
atrix:

The C
P V

iolation Param
eter



C
P violation 

&
 light neutrinos  

P
osc (ν

α →
 ν
β ) ≠ P

osc (ν
α →

 ν
β )

 

P
osc (ν

α →
 ν
β )

Posc(να→ νβ)

C
P 

δ
C

P param
eter

0

π

To see C
P violation

in oscillations
you need

an appearance experim
ent

and results from
 both

neutrino and antineutrino
running



B
ut m

atter effects m
im

ic 
C

P V
iolation!

P
osc (ν

α →
 ν
β ) ≠ P

osc (ν
α →

 ν
β )

 
Δm

2<0
Δm

2>0

P
osc (ν

α →
 ν
β )

Posc(να→ νβ)

C
P 

C
P + m

atter,
Δm

2 <0 

C
P + m

atter, 
        Δm

2 >0 
δ

C
P param

eter

0

π

M
atter effects are

only an issue
for baselines >500 km

Personal opinion:
C

P violation is hard.
Avoid m

atter effects!



The effect you are looking for is sm
all 

and 
ν

µ  →
ν

e   is com
plicated by m

any poorly know
n param

eters 

W
hy is m

easuring C
P violation hard?

θ
13  -- not yet m

easured (sin
2 2θ

13 <0.2 @
90%

 C
L from

 C
hooz)

θ
23  -- M

inos w
ill m

easure d(sin
2 2θ

23 )~5%
 (6 years) 

    T2K
  w

ill m
easure d(sin

2 2θ
23 )~1%

  (4+5 years)
but you cannot tell if  θ

23 >45° or <45° !!! -- it's degenerate
and m

atter effects only m
ake this w

orse!...



W
hy do w

e need a reactor experim
ent

in order to search for C
P violation?

θ
13  -- C

an be m
easured at the 3σ level for sin

2 2θ
13  > 0.01

θ
23  -- the correct choice of the 2 degenerate solutions can be 

picked out of the long baseline running once θ
13  is know

n

M
cC

onnel-M
ahn &

 Shaevitz,  hep-ex/0409028

A
nd once you have a clean slice in θ

13  , you have the chance to 
nail dow

n the C
P violation param

eter...



A
ssum

es T2K
 m

easures
d(sin

2 2θ
23 )~1%

  (5 years)

(you need a reactor even
m

ore if you just use the 
M

inos 5%
 m

easurem
ent)

Y
ou could have

just these regions
by 2015

O
r this region

by 2020

O
r this 

by 2020
w

ith both LB
experim

ents....

If θ
13  is large enough, the reactor slice allow

s
non-zero C

P to be distinguished.

If θ
13  is too sm

all,
the long-baseline
experim

ents have 
no sensitivity)



R
eactor experim

ent
tells you w

hether 
nature is here...

or here...

That w
as 90%

 C
L...

W
hat about 

discovery?

Y
ou can have this

in 2030
(100

th B
irthday 

of the neutrino!)
 if nature 
is good to you...

...Before you invest in the 
C

P Search Experim
ent

Requires a Proton Driver
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This w
as just one facet of the noted needs from

 the astro/cosm
o group

A
lso explicitly recom

m
ended....

 D
evelopm

ent of techniques for detecting atm
ospheric neutrinos

in the >10
15 eV

 range
 M

easurem
ents of neutrino-nucleus cross sections

in the few
 10's of M

eV
 range

 Support for long-term
 running of existing neutrino detectors for

supernova neutrino detection
 Further establishm

ent of a w
ide range of experim

ental m
ethods

to precisely m
easure the CνB

 Tim
ely construction of a suite of experim

ents pursuing 
galactic and extra-galactic neutrino sources.

 Precision m
easurem

ent of low
-energy solar neutrino rates

 D
evelopm

ent of techniques for dark m
atter detection in concert

w
ith these neutrino experim

ents.

= The Future!



ν
e

ν
µ

ν
τ

'Tis the season to w
ish..

and lastly,


