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Neutrino Physics

e Early evidence for neutrinos:
— Continuous spectrum of beta energies

— Angular momentum conservation arguments
— Proposed by Pauliin 1930
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Pauli’s Neutrino Hypothesis
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Offener Brief an die Qrunpe der Radiocaktiven bei der
Gauvereins-Tagung zu Tibingen.

Abschrift
Phyeikalisches Institut

dar Eidg. Technischen Hochachula Zirich, L. Des. 1930

dirich Gloriastrasse

liebe Radiocaktive Demen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich uldvollst
ansuhbren bitte, Ihnen des nilheren suseinsndersetsen wird, bin ich
angesichts der "falachen" Statlistik der Ne und Li.6 Kerne, sowie
des kontimuierlichen beta-Spektrums auf oinen verswelfelten Ausweg
verfallen um den "Wechselsats™ (1) der Statistik und den Energliesats
su retten., MNimlich die MOglichkeit, es kbnnten slektrisch neutrale
Teilohen, rie ich Nevtronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘slah von Lichtquanten wusserdem noch dadurch unterscheiden, dass sie
:.uit Liohtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmasse sein und
:.h.‘lla nicht grosser als 0,0l Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstandlich unter der Annahme, dass beim
boba~Zerfall wit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Nun handelt es sich welter darum, welche Krifte auf die

Meutronen wirken. Das wahracheinlichste Hodell fiir das Neutron scheint

mir sus wellenmechanischen Orlinden (n¥heres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutrom ein
magnetischer Dipol von einem gewissen Moment at ist. Die Experimente
verlincen wohl, dass die ionisierende Wirkung eines sclchen Neutrons
nicht grosser sein kann, sls die eines pﬂn-stnhls und darf denn
A wohl nicht grosser sein als e « (107 om),

Ich traue mich vorliufig sber nicht, etwas iiber diese Ides
su publisieren und wende mich erst vertrauensvoll an Euch, liebe
Radiocakt!ve, mit der ?ng‘n, wie es um den experimentellen Nachwelis
eines solchen Neutrone stinde, wenn dieses ein ebensolches oder etwa
l0mal grosseres Durchdringungsvermogen besitsen wirde, wie ein
guwa-Strahl.

Ioh gebe su, dass mein Ausweg vielleicht von vornherein
wamig wahrscheinlich erscheinsn wird, weil man die Neutronsn, wemn

she axristisren, wohl schon I¥ngst gesehen Natte. Aber mur wer wagt,
beta-Spektrmm

foet und der Erngt der Situation bedm Mi.lﬂl.‘l!'liohl
wird durch einen Ausspruch moines vershrten Vi im Jmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats

"0, daren soll men am besten gar nicht denken, sowie an dis neuen

Steuern."” Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-

Also, liebs Radicaktive, prifet, und richtet.= Lelder kann ich nicht
peraonlich in Tibingen erscheinen, da sch infolge eines in der Nacht
vom &, mm 7 Des. in Zirich stattfindenden Ballee hier unabiSmmlich
bin.- Mit vielen Oriissen an Ench, sowie an Herrm Bask, Buer
untertanigster Diener

ges, W, Pauld

Dear Radioactive Ladies and Gentlemen,

The mass of the neutrons should be of
the same order of magnitude as the
electron mass and in any event not
larger than 0.01 proton mass. - The
continuous beta spectrum would then
make sense with the assumption that in
beta decay, in addition to the
electron, a neutron is emitted such
that the sum of the energies of
neutron and electron is constant.

I admit that my remedy may seem almost
improbable because one probably would
have seen those neutrons, if they
exist, for a long time.

Unfortunately, I cannot personally
appear in Tuibingen since I am
indispensable here in Zurich because
of a ball on the night from December 6
to 7.

signed W. Pauli



E. Fermi, Z. Phys. 88 (1934) 161

7. Die Masse des Neutrinos.

Durch die Ubergangswahrscheinlichkeit (32) ist die Form des konti-
nuierlichen B-Spektrums bestimmt. Wir wollen zuerst diskutieren, wie
diese Form von der Ruhemasse u des

Neutrinos abhiingt, um von einem Ver- gl
gleich mit den empirischen Kurven diese

Konstante zu bestimmen. Die Masse u Hein
ist in dem Faktor p}/v, enthalten. Die @@=l

Abhangigkeit der Form der FEnergie-
verteilungskurve von u ist am meisten
ausgepragt in der Néhe des Endpunktes
der Verteilungskurve. Ist Ky die Grenzenergie der f-Strablen, so sieht
man ohne Schwierigkeit, daB die Verteilungskurve fiir Energien E in der
Nahe von E, bis auf einen von F unabhiéngigen Faktor sich wie

s 1 ‘
% = 5 W+ E—E) VE—B} + 2B, —E) (%)

[

Fig. 1.

verhilt.

In der Fig. 1 ist das Ende der Verteilungskurve fiir y = 0 und fiir einen
kleinen und einen groBen Wert von u gezeichnet. Die groSte Ahnlichkeit
mit den empirischen Kurven zeigt die theoretische Kurve fur g = 0.

The shape of B energy
spectrum near the endpoint is
sensitive to the neutrino mass.

Neutrino Mass

Hanna & Pontecorvo,
Phys. Rev. 75, 983 (1949)

The @3-Spectrum of H?

G. C. HannAa AnD B. PoONTECORVO

Chalk River Laboratory, National Research Council of Canada,
Chalk River, Ontario, Canada

January 28, 1949
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Detecting Anti-Neutrinos

Fermitheory: n > p+ B~ +V
Inverse reaction: v+p > n+ B

1952 — Reines & Cowan propose to detect the f*
annlhllatlon in liquid scintillator

,/

// \/ Nuclear
explosive .. . _
/ N Only sensitive to cross sections o ~ 10740 cm?
_ e | -Firebel Expected cross section is 10™%* cm?
|
\ g / Buried signal I
30m \ Eﬂ forrrli’gege?r?g?elgie L. .
~ 2 —"onm | Sensitivity dominated by
T background count rate.
Back fill ——- Vacuum
pump
suspenced——=l | The same sensitivity would be
detector YVacuum .
line achieved at a reactor.
Vacuum ——-
tank B2 Feathers and

foam rubber



Detecting Anti-Neutrinos

Delayed coincidence — neutron capture on cadmium...
v+p-on+e” ete”™ » yy (1.05 MeV)
n+ 198¢cd - 1%ca* - °°cd +y (9 MeV)

Detect neutron capture within 5 ps of e e~ annihilation.
CdCl, dissolved in water

Incident
antineutrino

Liquid | /

Gamma rays
. L. o+
Scintillator > \ \ f
Gamma rays \‘\

Liquid _—»

Water —>
scintillator 1 f -
Liquid scintillator

and cadmium

6




Detecting Neutrinos

How do we know that v and v are different?

Pontecorvo’s method:
v+3Cl s e+ Ar
— Natural abundance of 37Cl is 24%
— Tetrachloroethylene (C,Cl,) is non-flammable, inexpensive
— 37 Ar is unstable with a half-life of 35 days
— Production and decay rates in equilibrium

— Small numbers of 37 Ar atoms can be extracted from a large
volume of C,Cl,.

Described in a lecture to physics students at McGill and
written up in NRC Report P.D.-205

— Immediately classified by the US Atomic Energy Commission



Detecting Neutrinos

55 gallons Argon Extraction
of CCl,
- Flush with helium

- Freeze onto charcoal trap

cooled with LN,

37 :
- Count  Ar with G-M tube
- Demonstrated greater than

A second system
consisted of 1000

Ray Davis, 1955 gallons of ccl, 90% extraction efficiency
+37Cl>e™+ %A
v e r Attempt to Detect the Antineutrinos from a Nuclear Reactor
_ by the CI*"(3,e~)A3" Reaction™
14 + p —n + e+ Ravuonp Davis, Jr.

Department of Chemistry, Brookhaven Nalional Laboratory, U pton, Long Island, New York
(Received September 21, 1954)

Unlike photons and ©% mesons, which are their own anti-particles,

neutrinos and anti-neutrinos are different! .



Muon Neutrinos

1959 — Bruno Pontecorvo considered the production of
neutrinos at accelerators:

Tt - ,u+v” T - .U_Vu
_ — +
Vy+n-op+p Vpyt+tp-on+u
'\/@6
e - 4-...._".“"" I,.".
\ m} neutrino (v,) """""""'{n. . “‘__"__I___,_.----"""Fr#m

Leon Lederman  Melvin Schwartz



Elastic Neutrino Scattering

e Sufficient to use the Fermi 4-point interaction
* First, consider elastic scatteringv, + e~ - v, + e~

9 T a5 %
l Ve " <
\\\k¥4 7 H — ;53 1 U 5
N JE =uy EY 1-v)uy
o NN, Ju = u4§7’u(1 —y>)u,

|]\7[|2 = 6401% (p1 - p2)(P3 * P4)
= 16G#s?
s=(p; + Pz)z = (p3 + P4)2
~ 2p1 Py = 2P3 * Py



Elastic Neutrino Scattering

* Next, consider elastic v, scatteringv, +e™ - vV, + e~

- 2
o~ /
N

}}'f\ 7 This is the same diagram
) ) s \ﬁd,, except with 1 & 4

|M|* = 6401%(194 - p2) (D3 * P1)
= 16G#t?>
t = (p1 —p3)* = (p2 — Pa)?
~ —2py *P3 = —2D2 " P4



Elastic Neutrino Scattering

In both cases we can consider the cross section in the center-

of-mass frame:
\/S \'S
pl — ( ) O)O) )

2
(— —sm@ 0, £Cos. 0)
2

t = ——S(l — cos0)

Incident flux: F = 2s |]\7[|2
. -  do = dQ

Phase space: dQ = — dQ F

32T _




Elastic Neutrino Scattering

» Differential scattering cross section:

4GEs
= 1- 2dQ)
do 6§Ln2( cos 0)-d
1 — 2d ro,
o (1—y)7dy 3

e Total cross section:
G%s

° T 3



Elastic Neutrino Scattering

Normally this experiment would be carried out in the lab
frame with the electron initially at rest.

Py = (Ev»ﬁv); |ﬁl,’| = E,
Pe = (me» O)
s = (py + pe)® = 2E,m,
Total cross section:
2GEm,E,
0O =
31
If E,~5 MeV then o = 2.9 x 10™** cm?
This small cross section is typical of neutrino interactions.




Muon Neutrino Beams

A wide-band neutrino beam is produced by a high energy
proton beam on a target

— Lots of pions and kaons are produced

— These decay to muons and muon neutrinos

— Muons decay to electrons and neutrinos

A narrow-band beam is produced from decays of pions and
kaons that are selected with a specific range of momenta.

Muon neutrino beams can interact with thick nuclear targets
v, +N->pu +X
7+ N->p"+X
The muons will ionize the instrumented parts of the target
and are easily detected.



Probing Nuclear Structure

e The muon neutrino will either interact with a d-
qguark or a u-quark.

(2/' j:\uv o = '_7.//,0. 3 -);':uw |
g \\L\_}?ﬁ/,’ AA \ -f";’?,/ AT
g
\.;< or \s\
\ /
0) / N N o “ 2 7*\ —
- Y avaer k J goe {\ -\\ ’){
J B s

LA

* These diagrams are the same as the elastic scattering
diagrams except with the momenta re-labeled.



Probing Nuclear Structure

_ FS
(vud = 7)) = —
do Gzs
d_Q(v“u utd) = e 2(1+C059 )?
do _ Gzs
d_Q(V“ﬂ_)M_d) = Ter 2(1+c059 )?
g, - . G#s
an ud > 1) = 4

* To calculate cross sections in the lab frame, express these in
termsofy = (E, — E,)/E,

1
1—y=z(1+c030*)

 But whatis s when we are colliding with quarks inside a nucleus?



Parton Density Functions

Suppose that a quark carries a fraction, x, of the total
momentum of the nucleus

The differential cross sections can be expressed

do d&l
By N 7 1K) = z i) (E>

f;(x)dx is the probability for finding a quark of type i with
momentum fraction between x and x + dx.




Probing Nuclear Structure

 We can’t a priori calculate these probability densities
* [sospin symmetry:

dp(x) = up(x)

Up(x) = Czp(x)

For an isoscalar target like liquid deuterium, we will average
over protons and neutrons:

do

eay VN =5 [u(x) +d) + (@) +d()) (1 - y)?]
do B
dxdy (VN) = 2]




Probing Nuclear Structure

In the lab frame,

s = (py + pn)* = 2MyE,
These cross sections can be made relatively large using very
high-energy neutrino beams.

Integrate over the parton densities to define:
1
Q = J x(u(x) + d(x))dx
- _
Q = j X (ﬂ(x) + d(x)) dx
0

And recall that

1 , 1
f (1-y) dy=§
0



Probing Nuclear Structure

o(VN) =

GiMyE, 1 _
FYN <Q+§Q)

o(VN) =

2

GgMyE, (Q N %Q)

* |f we were to measure ¢/E,, as a function of E,,, we
would expect it to remain constant.

* Furthermore, we expect that

B o(VN) 1+ 30/0

R -~ o(wN) 3+0/0




Probing Nuclear Structure

* |f there were no anti-quarks in the nucleon,
then we would expect that R = 1/3.

e The cross sections are indeed found to be
directly proportional to the beam energy but
the observed ratio is

R~0.45 = 0 /Q~0.14

* This provides direct evidence that neutrinos
can interact with the anti-quarks from the sea
of virtual gq pairs within the nucleon.



Probing Nuclear Structure

1

Bem? GeV

Fig. 5.13. Neutrino and antineutrino cross-sections on nucleons. The ratio ¢/ E
as a function of energy and is indeed a constant, as predicted in (5.45) and (5.46).

-1 'I- T T
PR, ST ___-L__ 52 090 | 3 ____}__ _______
B i S
1 *o T = I¢ !
| I lle : 3
I 1
N
|
|
| |
L . /ps . N : il
) 10 20 30 S0 100 150 200 250
E,.GeV

is plotted



