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Lecture 20 Review
★ Weak interaction is of form Vector – Axial-vector  (V-A)  

★ Consequently only left-handed chiral particle states and right-handed 
     chiral anti-particle states participate in the weak interaction 

MAXIMAL PARITY VIOLATION

★ At low       weak interaction is only weak because of the large W-boson mass

Intrinsic strength of  
weak interaction is  
similar to that of QED   

★ Weak interaction also violates Charge Conjugation symmetry 

e– νe

V  –  A 



The Birth: Beta Decay
Neutron not discovered yet

A ! B + e�

The conservation of Energy and momentum  
requires the electron have a single value of energy.

(Z,N) ! (Z + 1, N � 1) + e�



Beta Decay

n ! pe�

1914, Chadwick



What is Wrong?

Something to loose 

or 

Something to add



Neil Bohr
• ready to abandon the law of conservation of energy 

• propose a statistical version of the conservation 
laws of energy, momentum, angular momentum

1929

1924, Borh, Kramers, Slater, “辐射的量⼦子理论”： 
能量和动量在单个微观相互作⽤用过程中不必守恒，
⽽而只需要在统计意义上守恒。 

1925年，康普顿电⼦子-光⼦子散射验证了微观散射过程
中能动量守恒。 



Wolfgang Pauli 1930  

Letter to the physical Institute of the Federal 
Institute of Technology, Zurich

Neutrino



Neutrino
In 1932 Chadwick discovered a neutral 
nuclear constituent. By studying the 
properties of the neutral radiation n emitted 
in the process  

He found out that n was a deeply penetrating 
neutral particle slightly heavier than the 
proton, quite distinct from gamma-rays.

7KH�'LVFRYHU\�RI�WKH�1HXWURQ

In 1932 Chadwick discovered a neutral nuclear constituent. By studying
the properties of the neutral radiation n emitted in the process 

9Be +  D o 12C + n
he found out that the particle n, the neutron, was a deeply penetrating
neutral particle slightly heavier than the proton, quite distinct from 
J-rays, i.e. a different particle from the neutron postulated by Pauli. 
Given the fact that Chadwick’s neutron was much heavier than
Pauli’s, Fermi renamed Pauli’s neutron the neutrino.

Pauli 说的“neutron”被Fermi改成“little 
neutral one”, 成为今天常说的 “Neutrino”



Solvay 1933 Physics Conference (Brussels, Belgium) 

Pauli 报告了他的中微⼦子设想

Neutrino



Fermi Theory

n
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The interaction behind beta decay remains 
unknown in Fermi’s time. 
It took some 20 years of work to figure out  a 
detailed model fitting the observation.

GF ⇠ 10�5 (GeV)�2

• Fermi theory of � decay (n ! pe�⌫̄) (1934)

– Loosely like QED, but zero range
(non-renormalizable) and non-diagonal
(charged current)
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Jµ ⇠ n̄�µp+ē�µ⌫e [p ! n, ⌫e ! e� ( ⇥ ! e�⌫̄e)]

GF ' 1.17⇥10�5 GeV�2 [Fermi constant]

PreSUSY 2011, Chicago (August, 2011) Paul Langacker (IAS)
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Loosely like QED, but zero range and non-diagonal



Parity Violation

Lee, Yang (1956)✓ � ⌧ puzzle (1950’s)

Need a pseudo-scalar to measure the parity violation effects.
~� · ~p

Parity conservation had been assumed, almost without question

• Reflection (parity) and charge conjugation non-invariance

– Parity conservation had been assumed, almost without question

– ⌧ � ✓ puzzle (1950’s):

✓ ! ⇡+⇡0| {z }
P=+1

, ⌧ ! ⇡+⇡+⇡0| {z }
P=�1

(Apparently) two particles with same mass, charge (±1),
spin (0), lifetime, but di↵erent decay modes/parity

– Lee, Yang (1956): P violation proposed (✓ = ⌧ = K+)

– Wu et al (1957): P violation observed (60Co � asymmetry)

– Subsequently observed in other decay asymmetries, correlations,
polarizations
. P (e±

) = ±v/c (rescattering)

. h⌫(h¯⌫) = ⌥1

2

from e�Eu ! ⌫ + Sm⇤ ! ⌫ + Sm + �L,R

(Goldhaber, Grodzins, Sunyar, 1958)

• V � A theory (Feynman, Gell-Mann; Sudarshan, Marshak, 1958)
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Two particles with same mass, 
charge, spin, lifetime, 

but different decay modes and 
parity



V-A Theory
(maximal violation of parity and charge conjugation)

The Modern (V � A) Form of the Fermi Interaction
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leptonic
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•  L = PL = 1��5

2
 (vector - axial)

• GF ' 1.17 ⇥ 10�5 GeV�2 (Fermi constant)

• Can extend third family, neutrino masses

• Will display hadronic current later
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Theory of the Feriui Interaction
R. P. FEYNMAN AND 1VI. GELL—MANN

Californea Inst@ate of Technology, Pasadena, Calefornga
(Received September 16, 1957)

The representation of Fermi particles by two-component Pauli spinors satisfying a second order differential
equation and the suggestion that in P decay these spinors act without gradient couplings leads to an essen-
tially unique weak four-fermion coupling. It is equivalent to equal amounts of vector and axial vector coup-
ling with two-component neutrinos and conservation of leptons. (The relative sign is not determined
theoretically. }It is taken to be "universal"; the lifetime of the y agrees to within the experimental errors of
2%. The vector part of the coupling is, by analogy with electric charge, assumed to be not renormalized by
virtual mesons. This requires, for example, that pions are also "charged" in the sense that there is a direct in-
teraction in which, say, a ~0 goes to m and an electron goes to a neutrino. The weak decays of strange par-
ticles will result qualitatively if the universality is extended to include a coupling involving a A. or Z fermion.
Parity is then not conserved even for those decays like E~2x or 371- which involve no neutrinos. The theory
is at variance with the measured angular correlation of electron and neutrino in He', and with the fact that
fewer than 10 4 pion decay into electron and neutrino.

HE failure of the law of reQection symmetry for
weak decays has prompted Salam, Landau, and

Lee and Yang' to propose that the neutrino be described
by a two-component wave function. As a consequence
neutrinos emitted in P decay are fully polarized along
their direction of motion. The simplicity of this idea
makes it very appealing, and considerable experimental
evidence is in its favor. There still remains the question
of the determination of the coeKcients of the scalar,
vector, etc., couplings.
There is another way to introduce a violation of

parity into weak decays which also has a certain
amount of theoretical raison d' etre. It has to do with
the number of components used to describe the electron
in the Dirac equation,

(i v A)p= rNQ. —
Why must the wave function have four components?
It is usually explained by pointing out that to describe
the electron spin we must have two, and we must also
represent the negative-energy states or positrons,
requiring two more. Yet this argument is unsatisfactory.
For a particle of spin zero we use a wave function of
only one component. The sign of the energy is deter-
mined by how the wave function varies in space and
time. The Klein-Gordon equation is second order and
we need both the function and its time derivative to
predict the future. So instead of two components for
spin zero we use one, but it satisfies a second order
equation. Initial states require speci6cation of that one
and its time derivative. Thus for the case of spin —, we
would expect to be able to use a simple two-component
spinor for the wave function, but have it satisfy a
second order differential equation. For example, the
wave function for a free particle would look like
U exp/ —i(Eg—P x)j, where U has just the two
components of a Pauli spinor and whether the particle
' A. Salam, Nuovo cimento 5, 299 (1957); L. Landau, Nuclear

Phys. 3, 127 (1957);T. D. I.ee and C. ¹ Yang, Phys. Rev. 105,
1671 (1957).

refers to electron or positron depends on the sign of 8
in the four-vector P„=(Z,P).
In fact it is easy to do this. If we substitute

(iV A-—+re)x-
m

(2)

in the Dirac equation, we find that p satisfies
(iv —A)'x= f(iv„—A„) (iv„—A„)——,'o„,p„,jx=en'x, (3)
where F„„=r)A„/risc„r)A„/r)x„—and o„„=,'i(p„y„—-y„y„).
Now we have a second order equation, but p still has
four components and we have twice as many solutions
as we want. But the operator ys——y,y,p,yf, commutes
with a„„;therefore there are solutions of (3) for which

and solutions for ipse= —g. We may select,
say, the 6rst set. We always take

~7&X X

Then we can put the solutions of (3) into one-to-one
correspondence with the Dirac equation (1). For each
lt there is a unique X; in fact we find

X=l(1+'V.)lt (s)
by multiplying (2) by 1+iys and using (4). The
function p has really only two independent components.
The conventional lt requires knowledge of both x and
its time derivative )see Kq. (2)]. Further, the six o„„
in (3) can be reduced to just the three o.,„,o.„„o.„.Since
o,&=i&,p&=. iver, „ its, Eq. (4) shows that o,& may be
replaced by io,„when o. perating on x as it does in (3)
Let us use the representation

(1 0 i ( 0 o) (0 1)
Eo —1) ' (-~ 0) ' (1 0)

where cr,, „,, are the Pauli matrices. If

Feynman & Gell-man; Sudarshan, Marshak (1958)
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where a, b are two-component spinors, we 6nd from
(5) that

where q =-', (a—b). Our Eq. (3) for the two-component
spinor p is

where 8 =F„„E,=F&„etc., which is the equation
we are looking for.
Rules of calculation for electrodynamics which

involve only the algebra of the Pauli matrices can be
worked out on the basis of (6). They, of course, give
results exactly the same as those calculated with
-Dirac matrices. The details will perhaps be published
later.
One of the authors has always had a predilection for

this equation. ' If one tries to represent relativistic
quantum mechanics by the method of path integrals,
the Klein-Gordon equation is easily handled, but the
Dirac equation is very hard to represent directly.
Instead, one is led first to (3), or (6), and from there
one must work back to (1).
For this reason let us imagine that (6) had been

discovered first, and (1) only deduced from it later.
It would make no difference for any problem in electro-
dynamics, where electrons are neither created nor
destroyed (except with positrons). But what would we
do if we were trying to describe P decay, in which an
electron is created? Would we use a 6eld operator f
directly in the Hamiltonian to represent the annihi-
lation of an electron, or would we use p? Now every-
thing we can do one way, we can represent the other
way. Thus if f were used it could be replaced by

electron in P decay is coupled directly through q, or,
what amounts to the same thing, in the usual four-
particle coupling

Q,C,($„0,$„)($„0,$,),
we always replace P, by —', (1+its)lt, .
One direct consequence is that the electron emitted

in P decay will always be left-hand polarized (and the
positron right) with polarization approaching 100%
as v—+c, irrespective of the kind of coupling. That is a
direct consequence of the projection operator

a= ', (1+i-vs).
A priori we could equally well have made the other
choice and used

a= —', (1—its);
electrons emitted would then be polarized to the right.
YVe appeal to experiment' to determine the sign.
Notice that a'=a, au=0.
But now we go further, and suppose that the same rule

applies to the wave functions of all the particles entering
the interaction. We take for the P-decay interaction
the form

gC;(aP O,ag,) (aP„O;aP.),
and we should like to discuss the consequences of this
hypothesis.
The coupling is now essentially completely deter-

mined. Since a/=Pa, we have in each term expressions
like aO,a. Now for S, T, and E' we have 0; commuting
with y~ so that aO,a=O;au=0. For A and V we have
aO,a=O;a'=0;a and the coupling survives. Further-
more, for axial vector O, =iy„y5, and since iy~u=a, we
find O,u=y„a; thus 2 leads to the same coupling as V:

(a)

while an expression in which p was used could be
rewritten by substituting

s(1+iv )0. (b)

If p were really fundamental, however, we might be
prejudiced against (a) on the grounds that gradients
are involved. That is, an expression for P coupling which
does not involve gradients from the point of view of lt,
does from the point of view of p. So we are led to
suggest y as the fceld annihilation operator to he used in
P decay without gradients. If io is written as in (b), we
see this does not conserve parity, but now we know that
that is consistent with experiment.
For this reason one of us suggested the rule' that the
' R. P. Feynman, Revs. Modern Phys. 20, 367 (1948); Phys.

Rev. 84, 108 (1951).' R. P. Feynman, Proceedings of the Seventh Annua/ rochester
Conference on High Energy 1Vnctear Physics, 1-957 (Interscieuce
Publishers, Inc. , New York, 1957).

the most general P-decay interaction possible with our
hypothesis. '
This coupling is not yet completely unique, because

our hypothesis could be varied in one respect. Instead
of dealing with the neutron and proton, we could have
made use of the antineutron and antiproton, con-
sidering them as the "true particles. "Then it would be
the wave function 1(r„of the antineut-ron that enters
with the factor a. We would be led to

(9)
This amounts to the same thing as

(9')
and from the a priori theoretical standpoint is just as
good a choice as (8).
We have assumed that the neutron and proton are

'See, for example, Boehm, Novey, Barnes, and Stech, Phys.
Rev. 108, 1497 (1957).

5 A universal V, A interaction has also been proposed by E.C. G.
Sudarshan and R. E. Marshal (to be published).
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proposed on simple theoretical grounds to limit the
possible P couplings. It is universal, it is symmetric, it
produces two-component neutrinos, it conserves leptons,
it preserves invariance under CI' and T, and it is the
simplest possibility from a certain point of view (that
of two-component wave functions emphasized in this
paper).
These theoretical arguments seem to the authors to be

strong enough to suggest that the disagreement with
the He' recoil experiment and with some other less
accurate experiments indicates that these experiments
are wrong. The rr~e+P problem may have a more
subtle solution.
After all, the theory also has a number of successes.

It yields the rate of p decay to 2'Po and the asymmetry
in direction in the 7r—+p~e chain. For P decay, it agrees
with the recoil experiments" in A" indicating a vector
coupling, the absence of Fierz terms distorting the
allowed spectra, and the more recent electron spin
polarization' measurements in P decay.
' Herrmansfeldt, Maxson, Stahelin, and Allen, Phys. Rev. 107,

641 (1957).

Besides the various experiments which this theory
suggests be done or rechecked, there are a number of
directions indicated for theoretical study. First it is
suggested that all the various theories, such as meson
theory, be recast in the form with the two-component
wave functions to see if new possibilities of coupling,
etc., are suggested. Second, it may be fruitful to analyze
further the idea that the vector part of the weak
coupling is not renormalized; to see if a set of couplings
could be arranged so that the axial part is also not
renormalized; and to study the meaning of the trans-
formation groups which are involved. Finally, attempts
to understand the strange particle decays should be
made assuming that they are related to this universal
interaction of definite form.
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Dispersion Relations for Dirac Potential Scattering
¹ N. KHURI AND S. B. TREIMAN

Palmer Physical Laboratory, Princeton University, Princeton, Eem Jersey
(Received September 9, 1957)

Dispersion relations for scattering of a Dirac particle by a potential are shown to hold for a broad class
of potentials. In contrast to the held theoretic case, the derivation here makes no use of the concept of
causality but is instead based directly on the analytic properties of the Fredholm solution of the scattering
integral equation. It is shown that the scattering amplitude, considered as a function of energy and momen-
tum transfer, can be extended to a function analytic in the complex energy plane, for real momentum
transfer. The dispersion relations then follow in the standard way from Cauchy's theorem. The Anal results
involve one "subtraction. " It is also shown that the analytic continuation into the unphysical region for
nonforward scattering can be carried out by means of a partial wave expansion.

I. INTRODUCTION
' 'T has recently been shown' that, under certain broad

conditions, dispersion relations of the type so much
discussed for relativistic field theories' also hold in
ordinary nonrelativistic quantum mechanics for scatter-
ing of a particle by a potential. The treatment of this
problem is quite straightforward and explicit; in contrast
to the 6eld theoretic case, one can show explicitly that
the dispersion relations involve no "subtractions" and
that the scattering amplitude can be analytically
continued into the unphysical region for nonforward
scattering by means of a partial wave expansion. In this
*Lockheed Fellow, 1956—1957.'

¹ N. Khuri, Phys. Rev. 107, 1148 (1957).' Chew, Goldberger, Low, and Nambu, Phys. Rev. 106, 1337
(1957). For a complete list of references see R, H. Capps and G.
Taireda, Phys. Rev. 103, 1877 (1956).

sense, nonrelativistic quantum mechanics provides a
complete and simple model of a system for which dis-
persion relations are valid. It has already been used as a
basis for investigating to what extent the dispersion
relations, taken together with the unitarity of the
S-matrix, constitute a self-contained formulation of
scat tering theory. '
In the present paper, the discussion of dispersion

relations in ordinary quantum mechanics is extended
to the case of scattering of a Dirac particle by a potential.
Using arguments similar to those employed for the
Schrodinger case, ' one again finds that dispersion rela-
tions hold for a broad class of potentials. The restric-
tions on the potentials are now somewhat more severe;
and in the present case one 6nds that the dispersion

' S, Gasiorowicz aud M. Ruderman (to be published),
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Photovoltages Larger than the Band Gap
in Zinc Sulfide Crystals

S. G. ELLIs, F. HERMAN, E. E. LoEENER, W. J. MERz, '
C. W. STRUCK, t AND J. G. WHITE

RCA Laboratories, I'rinceton, Sew Jersey
(Received Js,nuary 13, 1958)

' QENSAK' has discovered a photovoltage larger than
the band-gap voltage in some films of cadmium

telluride made by vacuum evaporation. A necessary
condition for the effect is that the vapor be directed
obliquely at the substrate on which it is condensed. The
direction of the resulting photovoltage is related to the
direction of evaporation.
X-ray diffraction examinations of the films disclosed

only cubic cadmium telluride and neither x-ray diffrac-
tion nor polarizing microscope studies were able to
detect a bulk anisotropy in the films related to the
direction of vapor arrival. Nevertheless, the hypothesis
was formed that if stacking faults existed in the film and
if the normals to the planes of the stacking faults were
oriented with respect to the direction of arrival of the
vapor, then there would exist in the films a structural
vector (the cadmium-tellurium bond vector perpendicu-
lar to the stacking fault) which could define the direction
of the electric held produced by illumination. A con-
sideration of the crystal field would indicate that there
is a residual dipole layer at each stacking fault, and
that at successive stacking faults the polarity has the
same sign. We are therefore led naturally to the con-
clusion that the photovoltage developed at successive
stacking faults would be additive, provided that the
stacking faults are perpendicular to a common axis.
It was also believed that a clear test of these ideas

could only be made on large crystals of the same
structure type. Since suitable zinc sulfide crystals were
available, the study was transferred to them.
These zinc sulfide crystals were clear fibers or plate-

lets grown from the vapor. They contained random
stacking faults. In some places there were ordered
arrangements of stacking faults with periodicities of as
many as 40 double layers. They were single crystals
only in the sense that the L111] cubic and $0001j
hexagonal directions were coincident and the boundaries
between the phases were coherent. X-ray diGraction
studies by the method of Coster, Knol, and Prins, '
using tungsten Jp radiation, showed that the growth
direction was also that of the sulfur-zinc vector in the
bonds perpendicular to the stacking faults.
Under ultraviolet illumination many of these crystals

produce greater-than-band-gap photovoltages. While
the stacking faults are often too closely spaced to
permit resolution under the light microscope, the photo-
voltages were higher in the crystals in which microscope
and x-ray studies indicated a higher number of stacking
faults. The photovoltages were, in particular, high for
crystals containing repetitive stacking faults, At room

temperature fields of 100 volts cm ' could be obtained.
This corresponds to, very approximately, 0.1 volt per
stacking fault. The direction of the electric field was
the same as the growth direction, i.e., sulfur to zinc
across the stacking fault.
While, historically, the experiments with evaporated

cadmium telluride films' ' led to a successful search for
a high photovoltage in zinc sulfide crystals, it would be
incorrect to conclude that the photovoltages observed
in the films are caused by stacking faults. The possibility
remains, but there is no direct evidence for it.
These structural and electrical studies are being

continued.
*Now at RCA Laboratories, Ltd. , Zurich, Switzerland.
f At present, National Science Fellow at Princeton University,

Princeton, New Jersey.' L. Pens', Phys. Rev. 109, 601 (1958).
s Coster, Knoi, and Prins, Z. Physik 63, 345 (1930).
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E have shown' that the imposition of the require-
ment of chirality invariance' on each covariant

in the four-fermion interaction Hamiltonian leads to
the essentially unique expression':

G fLAy„(1+ps)B] L('y„(1+ps)Dj+H.c.) (I)
where G is the coupling constant and A, 8, C, D are
four Dirac particie fields. In the standard terminology
of parity-conserving interactions, (I) represents the
combination V—A (V is vector, A is axial vector). We
assumed that (I) holds between any two of the pairs'
nP, AP, p i, e R (i.e., the Particles are taken to be the
neutron, proton, A hyperon, negative muon, neutrino,
and electron) with the same value of G. Such a uni-
versal V—A four-fermion interaction is invariant under
"combined inversion, "' yields a two-component neu-
trino of negative helicity, leads to conservation of
leptons, and gives the maximal violation of parity—
apart from conserving chirality.
In comparing the predictions of the V—A theory with

experiment, we pointed out at the Padua-Venice Con-
ference that the theory could explain all beta-decay
experiments (allowed as well as forbidden, parity-
conserving as well as parity-nonconserving) except the
electron-neutrino correlation in He and the electron
asymmetry from polarized neutron decay, ' all the muon
experiments except the very preliminary experiment at
Columbia' on -the positron polarization from p+ decay,
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the decay of the pion except for the apparent absence
of the electron mode, ' and all existing results on strange
particle decays (except for the decay of the hyperon
which we discuss below). Since the conference, the
validity of the He' experiment has been questioned, '0

the polarized neutron experiment has come down to a
value consistent with the V—A theory" and the helicity
of the positron from tt+ decay has turned out" to be+1,
as it should. There has been no change in the experi-

' mental situation with regard to the electron decay of
the pion but it is clear that this very dificult experiment
should be redone.
Since the universal U—A four-fermion interaction is

faring so well, it is worthwhile to spell out several other
features of this theory which add to its attractiveness.
(1) The V—A theory is completely consistent with the
latest experiment" on the radiative beta decay of the
pion since it predicts 80 sec for the transition proba-
bility (which happens to be convergent in lowest order).
This value is lower by a factor of (tt/cM')s (tt is the
pion mass, M the nucleon mass) than the tensor pre-
diction, '4 which Cassels et a/. found difficult to reconcile
with their experiment. (2) The V—A theory predicts a.
large negative asymmetry parameter (—0.88) for the
reaction A—vp+sr, a result which is required by experi-
ment. "This result follows from the fact that the V—A
theory yields an equivalent pseudovector coupling
between the pion and the (Ap) pair. "A related pre-
diction of the V—A theory is that the neutral reaction
A—+st+sr' should have the same asymmetry parameter
as its charged counterpart; this follows from the fact
that the V—A interaction stays the same whether we
use the so-called charge-exchange or charge-retention
order in (I). These results are unaltered by any final
state interaction of the nucleon and the pion. ' The
qualification in these asymmetry predictions is that
the meson renormalization eGects are approximately
the same for the V and A parts of the four-fermion
interaction, a result which is implicit in the nearly
equal contributions of the V and A interactions in beta
decay. " (3) The mesonic decay of the charged Z
hyperons can be explained without postulating direct
interactions with (Z+rt) pairs; the strong coupling of
the 2 to the A via the pion field provides a mechanism
for the decay without introducing an unsymmetrical
behavior" in the Z+ and Z .Such an indirect mechanism
for the decay of the charged Z hyperons also opens up
the possibility of reduced asymmetry parameters for
these decays, since additional renormalization eGects
enter the calculation"; it is not clear at present whether
the failure to observe" an up-down asymmetry in Z
decay resulting from the sr +p—+Z +E+ reaction is
due to a much smaller polarization of the Z (than the
A in the corresponding reaction) or to a much reduced
asymmetry parameter. (4) To account for the decay of
the ™hyperon, we introduce a direct coupling (I) of
the ( h.) pair ( is assumed to be the particle) with
the other four pairs already considered. The transition

probability for the inost rapid lepton decay mode:
~h+e. +9 is predicted to be 1.2&&10s sec ', which

is &5.5%%u~ of the observed rate. " The asymmetry
parameter for the observed mode vA+sr is found
to be —0.96. (5) We have remarked previously' that
the V—A theory possesses the virtue that it will predict
preponderant muon decay of the E meson even if the
latter is a scalar particle in strong interactions. The
evidence on the parity of the E meson is still unclear. "
(6) Tanikawa's attempt to develop a renormalizable
four-fermion interaction by introducing an intermediate
charged spinless boson" will not work with the V—A
theory because, as already stated, V—A in the charge-
exchange order still remains V—A in the charge-reten-
tion order. It is therefore necessary to introduce an
intermediate charged vector boson to derive a V—A
four-fermion interaction. This does not help with the re-
normalization'4 but there may be some advantage in
postulating a chirality-invariant interaction between
each fermion pair and a charged vector boson of large
mass, as Schwinger" has done.
It is a pleasure to acknowledge useful conversations

with Dr. C. J. Goebel and Mr. S. Okubo.
* Supported in part by the U. S.Atomic Energy Commission.' E. C. G. Sudarshan and R. E.Marshak, Proceedings of Padla-

Venice Conference on Mesons and Newly Discovered Particles,
September, 1957 [Suppl; Nuovo cimento (to be published) j.
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Hermitian y5 so that yP=+1). S. Watanabe gave the first
systematic treatment of the properties of the chirality operator
)Phys. Rev. 106, 1306 (1957)], although the term originated
with A. E. S. Eddington PFnndamentat Theory (Cambridge Uni-
versity Press, New York, 1949), p. 111.$'R. P. Feynman and M. Gell-Mann LPhys. Rev. 109, 193
(1958)7 have independently arrived at this expression on the basis
of a two-component spinor theory for all spin -', particles and no
gradients in the interaction Hamiltonian; however, this theory
requires the two-component wave function to satisfy a second
order equation which raises certain diKculties of principle (quan-
tization according to the usual rules, effect of strong interactions,
etc.).More recently, J. J. Sakurai has obtained expression (I) by
requiring the invariance of the four-fermion Hamiltonian under
separate reversal of the sign of the mass in the Dirac equation
for each fermion; this condition is completely equivalent to the
condition of chirality invariance. We are indebted to the authors
for sending us preprints of their papers.
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(—0.4a9) X10- .'e C. S. Wu (private communication); the experiment must still
be redone."Burgy, Krohn, Novey, Ringo, and Telegdi find for the
asymmetry 0.15&0,08 (private communication from V. L.
Telegdi)."Culligan, Frank, Holt, Kluyver, and Massam, Nature (to be
published).
"Cassels, Rigby, Wetherell, and Wormald, Proc. Phys. Soc.

(London) A70, 729 (1957).
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What we know today : Neutrino Flavours

★ The textbook neutrino states,                    ,  are not the fundamental particles; 
      these are 
★ Concepts like “electron number” conservation are now known not to hold. 
★ So what are                      ?  
★ Never directly observe neutrinos – can only detect them by their weak interactions. 
     Hence by definition       is the neutrino state produced along with an electron. 
     Similarly, charged current weak interactions of the state       produce an electron    

= weak eigenstates

nu
u u

d

d d
p

νe

e+W

p
d
u u

u

d dn

νe
e-

W

?

★ 2015 Nobel Prize         neutrinos have mass (albeit very small) 

★ Unless dealing with very large distances: the neutrino produced with a positron 
    will interact to produce an electron. For the discussion of the weak interaction 
    continue to use                     as if they were the fundamental particle states. 
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Muon Decay and Lepton Universality 
★ The leptonic charged current (W±) interaction vertices are:

★ Consider muon decay:

It is straight-forward to write down the matrix element

Its evaluation and subsequent treatment of a three-body decay is rather tricky 
  (and not particularly interesting). Here will simply quote the result 

Note: for lepton decay                     so propagator is a constant   
          i.e. in limit of Fermi theory 
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Similarly for tau to electron

•The muon to electron rate

•However, the tau can decay to a number of final states:

It can relate partial decay width to total decay width and therefore lifetime:

•Recall total width (total transition rate) is the sum of the partial widths

Therefore predict

with



21

All these quantities are precisely measured:

Similarly by comparing                                and  

★ Demonstrates the weak charged current is the same for all leptonic vertices 

Charged Current Lepton Universality
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Neutrino Scattering
• We have considered electron-proton Deep Inelastic Scattering where 
   a virtual photon is used to probe nucleon structure   

•  Can also consider the weak interaction equivalent: Neutrino Deep Inelastic  
   Scattering where a virtual W-boson probes the structure of nucleons  

additional information about parton structure functions

Proton beam
target

Magnetic 
focussing

Decay tunnel

Absorber = rock

Neutrino 
  beam

★ Neutrino Beams:
Smash high energy protons into a fixed target hadrons
Focus positive pions/kaons 
Allow them to decay
Gives a beam of “collimated”
Focus negative pions/kaons to give  beam of

+

+ provides a good example of calculations of weak interaction cross sections.
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Neutrino-Quark Scattering

p X

θ

q

★ For      -proton Deep Inelastic Scattering the underlying process is

★ In the limit                      the W-boson propagator is              

The Feynman rules give:

Evaluate the matrix element in the extreme relativistic limit where the  
   muon and quark masses can be neglected
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In this limit the helicity states are equivalent to the chiral states and

for and 

Since the weak interaction “conserves the helicity”, the only helicity combination  
   where the matrix element is non-zero is

NOTE: we could have written this down straight away as in the ultra-relativistic   
            limit only LH helicity particle states  participate in the weak interaction.

★ Consider the scattering in the C.o.M frame
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Evaluation of Neutrino-Quark Scattering ME
• Go through the calculation in gory detail (fortunately only one helicity combination)

In the           CMS frame, neglecting particle masses:

Dealing with LH helicity particle spinors. For a massless particle traveling in direction            :

Here

giving:
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To calculate

need to evaluate two terms of form

Using
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★ Note the Matrix Element is isotropic

we could have anticipated this since the 
helicity combination (spins anti-parallel) 
has no preferred polar angle

★ As before need to sum over all possible spin states and average over 
    all possible initial state spin states. Here only one possible spin combination 
    (LL¦LL) and only 2 possible initial state combinations (the neutrino is always 
    produced in a LH helicity state)

The factor of a half arises because 
half of the time the quark will be in  
a RH states and won’t participate in  
the charged current Weak interaction

★ In the extreme relativistic limit, the cross section for any 2¦2 body  
    scattering process is 
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using

★  Integrating this isotropic distribution over  

cross section is a Lorentz invariant quantity so this is valid in any frame 

(1)
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Antineutrino-Quark Scattering

In the ultra-relativistic limit, the charged-current  
    interaction matrix element is:

★ In the extreme relativistic limit only LH Helicity particles and RH Helicity anti- 
     particles participate in the charged current weak interaction:

★ In terms of the particle spins it can be seen that the interaction occurs in a  
     total angular momentum 1 state
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★ In a similar manner to the neutrino-quark scattering calculation obtain:

   The factor                                can be understood 
   in terms of the overlap of the initial and final 
   angular momentum wave-functions

★ Similarly to the neutrino-quark scattering calculation obtain:

★ Integrating over solid angle:

★ This is a factor three smaller than the neutrino quark cross-section
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(Anti)neutrino-(Anti)quark Scattering
Non-zero anti-quark component to the nucleon        also consider scattering from 
Cross-sections can be obtained immediately by comparing with quark scattering 
  and remembering to only include LH particles and RH anti-particles
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Differential Cross Section dσ/dy
★ Derived differential neutrino scattering cross sections in C.o.M frame, can convert 
     to Lorentz invariant form

 As for DIS use Lorentz invariant

   In relativistic limit y can be expressed in terms 
   of the C.o.M. scattering angle

 In lab. frame

★ Convert from                      using 

 Hence:

Already calculated (1)
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and

becomes

from

and hence

★ For comparison, the electro-magnetic                          cross section is: 

DIFFERENCES: Helicity  
Structure

Interaction  
+propagator

QED

WEAK
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Parton Model For Neutrino Deep Inelastic Scattering

Scattering from a proton 
with structure functions 

Scattering from a point-like 
quark within the proton

p X

θ

q
p

X

θ

q

★ Neutrino-proton scattering can occur via scattering from a down-quark or 
     from an anti-up quark

    In the parton model, number of down quarks within the proton in the  
    momentum fraction range                        is                . Their contribution to 
    the neutrino scattering cross-section is obtained by multiplying by the 
                              cross-section derived previously

where       is the centre-of-mass energy of the 
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 Similarly for the      contribution

★ Summing the two contributions and using 

★ The anti-neutrino proton differential cross section can be obtained in the  
     same manner:

★ For (anti)neutrino – neutron scattering:
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As before, define neutron distributions functions in terms of those of the proton

★ Because neutrino cross sections are very small, need massive detectors. 
    These are usually made of Iron, hence, experimentally measure a combination 
    of proton/neutron scattering cross sections

(2)

(3)

(4)

(5)
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★ For an isoscalar target (i.e. equal numbers of protons and neutrons), the mean 
     cross section per nucleon:

Integrate over momentum fraction x

where       and       are the total momentum fractions carried by the quarks and 
by the anti-quarks within a nucleon

Similarly

(6)

(7)
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e.g. CDHS Experiment (CERN 1976-1984)

• 1250 tons  
• Magnetized iron modules 
• Separated by drift chambers 

N X

Experimental Signature:

Study Neutrino Deep  
Inelastic Scattering

CERN, Dortmund, 
Heidelberg, Saclay 
+ Warsaw
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Example Event:

Energy Deposited

Position

Hadronic  
shower (X)

Muon

Measure energy of 

   Measure muon momentum 
    from curvature in B-field

★ For each event can determine neutrino energy and y !
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Measured y Distribution

ν

ν

J. de G
root et al., Z.Phys. C

1 (1979) 143

CDHS measured y distribution

   Shapes can be understood 
   in terms of (anti)neutrino –  
   (anti)quark scattering u+d

u+d

νN

u+d

u+d
νN



Measured Total Cross Sections
★ Integrating the expressions for         (equations (6) and (7))  

★ Measure cross sections can be used to determine fraction of protons momentum 
     carried by quarks,       , and fraction carried by anti-quarks,  

DIS cross section      lab. frame neutrino energy      

 Find: 
• ~50% of momentum carried by gluons  
  (which don’t interact with virtual W boson) 
• If no anti-quarks in nucleons expect 

• Including anti-quarks 

41
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Weak Neutral Current
★ Neutrinos also interact via the Neutral Current. First observed in the Gargamelle 
    bubble chamber in 1973. Interaction of muon neutrinos produce a final state muon

F.J. H
asert et al., Phys. Lett. 46B

 (1973) 121

F.J. H
asert et al., Phys. Lett. 46B

 (1973) 138

νµ

νµ

★ Cannot be due to W exchange  - first evidence for Z boson
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Summary
★ Derived neutrino/anti-neutrino – quark/anti-quark weak charged current (CC)  
      interaction cross sections

★ Neutrino – nucleon scattering yields extra information about parton 
    distributions functions:

 investigate flavour content of nucleon
•       couples to       and      ;        couples to      and     

★ Finally observe that neutrinos interact via weak neutral currents (NC)

      suppressed by factor                 compared with
• can measure anti-quark content of nucleon

      suppressed by factor                 compared with

★ Further aspects of neutrino deep-inelastic scattering (expressed in general 
      structure functions) are covered in Appendix II
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Appendix: Deep-Inelastic Neutrino Scattering

p X

θ

q
p X

θ

q

Two steps:
• First write down most general cross section in terms of structure functions 
• Then evaluate expressions in the quark-parton model

QED Revisited
★In the limit                   the most general electro-magnetic deep-inelastic 
    cross section (from single photon exchange) can be written

• For neutrino scattering typically measure the energy of the produced muon 
                                 and differential cross-sections expressed in terms of

• Using
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⬧ In the limit                    the general Electro-magnetic DIS cross section can be written

NOTE: This is the most general Lorentz Invariant parity conserving expression 
★ For neutrino DIS parity is violated and the general expression includes an additional  
    term to allow for parity violation. New structure function

• For anti-neutrino scattering  new structure function enters with opposite sign 

• Similarly for neutrino-neutron scattering
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Neutrino Interaction Structure Functions
★In terms of the parton distribution functions we found (2) : 

Compare coefficients of y with the general Lorentz Invariant form and  
   assume Bjorken scaling, i.e.

Re-writing (2)

  and equating powers of y

  gives:



47

NOTE: again we get the Callan-Gross relation
No surprise, underlying process is scattering from point-like spin-1/2 quarks

★ Experimentally measure       and        from y distributions at fixed x   
‣ Different y dependencies (from different rest frame angular distributions)  
   allow contributions from the two structure functions to be measured 

Determine            and           separately 

★ Substituting back in to expression for differential cross section: 

★  Then use                                             and  

“Measurement”
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★ Neutrino experiments require large detectors (often iron) i.e. isoscalar target

★ For electron – nucleon scattering:

For an isoscalar target

   Note that the factor                                   and by comparing neutrino to  
   electron scattering structure functions measure the sum of quark charges  

Experiment:    0.29 ± 0.02 5/18 = 0.278
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Measurements of F2(x) and F3(x)

H
. A

bram
ow

icz et al., Z.Phys. C
17 (1983) 283

νN

CDHS Experiment 

✶ Difference in neutrino structure  
     functions measures anti-quark 
     (sea) parton distribution functions

Sea contribution goes to zeroSea dominates so expect xF3  
to go to zero as q(x) = q(x)

QED DIS
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Valence Contribution
★ Separate parton density functions into sea and valence components 

★ Area under measured function                   gives a measurement of the total 
     number of valence quarks in a nucleon !

expect “Gross – Llewellyn-Smith sum rule”

Experiment: 3.0±0.2

  Note:                                                                                          and anti-neutrino  
  structure functions contain same pdf information


