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8.6.7 Strangeness (S)

Soon after the discovery of the hyperons, it was realized that tht_ese pani‘cles were behavingin
a strange manner. They are produced through the strong mteractm_ns', and have large
production cross-sections. However, they have lifetimes characterl§t|cs of the Weak
interactions. Their decays are always by way of weak interactic_\n (01" in few cases, Weak
electromagnetic interactions). Another strange fact about these particles is Fhat they are alwayg
produced in pairs, e.g. K-meson in association with A or Z-hyperon. This efﬂj,ct was calleg
associated production by A. Pais. For instance, K-meson and A-baryon were discovered ing

pion-nucleon reaction,
T Ap oA p+a)+K(mat+ )

These are called strange particles as they are produced in pairs through strong interaction
(lifetimes ~ 10723 5), but decay through weak interactions (lifetimes ~ 10°% s). This situation leg
to use of the expression “Strange particles” to describe K-mesons and hyperons, as all this wag
certainly puzzling. This finally led to suggest that a new quantum number might be associated
with these new particles, which was called strangeness (S) by Gell-Mann and Nishijima in 1953
to account for the strange behaviour of XK-mesons and hyperons. This quantum number was
conserved in the strong interactions, but not in weak decays. A nonzero strangeness, is assigned
to them in contrast to the nucleons, pions and photon, which have zero strangeness, S =,
For the remaining particles, strangeness is assigned using the Gell-Mann~Nishijima relation

given below.
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8.6.8 Gell-Mann-Nishijima Scheme

Gell-Mann—Nishijima observed that the electric charge (in units of e) of a hadron can be related
to its isospin, baryon number and strangeness as follows:

B+S o)

O=5L+

For instance, for proton, we have 9 =1, /s =%, B=1 and S = 0, which obviously satisfy this
relation. Similarly, quantum numbers of positively charged pion, i.c. 9=1,I;=1, B=0and
§ =0, satisfy it. Using the relation, strangeness of various particles can be assigned. For
example, for A-hyperon, using 0 =0, 7; =0 and B = +1 Gell-Mann—Nishijima relation gives
strangeness § =—1. Similarly, for Q -hyperon, carrying 0 =1, I;=0and B = +1, the relation
yields
§=2Q-5)-B=2(-1-0)~-1=-3

In Table 8.8, we have given masses and various quantum numbers like charge, baryon
number, isospin and strangeness of the mesons. Similarly, properties of the baryons are given in
Tables, 8.9(a) and 8.9(b).
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TABLE 8.8  Quantum numbers of mesons
: fass ~ Spin Charge  Isospin  Jgou
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TABLE 8.9(a) Quantum numbers of baryons /7 = 1~

Particle  Mass  Spin . Charge  Isospin  Isospin  Baryon Strangeness  Hypercharge
MeV) (B @ ) (1) number (B) (S) (¥)
9386 12 1 12 +172 1 0 1
9396 12 0 12 -12 1 0 1
mse 12 0 0 0 1 -1 0
1189.4 12 1 1 +1 1 -1 0
no26 12 0 1 0 1 -1 0
ner4 12 -1 1 -1 1 -1 0
13147 12 0 12 +172 1 -2 -1
13212 12 -1 12 -12 1 -2 -1

3
TABLE 8.9(b) Quantum numbers of J? =5 baryons
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Particle  Mass ~ Spin  Charge  Isospin Isospin  Baryon  Strangeness  Hypercharge
MeV) ) ©) [U) (1) number (B) © )
a7 1 312 2 32 32 1 0 1
4 32 1 32 +112 0 1
4 1232 32 0 o - 1 0 \
4 3 -l 3 -3 1 0 1
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s 1818 3p 0 12 +12 1 ) -1
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25 32 0 0 1 =3 -2
M .
e:ﬁf’:l‘;zs-baryons lie between 1231 MeV and 1233 MeV. Due to their large decay'xdza?cfrlplric ]::‘?;
an given hye:':ry small lifetimes =~ 10~2* s) of A baryons, their masses are not known Wi g
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8.6.9 Hypercharge (Y)

Gell-Mann-Nishijima relation can also be written as

- Y
[ (82)
where
Y=B+S

is called hypercharge. All the 2I + 1 members of a given isospin multiplet (also calleq
isomultipler) have the same hypercharge Y. For example, for the triplet 7*, 7% and 77, the
hypercharge is zero. For K-mesons, / = 1/2, there are two multiplets, one consisting of the

particles K* and K°, and the other of the corresponding antiparticles K~ and K°, the
hypercharge of the former pair is +1 and that of the latter pair is —I. Leptons, photon, gluons do
not carry hypercharge, i.e. their hypercharge is zero. It is interesting to note that all the mesons
and baryons shown in the tables given above carry similar patterns for electric charge and
hypercharge. For these hadrons, one may also note that Y is also equal to twice the average charge

of the members of the isospin multiplet.

Charm, Bottom and Top Quantum Numbers

Subsequent discovery of new particles, like D, D, B and A, hadrons, introduced new quantum
numbers, called charm (C), bottom (b), and top (', Including these quantum numbers,
definition of the hypercharge has been extended to

Y=B+S+C+b+1t,

thus extending the Gell-Mann-Nishijima formula to

Q:13+B+S+2C+b+r @




image11.png
keeping the form (8.2) unaffected. This permits us to give an alternative definition of the
hypercharge. as twice the difference between the electric (Q) charge and isospin component (L)

of the particle, i.e.
@34

Y=2Q-15)
A particle and its antiparticle have opposite value of both Q and I, hence the hypercharge will
be numerically equal in magnitude but opposite in sign, or zero.

8.7 CONSERVATION LAWS

teractions are controlled by certain conservation laws. In Section 4.4, conservation [aws

All the in
which

for nuclear reactions have been discussed. However, there exist a few conservation laws,
are valid for some interactions and not for other interactions. For example, parity, isospin, &
other flavour quantum numbers are not conserved in the weak interactions. There happens to ¢ i
a rule: the stronger an interaction the more symmetrical it is.
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g.7.2 Conservation of Lepton Number

This law states that in any particle reaction/decay, the total lepton number is always conserved.
Consider the decay of u -meson,

pro ettty

-1 -1 1 -1 (lepton number)

In this decay, lepton number before and after the decay is —1 and hence lepton number is
conserved. One may verify the electron-lepton number and muon-lepton number are also
separately conserved in this decay process.
Let us now consider the decay of neutron
nopte +V,
is allowed, since lepton number before the decay is zero and it is also zero (0 + 1= 1= 0) after
the decay. However, the following decay

nopte tve

is 0 + 1+ 1=2, whereas the lepton number

is not allowed, since total lepton number of products
’ - permit this decay 10

before the neutron decay is zero. So conservation of lepton number does not
occur,




image14.png
s
8.7.3 Conservation of Baryon Number

This law states that in any particle reaction/decay, the total number of baryons i al

i Ways
conserved. Consider the decay

A-ptrm

baryon number of A is +1 and that of p is also +1, while ‘that for LD it is zero. Therefore, the
baryon number before and after decay is +1 and hence this decay is allowed. However, in the
following decay

A>p+n

the baryon number before the decay is +1 while after the decay it is —1, hence this decay s not
allowed. Similarly, for the reaction

7t +n - KO+ K

baryon number of the reactants is +1 while that of the products it is zero. Hence, this reaction is
not allowed. No decay or process has yet been observed in which baryon number is not
conserved. The stability of proton, which is the lightest baryon, provides a critical test of the
exact conservation of baryon number.

Conservation laws mentioned above are valid in all the four interactions, i.e. strong, weak,
electromagnetic and gravitational interactions. No exception to these conservation laws has been
found in any particle reactions. However. there are certain conservation laws, which are valid for
strong interactions only. Electromagnetic interactions can violate isospin conservation. Several
quantum numbers, like isospin, strangeness, charm, parity, C-parity. may not be conserved for
weak interactions.
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8.7.4 Conservation of Isospin (I)

According to law of conservation of isospin. the total isospin for particles subjected to strong
interactions is always same before and after the particle reaction/decay. Remember that like
angular momentum addition, isospin adds vectorially

I=5L+1,
that means / can have discrete values starting from | /, -~ I | to (7, + L) differing by unity. For
example, isospin 1/2 when added to isospin 1, would give 1/2 and 3/2 as total isospin. Consider
the following decay:

A= p+a®

32 12 1 (total isospin, )
in which total isospin of the final state (1/2 + 1 = 3/2) match with that of the parent particles, 0
this decay is allowed to occur through the strong interactions. Now consider the decay of 7

= yty
Before the decay isospin is 1 and after the decay, it is zero. Hence, this decay is not allowed by

strong interaction. However, this decay is possible via the electromagnetic interactions, as total
isospin may not be conserved in these interactions.




image16.png
/5 conservation of Component of Isospin (1)
7+

o o ?o“sen’allotl l?,~f0r ,s"ong a‘}d electromagnetic interactions L, the third
e nent of isospin before and after particle feaction/decay always remaing the same. Consider
o ‘ilowing reaction:

the PHp N+ K 4y g
12120~ (third component of isospin, I3)
fore the reaction is 172 + 1/2
omponent be
Total 13 ©
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is possIve:

A S p+ g0
12 12 0 (third component of isospin, I3)
¢, for the decay
However, for R

0 172 -1 (third component of isospin, L)
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conse:{ieonsl but can take place through weak interactions.
interas
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8.7.6 Conservation of Hypercharge

According to this conservation law, for strong and electromagnetic interactions, the total
hypercharge remains the same before and after the particle reaction/decay. Consider the reaction

p+tp > AN +K+p+a
Hypercharge before the reaction is 1+ 1 =2 and after the reaction. itis 0+ 1+ 1+ 0=2.
Hypercharge before and after the reaction is same (= 2), hence this reaction is possible via strong

or electromagnetic interactions. However, weak interactions can violate hyperchange
conservation like A = p+ 7.

8.7.7 Conservation of Parity (P)

According to conservation of parity, if a process is subjected to a reflection in mirror (also called
inversion), so that the sign of all its Cartesian coordinates are changed

Iox=

the resulting process will be indistinguishable from the original one. In _oth{e;e\‘;vrzg‘:‘&‘,‘s‘z
conservation of parity requires that if an event is possible, its reflection It a n:lrr:C ety i
equally probable event. It was found that in strong and electromagnefic I e:med‘ However,
always conserved. Until 1956, it was thought that parity must always be Cz?ions, ‘Examples of
Lee and Yang in 1956 suggested that parity is not conserved in weak intera

B
Uch cases are B-decay, decay of muons, kaons, etc.
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8.7.8 Conservation of Charge Conjugation Parity (€)

According to this symmetry principle, a particle is converted into its corresponding antipargie,
e,

Particle — Antiparticle
or

Antiparticle — Particle

In other words, a given process or event should be indistinguishable from one involvin
corg‘esponding antiparticles. The charge conjugation operator is normally denoted by C. X Fhe
parity, charge conjugation symmetry is applicable to strong and electromagnetic inter; i I‘“‘kc
onl_)'. F})l' weak interactions it fails. A combination of C-parity with isospin is called G?Cthns
}’Vhlch is conserved only in the strong interactions. Like P-parity, C-parity is also multi 1‘pa]:!
in nature. Combining the two parities, CP can also be defined for particles and their plrpo:;:;we
es.
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8.6 QUANTUM NUMBERS

ysics a conservation law states that a particular property of an isolated physical system does
hange as the system evolves in time. In classical physics, we know that a process can take
place if it is allowed kinematically. We are familiar with some of such properties like energy,
momentum, angular momentum, and charge, which are conserved in a classical reaction. These
properties also remain conserved in a quantum process or reaction. Besides these, there are
certain new properties called quantum numbers, which are relevant to microscopic physics only.
We do not know all the quantum numbers at the start, their presence is in fact deduced from
experimental observations of various decays and reactions involving elementary particles.
Therefore, before discussing the conservation laws in particle physics, we discuss those quantum
numbers, which are relevant to nuclear and particle physics.

Tnph:
not ¢

8.6.1 Spin (S)

All the elementary particles can be classified as either bosons or fermions depending upon
whether their spins are integral multiple of /2 or half-odd integral multiple of h respectively. All
quanta of the fundamental interactions and mesons are bosons, whereas the leptons, baryons and
quarks are fermions. There exist 25 + | components of the spin along third axis, which are
denoted by ;. Thus, for a spin ¥/ particle, say electron, 28 + 1= 2, so the possible values of

=1 £
8= 2 (for spin up) and S; = —% (for spin down).

For composite states, spin adds vectorially to the orbital angular momentum to give rise to

total angular momentum,
j=L+S§
‘e‘::: means J can have discrete values starting from | L — S| to (L + S) differing by unity. For
mple, L =2 and S = %, add to give
J=302,52

Wh .
€reas the third component will have (2 + 1) values.
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For example, if J = —;— the values of the third component will be
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8.6.2 Charge (Q)

All the elementary particles carry either positive, negative or zero electric charge. Measuring in
units of proton charge, they carry +1, —1 or zero (rarely +2) value of the electric charge. Charges
of the various elementary particles have already been given in respective tables.

8.6.3 Parity (P)
Parity causes reflection of the wave function, i.e. changes x co-ordinate to —x, y to =y and z to -z, or
PY() = y=7)
If operator P is applied second time, the original wave function is obtained, or
Pry(F) = PY(=7) = y(7)

Therefore,
P2=1 or P=txl

If P = +1, then wave function is said to have even parity. And if P =—1, then wave function is

said to have odd parity. Thus, depending upon the behaviour of particle wave functions,
Y(x, =y, —2) =EY(x, y, 2)

they carry either positive or negative parity quantum number. Mesons (bosons) can carry positive

or negative parity. Baryons are assigned positive parity, whereas their antiparticles (antibaryons)

carry negative parity. Similarly, antileptons carry opposite parity to leptons. Photon and gluons
have negative parity. Since weak interactions can violate parity, no fixed parity can be assigned

to W- and Z-bosons.
Parity is a multiplicative quantum number, i.e. parity of a composite state is given by product

of parities of its constitutents.
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8.6.4 Lepton Number (L)

All the leptons are assigned a lepton number +1 and their respective antiparticles are assigned a
lepton number —1. Therefore, lepton number of e”, u°, T, V,, V, and v, is +1, and for their
antiparticles, it is —1. In fact, there are three lepton numbers: electron-type, muon-type and tau-
type. Thus, the electron and its neutrino v, have electron-lepton number L, = 1 and positron and
have L, =~ 1. All other particles have L, = 0. Muon (¢") and its neutrino v, have

antineutrino V,
1 and g and antineutrino V,, have L, = -1. All other particles have

muon-lepton number L, =
Ly = 0, and similarly for the 7-lepton and its neutrino. Leptons can thus be split into !hl‘:]‘i

families, namely (¢”, Vo), (U, v) and (77, v,), each having its own family lepton number. For
other particles, like hadrons and quanta of forces, lepton number is taken to be zero.
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8.6.6 Isospin I

Besides having same spin, proton and neutron have many similarities. Particy] Iy, it i
known that nuclear forces (strong forces) are chargc-independem. Tha‘l means salrrg,. Itb"S (‘1"’81]
force between 7—p, p=n, and 7 is essentially the same, The small difference bex\veng e
attributed to the electromagnetic interactions, which arise due to difference in charge:
and neutron. These facts suggested the existence of new kind of nuclear spin called isospin
Stating differently. in the world of strong interactions only, we can think of proton and r;eﬁ{:on
as the two orthogonal states of the same particle called micleon?.

The isospin is a quantity introduced to describe groups of particles (hadrons) which have
nearly same mass. A general isospin state is described by two quantum numbers. 7 and I, where
I; can have values ranging from I to J separated by unity. Projections of isospin along the third
axis, I3, appear as different charge states of the corresponding particle. For a group of two

en them is
s of proton

particles or doublet (like proton and neutron), 7 = %, and for triplet (like £*, £ and 2% /= 1.

Similar to spin, there are 27 + I components of the isospin along third axis, which are
1

distinguished by 7. Therefore, for a doublet (p—n) 21 + 1 =2, so the possible values of ;=

(for proton) and I = 7% (for neutron).
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. Among mesons, K* and X9 form isospin doublet. Similarly, for a triplet (Z*. 3, £°). isospin
is described by isospin vector, i.e. 7= 1. Therefore, ;= +1 corresponds to X', I;= 0 corresponds
X% and I; = -1 corresponds to T". Among mesons, pions (" 7°, 7°) form isospin vector.

. One may observe an interesting relation among the electric charge. third component of
1s0spin and baryon number

0=5+7
which gives the charge (Q) present on each member of the isospin multiplet. For example, baryon
. = Ly 1 _ 4y, indicati
fumber of -y, multiplet is +1 and J; for proton is +%. Therefore, 0 = 2 3 +1, indicating
j J I
. .1 .
that +] i5 the charge present on proton. For neutron /3 is Sy Therefore, 0 ==3

indicag;
dicating that no charge is present on neutron.




