Nuclear Beta Decay

» Since 1920’s physicists have observed
beta decay: e.g. “C— “N + e-

» But the electron energy distribution
IS continuous:

VAN

* Where did the energy go??
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“| have done something very bad today
by proposing a particle that cannot be
detected; it is something that
no theorist should ever do.”

- Wolfgang Pauli



Fermi Theory of 8 decay (1934)

n—-p+e+v

Golden Rule:
W = Zh—" G? ||v||2
density of final states
P €
M = <p|[J¥|n> <e|JM|v>
N v

(actually e is G = g?/M2 ~ 1x10° /GeV?)



dN = 4mp,dp.  4np,dp, §(E,-E, - E.)
h3 h3

(Integrate over E, =p,, m =0
= 1672 p, E, (E, — E,)? dE,

So we can explain the observed spectrum:
W ~ Pe Ee (EO _ Ee)2

(e.g., Kurie plot)



Inverse Beta Decay

The related process also should occur:
v+p—on+er

Estimate cross section (neglect e mass):

o~ G?E 2 « (hc)?
~10-19 (10°) (0.2 x 10-13)2 cm? (@ E=1Mev)
~10-44 cm?

A =(op)'~(104x10%)T'cm =10 cm ~10 L.y.I!



Discovery of the Neutrino - 1956

no exists, this inverse beta decay reaction has to be there, as Hans Bethe and
Rudolf Peierls recognized, and as I'm sure did Fermi, but they had no occa-
sion to write it down in the early days.

F. Reines, Nobel Lecture, 1995
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1956 - A Year of Revolution

FOR THE FIRST TIME —
A FORCE OF NATURE WAS ASYMMETRIC




Implication for the Neutrinol

PHYSICAL REVIEW VOLUME 105, NUMBER 5§ MARCH 1, 1957

Parity Nonconservation and a Two-Component Theory of the Neutrino

T. D. LEg, Columbia University, New York, New YVork
AND
C. N. Yane, Institute for Advanced Study, Princeton, New Jersey

(Received January 10, 1957; revised manuscript received January 17, 1957)

A two-component theory of the neutrino is discussed. The theory is possible only if parity is not conserved

in interactions involving the neutrino. Various experimental implications are analyzed. Some general re-
marks concerning nonconservation are made.

In this theory the mass of the neutrino must be zero,
and its wave function need only have two components
instead of the usual four. That such a relativistic theory
is possible is well knowd{®It was, however, always re-
jected because of its intrinsic violation of space inver-
sion invariance, a reason which is now no longer valid.

Pauli (1933)




Chirality States

Dirac Eq.: (B—m)y=0
X s (F+m)ysy=0
Define Vg = Y2(1+ vs5) 5 v = %2(1- vs)

Pyg—my, =0
Py —myg=0

m—0: Pyr=0; Py =0.

Note: m# 0 — must have both vy , v



Free fermions obey the Dirac equation (p'— m)¥ = 0 where p/= v"p,,.

_ . 01 . 0 —§& 1 0
use the representation: vy = 10 YV = 7 0 Vg = 0 -1/

Now rewrite the four component Dirac equation as two coupled two

. Wy
component equations W = b ;

—mip_ + (E—G- Py =0
(E+4+a-p)_. —mip, =0

In the limit m — 0 these equations decouple and we obtain the Weyl equa-
tions describing states with a definite helicity & - proy = £,

v_is the ?Ieft-mhanded ;netmjtrino (E>0)
or a right-handed antineutrino (E<O0).

v, describes vg orv,.



Neutrino Helicity Measurement

182Ey (0%) + & — 152Sm’*(1*) + v — 1528m(0*) + v

Let?V = pvlﬁ so that E;m = - Psm 2

— A
LH v — Jg, ~ + 2 [

— A
—J, ~+2z(LH)



Neutrino Helicity Measurement (1958

Eu'52

. Electromagnet ’Y S p i n a n a I yze r

Sm,0; ring
scatterer

wand | S€leCtE, — pgp,

Photomultiplier




The STANDARD MODEL
(1967)
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v does not exist!
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_eS a4, | Neutral currents!
i g s gy =tap (i) — 2q; sin® Oy .
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e 1960’s — v were studied with accelerator
experiments: v, 7 v,

"All you have to do is imagine something that
does practically nothing.
You can use your son-in-law as a prototype."




Neutral Current Discovery (1973)

Major Triumph for the Standard Modelll



A Puzzle from Astrophysics

Could neutrinos
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Neutrino mass and three-body decays
(in particular B decay where two light particles are emitted):

ZA-> (Z+1)A + e +v,

SH T,,,=1233y

E+T.=Q,

) (electron kinetic energy, since

Q; = 18.6keV P Q; represents atomic mass diff.)
Momentum is automatically

4 conserved (nuclear recoil).

3He

For T, ~ Qﬁ neutrino can become nonrelativistic



Electron spectrum in nuclear /5 decay
The transition probability per unit time is given by Fermi’s golden rule
AW = (20) A ped*ppi( Ee + By — A)| Apl?

Since the lepton energies are of order m. their deBroglie wavelength (A ~
hjmee = 4. ll]_“cm]l is much larger than the nuclear radius, and we can
neglect the variation of their wave function over the nuclear wolume. In

addition, we neglect all recoil terms (Ee + E.)/my and terms involving
micleon velocity., This is so called allowed approzimation, p. - R <= 1.

A = Zgcosbe [Cy(1)50(0) — Ca(7)5(0)]

Here Oy = 1 and C'y = 1.26 are coupling constants and (1) and (7}
are the Fermi and Gammow-Teller nuclear matrix elements. The lepton

currents j(0) and 7(0) depend on lepton spins and directions. After squaring,
summing over spins, and integrating over angles we obtain the transition

probability
AW = G20 e (7 41, E,) Bepe BypydEe

Here £ = C3(1)2 4+ C%(o)? and F(Z E) is the easily calculable correction
for the Coulomb effect on the emitted electron (ratio of the square of the

electron wave function at r = A with and without Coulomb field.)



Electron spectrum in nuclear & decay, continued
In the last formula one must substitute
E}’=&_EE=Q,IS—TE‘ El.l'ld P;_.r= EE—?TIE

The last expression gives the clue to the sensitivity to the neutrino mass.
Obviously, when p, — 0 or T, — (Js. lL.e., near the endpoint of 3 spectrum,
that sensitivity is more pronounced

Kurie plot

Lets call dW/dE = N(E) and consider

1/2
K(E)= [F(Jﬂﬂ‘ ] ~ const x |p,E,|\*?

For massles neutrinos this quantity. called Kurie plot, 1s a straight line
K(E,) ~ A— E,. with the intersect at the endpoint A (or Q) if the electron
kinetic energy is used).

Rewriting [p E,])'/* = (A — E,) [1 TET_]"]



One can see that
e The spectrum ends at A — m,, and not at A as for massless neutrinos

e More importantly, the slope of Kurie plot becomes infinite near the
endpoint for massive neutrinos.

o Effects like finite resolution, background, ete. will make the slope less
steep, unlike the neutrino mass, that makes it steeper.

® Thus. if such effects are incorrectly included we might get m_ < 0 from
a fit to the data

L PIRLY|

2

Fig.1.2. Graph from Fermi's famous paper on the theory of beta decay, showing
how the shape of the emitted electron's energy spectrum varies with nentrino mass



K(E)

m, #0 ﬁ:

Electron Energy E



Tritium Kurie Plot
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FIG. 1. The Kurie plot of the end point region for molecular
trittum. The solid curve i1s a fit to the data of run (b)
with zero neutrino mass. The subtracted background is 26
counts/channel.



Tritium Beta decay and neutrino mass

ative decay amplitude

10 A / [ region close to 8 end point
0.8 3H 081
0.6 06 & m(ve) =0 eV
04 | /
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» Strong source
» Excellent energy resolution
« Small endpoint energy E,
* Long term stability
» Low background rate




Previous Tritium Measurements
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at Forschungszentrum Karlsruhe QTRQ 5 countries

KATR| N unique facility for closed T, cycle: ] 7. % 13 institutions
Tritium Laboratory Karlsruhe a2 100 scientist
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~ 75 m long with 40 s.c. solenoids



Ny KATRIN:

i% 4 sensitivity and discovery potential
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Perhaps neutrinos are not so
useless after all

10.3 Neutrino Oscillations

We begin with a brief introduction to the physics of neutrino oscillations in free space. We discuss
the case of two flavors of neutrino, 1, and re. The generalization to three flavors is straightforward.
These neutrinos are those created (and absorbed) via weak interaction processes. However, we
postulate that they are not the mass eigenstates, Rather, they are a mixture of two mass eigenstates
designated 14 and v with masses mq and maq (1 £ mo). The weak interaction states are obtained
by a unitary transtormation of these mass eigenstates:

ve) = cosf|) +sind|ra) (10.28)
¢ ! |
vy = —sinfy) + cos|ug) (10.29)

where # 15 a mixing angle and a parameter of the theorv. A weak interaction process like nuclear
beta decay generates a 1., which then propagates as a function of time as

lw(t)) = e F1 cos By} + e sin 6)uy) | (10.30)



At £ = 0 we have a pure v but because of the phase slippage as a function of time, the relative
degree of v, and v, In the state vector varies. If the mass difference is small, Am? = m% — m% < p?
(p = Eq1 = E> is the momentum) then the energies are related by

Ei— Ep m%;pm% (10.31)
Then the probabilities for detecting a e or v, at a distance x(= t) are given by
Po(z) =|we)f = 1—sin®20sin? (T;—m) (10.32)
F,(x) =|{I-"'#|Ifr::'f|2 = sin? 26 sin? (%) (10.33)
where the characteristic oscillation length (in vacuum) is defined by
L= 2 (10.34)

Am?2 -’



Length & Energy Scales

Ey=1MeV, Am2 =1 eV2, — L = 1.24 meters

(P, 2minimum)

E=1GeV, Am?=103eV?, L=1240 km Super-K

Chooz,
E.=1MeV, Am?=103eV2, L=12Km  pglo Verde

E=1MeV, Am2=105eV2, L =125 km 5



The LSND Experiment (1993-98)

800 MeV proton beam from

L ANSCE accelerator
Nearly 49,000 Coulombs

f protons on tar
Water target Of protons on target

Qer beamstop
LSND Detector
Baseline 30 m e

Neutrino Energy
20-55 MeV,

1280
phototubes
167 tons Liquid scintillator



LSND Res
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Atmospheric neutrinos

Cosmic proton




Super — Kamiokande

Atmospheric Neutrino Oscillations

- Cosmic ray (proton)

E, ~05-5GeV
L down ~ 100 km

Lyp ~ 10,000 km

\%

30 kton
H,0 Cherenkov
11000 20" PMT's ©
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SuperKamiokande Result (1998)

sub-GeV e-like

:sub—GE‘l.I’_LL—IihE

multkGeV e-like
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Where are the upward
muon neufrinos??



Implications of SuperK Observation
« Am?=25x10°eV?#0 — atleast1m #0

« Mixing angle is quite large (6 ~ 45°)

Note: SuperK seems to be observing
vV, V,



My deepest personal interest is in experimental data, in the analysis of the
data and in the proper use of the data in theoretical stellar models. [ continue
to be encouraged in this regard by this one-hundred and nine vear old quota-

i
'll

tion from Mark Twain:

L . . - S —— S ! - . - S| [ o il . - .
RS b S h-I"J.'n'l'lJ:I:'.'Fl':._f' _I'.'.':-uu'.'.';uf.'l!H anout science.  Une gels SHO ioiesale relirns o
i L

conjecture out of such a trifling investment of fact
' - - L -

- Life on the Mississippi 1874

For me lwain's remark is a challenge to the experimentalist. The experimen-
talist must trv to eliminate the word “tritling” through his endeavors in

uncovering the facts of nature.

W.A. Fowler
Nobel Lecture,
1983




Maybe there is
something wrong
with these
astrophysical neutrinos???

We need a

]
“laboratory” “
VL E R

experiment!!










