Neutrino physics and astrophysics:
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Cosmic Gall
John Updike

Neutrinos they are very small.

They have no charge and have no mass
And do not interact at all.

The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids down a drafty hall

Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,

And, scorning barriers of class,
Infiltrate you and me! Like tall

And painless guillotines, they fall

Down through our heads into the grass.
At night, they enter at Nepal

And pierce the lover and his lass

From underneath the bed - you call

It wonderful; | call it crass.



Neutrino mass eigenstates are a combination of
weak-interaction eigenstates: neutrinos mix!

o=e,u,rt

VGZZaniVi 1=1.2,3,.

U is unitary: UTU = UUT = 1

If the neutrino mass were zero this would be nothing more than
a change of basis in the Standard Model:
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Atmospheric
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When v, — ei* v, thenU_ — ei*U_.

When/ —e¢/(  thenU  — e U,

Except when the neutrino
mass eigenstates are their
own antiparticles
("Majorana neutrinos"):
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One can multiply any one
row or any one column
by the same phase by

redefining the phases of

the fields!
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Majorana nature of the neutrinos permit
neutrinoless double beta decay:

]
b

Initial == Input: nuclear matrix == Final
hucleus elements nucleus




- Symmetries, in particular weak isospin invariance, define the
Standard Model.

* In the Standard Model, the left-handed and the right-handed
components of the neutrino are treated differently: v, sits in an
weak-isospin doublet (I,,=1/2) together with the left-handed
component of the associated charged lepton, whereas v, is an weak-
isospin singlet (I,,=0).

» A mass term connects left- and right-handed components. The
usual Dirac mass term is L = myy = m(y, yp + Yy, ). But such a
neutrino mass term breaks the weak-isospin symmetry, hence it is
NOT permitted in the Standard Model.

* The right-handed component of the neutrino carries no weak
isospin quantum numbers. This permits Majorana neutrino mass in
the Standard Model if one only uses right-handed neutrinos.



Majorana mass term: Mp VRC Vi

* Such a mass term violates lepton number conservation since it
implies that neutrinos are their antiparticles.

* It is permitted by the weak-isospin invariance of the Standard
Model.

* Neutrino mass tferms are not included in the fundamental
Lagrangian of the Standard Model. They arise from new physics.
Of course it is possible to write down an effective Lagrangian
for the neutrino mass in terms of only the Standard Model
fields if you give up renormalizability.




A note on dimensional counting

* Lagrangian, L, has dimensions of energy (or mass).

L= [ d3x L = Lagrangian density, L, has dimensions of
energy/volume or M*,

- Define the scaling dimension of x, [x] to be -1 = scaling dimension
of momentum (or mass) is [m] = +1 (recall that (p.x/#) is
dimensionless and we take [#]=0).

» Clearly [L] = 4. This should be true for any Lagrangian density of
any theory.

- Consider the mass term for fermions, L,,= m PW. Then [PW] = 3 or
[W] = 3/2.

* In the Standard Model the Higgs field vacuum expectation value
gives the particle mass: L = H YW, Hence [H] = 1.



Using the Standard Model degrees of freedom one can

parameterize the neutrino mass by a dimension 5 operator.
(Recall that I;W=1/2 for the v and -1/2 for Hgy).

L= X, Hsm Hom Vi Vus/ A

V2 Xaﬁ / A=U mvdiagonal Ut

This term is not renormalizable!




There are other ways to obtain neutrino mass:

L = Hpyv,© Vip

Note: This Higgs is not in the Standard Model!



See-Saw Mechanism
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One of the most exciting discoveries in the physics
during the last two decades was that neutrinos
have mass!

This was achieved through the
observation of neutrino oscillations!




Neutrino Oscillations

v, (1=0)= cos O v;+sin 0 v,

J

v, (t) = cos 06 exp(iE;t)v; + sin 6 exp (iE,T)v,

P(v— Vo) = [vo(L)I2

Phase Difference: E,-E; « m,%-m;2=dm?



b, cosf, =in#, Iy
o, —sinf, cosb, Iy

U (t)
W, (1)

1 —dm?cos 20, dm?sin 26, (1)
iE dm®sin28, dm®cos26, o, (t)

dm® =mi —ms (ma > my)

Appearance probability of the other flavor

P = sin® 20, sin®[1.27dm*(eV*) L /E (m/MeV)).




MSW effect

In vacuum: E2 = p? + m?

In a potential: (E-®)?=p2+m2 = m 2= m?+ 2ED

The potential is provided
by the coherent forward
scattering of v,'s of f the

electrons in dense matter.

There is a similar term with Z-exchange. But since it is
the same for all neutrino flavors, it does not contribute to
phase differences unless we invoke a sterile neutrino.
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If the neutrino density itself is also very high then one has to

consider the effects of neutrinos scattering off other neutrinos.

This is the case for a core-collapse supernova.
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The most copious neutrino source for Earth is the
Sun unless you are really close to a huclear
reactor!

Let us take a brief detour into this
modest main sequence star.




| Stellar Equilibrium

v
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P Dt

= —Vp — pV — 4+ pV-v =10

Dp

Dt

Equation of motion

Equation of continuity

Vo = 4nGp

1Dp | 1Dp _Ty-1
p Dt lth_ jz

(pe =V -F)

Poisson's Equation

Energy Equation

dlogp )
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¢ = Rate of nuclear energy generation F = Energy flux
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Solar neutrino experiments

* Radiochemical experiments: Measure integrated
(over time and energy) count rate.

1 SNU (solar neutrino unit) = 10-3¢ neutrinos
captured per atom per second.

Homestake (Cl), SAGE (Ga), Gallex (Ga), GNO (Ga)

» Real-time counting experiments: Measure the
energy spectra in real time.

Kamiokande, SuperKamiokande, SNO




Homestake Experiment




Then: |Homestake Count Rate

1
Tl ] N

Those of us who believed the data thought that neutrino mixing angles
are, like quark mixing angles, small for vacuum mixing, but, thanks to
MSW, matter-enhanced oscillations do the reduction. Most people did
not even believe the data.



SAGE Experiment
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Gallex and GNO

Nzl N+ GeCly | | H20

GacCl,

HCI
(54 m3)




T30 Bl - OALLEXT . I( —GNO |-
o 775624 5SNU| (J62.9*%% 2.5 SHU
[gzcr:: varsvs : . y
“ ] n
R I TP SRR SRR U PP S S
1952 1954 1986 182 Zhoo 2002 2004
O6N3 = 4.1 + 3.6 SNIl5r
w50l SAGE| 8fo + 4.4+ 3.4 SNU _‘
300+ ! .
- 79.4 = 8.6 + 3.9 SNU 5.0=5.0+3.4 SNU
) L4
200 - . -l
1504 ’ b |[|9 L3 :
E | 0"‘ ' : AdOpTed
100+ ! .
‘ ‘ | | ’ } I' J { L. from
‘ + I .
s UH ' M“ {“ H ‘ H ‘]‘N k4  Gavrin
B Ty J» . 1 l d* —

1900 1901 1992 1093 | 1904 1993 1996 | 1997 199% 1999 2000 2001 2002 2003 2004 2008

Mean extraction time  06.5 £ 3.5 + 3.4 SNU



1.2

1 . GALLEX Crl
1.1 - 1,01 +/-0,12
] [sAGE ¢
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: 1.0 -
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SuperKamiokande Detector

Electronics Catching Neutrinos

trailers
About once exvery 90 minutres, & neutring interacts in the detector
ch ing Ch k diation. This optical equivalent of

asohic b'of)rp creates a cone of light that is registered on the

photomultipliers that line the tank. Characteristic nn%'pa!be_ms tell
phygicists what kind of neutrinos interacted and in which direction
they were headed.

7.0 S ) |

12.5 million gallon
tank of ulra-pure
waker

Mountains filter out other signals
that mask neutting detection.

A few neutrinos interact
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The light is o
detected by
photo sensors
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translated irko 2
digital image.
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Event/day/bin
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Sudbury Neutrino Observatory
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fpmu 10" cm %)

600k, "M AR 0 ----- ¢ 68%CL.

Habd

— 4, 68%.95%99% CL

S00F
400

300

— 02 068% CL. .

— ¢, °68% CL.

— ¢, 68% CL

— ¢ 68% CL

200

100

0 50 100 150 200 250 300 350
(bc (x 10* cm2sh)

From NEUTRINO 2008 presentation



Long Baseline Reactor Neutrino Experiments
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CHOOZ
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Nuclear Power Station
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Chooz Underground Neutrino Laboratory
Ardennes. France
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Two-Detector Reactor Experiment to measure 6,
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Probabilit :
. ' 1 detector 2
1
|
0.8 !
1
0.6 I
|
|
0.4 1
|
|
0.2 - : Distance (m)
10 100 1000 10000 100000,
1.5 FaranE 7 @
P1 Q104+ QI NE ~ 0
1 -4 g m}ﬁ': .|E.:|:
1.3 f e 4 1.I'§5

Spectral Ratio :f J | | |
VR oY A 1 1L

s B H I"' w

0.7

.6 ]
0‘5 1 1 1 I 1 1 1 l 1 1

|
o 4 & G

P Energy (MeV)




---------------

V eng g Tai Pang W

ung Wan

08 B

T 22°

-------

el
\

— x ; ‘.‘ e "‘-I‘:J'I
% _Kau Lau Wan 3 e ‘

§ e L TROS 4
| Bl ei Kiu ...XI OSANMEN DAg;.‘

v

; Ult L F‘u Tau Pun Chau

. g 1 K3 y Interfistiondl Airport
Tau Ky al ' 1_[ ong
' i EPY TOWN N,

mnsetiPeak “yictdfia
B yPeak 554
L (1818 ft

Fuk St
X

] Fa Peng

LMount Collinson

South
China Sea

1imt — =



Atmospheric
Neutrinos

\

v.e vnu ?ﬂ vlu Vg 1"":‘.l vu ?'u VL’
Liscovering vass

The farther neutrinos travel, the more time they have to oscillate. B :
comparing the ralio of Aavors of neutrinos coming "up” through the Earth

ATMOSPHERIC NEUTRINOS

to those coming from overhead, physicists determined that neutrinos
osdillate , which neutrinos can ohly do if they have mass.

om space

/ fussly  pton Cosmic Rays + O, N — 7= (K)

r?esﬂlrli?'insg : / ” & 3 b ?T:b (K:E) - )u:l: + Yy (7’_‘)5

Aneutrino stikes snother

elementary particde in the
pE o 6T 4 ve(Te) + Vul(vy).

detector tenk. The interaction
i recorded and analyezed by
soientists to ientify both the
flavor of the neutine andits

fight path.

Bl Neutinos continue on
thetmjecoryandbegih
to osdillate as they

passthrough the earth

7= (Ve tVe)/(vp+7u) ~ 0.5

Including the effects of muon polarization 7 ~ 0.45.

R= (V;.c/Ve)data

Eanths N (Vp/Ve ) MonteCarlo

atmosphere

Coamic ray

The coamic ray hitsthe
earth's atmosphere,
m sking aspray of
secondary partides,

|
5
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One cyde of an osdillating neutrino
as it passes through earth

o Hamall medis qrap)




Atmospheric Neutrino Oscillations

RS
R S e i L o et !
FIRAY
§05— +¢-¢ ---- ¢ -
' o e-like

o u-like

2 3 4 5
1 10 10 10 10 10
L/E, (km/GeV)



K2K to
SuperKamioka

M t.Yariga take NearDetectors KEK

; 3,180 \
Super-Kamiokande o \
y : | y
: -1 “ x
. 5

Mt.Ikenoyama

1,360m A .
e Neutrino Ream |
/ \ BEREES 230
\

= -1
S 10F
2,
N
£
E _ <
14 [0
[aV] L
s | £ K2K
w7 - S 0%
S 2
3 10 = X
- ‘T?w best-fit spectrum "
with neutrino oscillation b
(3]
E -3
g 10 I =
= Super-Kamiokande
g. [ (Atmospheric Neutrinos)
m I ’
+ . 90%
; i N 10 -4+ ] ! ! !
Eeutrino Energy (GeV) 0 0.2 0.4 0.6 0.8

sin220



P(v,— v
(ve 2 Nature is tricky: We found that
i) mixing angles are NOT
small; ii) she uses both
vacuum and matter

Vacuum oscillation oscillations.

1-Sin%0/2

Adiabatic matter osc.



Typically solar neutrino analyses assume that v,
mixes with a combination of v, and v,. This is exact
only when 8,5 is zero. When 6,5 is non-zero, but small
we can use

P3X3(V€% Ve) - 6054613 szz(\/e% Ve CGIC WlTh 6052613Ne)

+ 5in% 045

This works both for vacuum and matter oscillations...




A global analysis of the solar neutrino data
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Solar + KamLAND Global Analysis

Active 2x2 Solar & KamLAND
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SNO first Salt Results , Balantekin and Yuksel, PRD 68, 113002 (2003)
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Joint analysis of the solar
neutrino data including
final SNO salt results and
KamLAND data
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Neutrino Masses and Flavor Content

Mass (eV)
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KamLAND and solar best fit values are not the samel!
CPT-violation? Other new physics?



...or is it simply ignoring 0,5 ?
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Are nuclear fusion reactions the only source of solar
energy? To answer this question we need to accurately
measure solar neutrino luminosity!

» This is a crucial test of energy generation during
the main stage of stellar evolution.

» It is a test independent of the detailed dynamics
of the solar models.

* It requires pp, pep, "Be, and CNO neutrino fluxes.

* Present uncertainty is very big, but a few percent
of accuracy is within reach.




How much does the CNO cycle contribute in the Sun?
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provide a test of SSM.



