Physics 6H Freshman Sem nar Fal | 2004 Assi gnnment #11

Readi ngs:

e Albert - Chapter 3

» Boccio - K Mesons

e Boccio - Locality, EPR, SGs and Slits

» Boccio - Bell TheoremlIntro
This week we w Il study all aspects of the two-level K-neson system
nanmel y, energy eigenval ues and ei genvectors, tinme evolution, particle
oscillation. In addition we will |ook at neutrino oscillations.
Finally, we wll be our study of non-locality, EPR, Bell and such.

Everyone Probl ens:
EP- 66 Neutrino Gscill ations
| ndi vi dual Probl ens:

EP-59 I nterference

EP-60 More Interference

EP- 63 K- Mesons

EP- 64 K- Meson oscill ations
EP- 65 Find the phase angle
EP-70 Spin in Magnetic Field
EP-74 Conpatibility

Pr esent ati ons:

K- Mesons
2-Particle States
EPR #1

Bel | and Socks

Sem nar Break:
Extra Probl ens:

EP-59. Interference - Photons freely propagati ng through a vacuum
have one value for their energy E=hv. This is therefore a 1-

di mensi onal quantum nechani cal system and since the energy of a
freely propagating photon does not change, it nust be an eigenstate
of the energy operator. So, if the state of the photon at t=0is
denoted as |y(0)), then the eigenstate equation can be witten

ﬁmmo»==Emmo». To see what happens to the state of the photon with
time, we sinply have to apply the tine evol ution operator

() = Uy (0) = ™™ [y (0)) = & ™ 3 (0)) = &'2™ |y (0)) = &' *|4p(0))

where the | ast expression uses the fact that v=c/A and that the
distance it travels is x=ct. Notice that the relative probability of
finding the photon at various points along the x-axis (the absolute
probability depends on the nunber of photons energing per unit tine)
does not change since the nodul us-square of the factor in front of
ly(0)) is 1. Consider the follow ng situation. Two sources of identical
phot ons face each other an emt photons at the sane tine. Let the



di stance between the two sources be L.

|w(0)= [W(0)>

laser - 8 8 —p . laser

e L ——

: -

ﬂ ~
Notice that we are assum ng the photons energe from each source in
state |yp(0)). In between the two |ight sources we can detect photons

but we do not know from which source they originated. Therefore, we
have to treat the photons at a point along the x-axis as a
superposition of the tine-evolved state fromthe | eft source and the
ti me-evol ved state fromthe right source.

(a) What is this superposition state |yp(t)) at a point x between the
sources? Assune the photons have wavel ength A.

(b) Find the relative probability of detecting a photon at point x by

eval uati ng K#&tha»F at the point x.

(c) Describe in words what your result is telling you. Does this
correspond to anything you have seen when light is described as a
wave?

EP-60. More Interference - Now let us tackle the two slit experinent
W th photons being shot at the slits one at a tine. The situation

| ooks sonething |ike the figure below. The di stance between the
slits, dis quite small (less than a mm and the distance up the y-
axi s(screen) where the photons arrive is nmuch,nuch less than L (the
di stance between the slits and the screen). In the figure, § and §
are the lengths of the photon paths fromthe two slits to a point a
distance y up the y-axis fromthe mdpoint of the slits. The nost
important quantity is the difference in |l ength between the two paths.
The path length difference or PLD is shown in the figure.
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We cal cul ate PLD as foll ows:



PLD—dsng-d|—Y |- Yy
[L2+y2] L
Show that the relative probability of detecting a photon at various

points along the screen is approxi mtely equal to 4co§(%%?).

EP-63. K-Mesons - W discussed the K-nmesons in the notes(see notes
for background and details). The K° is made up of a down quark and a

anti-strange quark, so its strangeness is +1 (S = +1). The K° is nade
up of a anti-down quark and a strange quark, so its strangeness is -1

(S =1). This information alone allows us to define the K° and K°
states |ike the hardness states and the strangeness operator |ike the
har ness operat or.

\K°>=(é) \K°>=® 65:(; —01)

Now cones the clincher. Neutral K-nesons never exist as K® or K° for
nore than an infinitesimally small anmount of tinme. Rather, they exist
as a superposition of these two states.

1 /1 1/1
Gl -l

The subscript S stands for "short-lived" since this state has an
average lifetime of 9x10™sec and the subscript L stands for

"l ong-lived" since this state has an average lifetine of 5x10®%sec. |t
al so turns out that |KQ and |KQ are energy eigenstates with the
foll ow ng energies

[Ks)

—Ic EL={m_6_m\C2

\"2)
where m is the average nmass of the particles represented by the |KQ
and |K_) states and ém is the difference in mass between the particles

represented by the |Ks) and |K ) states. m is equal to about 497.7MeV/c?
and om is equal to about 2x10°eV/c’.

Particle reactions produce neutral K-nmesons of definite strangeness.
So the neutral neson produced by a reaction nust be a K° or a K°.

(a) Apply the tinme evolution operator to the state representing a K°
(produced at t=0) and calculate the probability that this

particle will still be a K° sone tine t |later.
(b) Describe what is going on in words.
(c) Conpare the tine changes are taking place with the average

lifetines of the |K;) and |K ) states.
(d) Summarize what happens to a K° that is produced by a particle



reacti on.
EP-64. K-Meson oscill ations

An additional effect to worry about when thinking about the tine
devel opnent of theses states is that the |[K ) and |K;) states decay

with tinme. Thus, we expect that these states should have the tine
dependence

|KL(t)> — e—ith—t/Z‘rL K|_> ’ |Ks(t)> _ e—i(USt—t/Z‘L'S KS>
wher e

= EL Ih ) E|_ = (pZCZ + miCA)llz

ws=Eslh ES=(pZCZ+m§C4)1/2
and

T~09x10sec , 7, ~560x10°sec

Suppose that a pure K, beamis sent through a thin absorber whose
only effect is to change the relative phase of the K, and K,
anpl i tudes by 10°. Cal cul ate the nunber of Kg decays, relative to the

i nci dent nunber of particles, that will be observed in the first 5 cm
after the absorber. Assune the particles have nonentum = mc.

EP-65. Find the phase angle

If CP is not conserved in the decay of neutral K nesons, then the
states of definite energy are no |onger the K ,6bKy states, but are

slightly different states |K',) and |K's). One can wite, for exanple,

K' ) =(1+¢e)|K®) - (1- )| K®)
where e is a very small conplex nunber (¢~2x107°) that is a nmeasure of

the lack of CP conservation in the decays. The anplitude for a
particle to be in [K') (or |[Kg) varies as e /> (or e'/?7)

wher e
1/2

por = (9 e or o = (7" i)

and 1 >>71g .

(a) Wite out normalized expressions for the states |K') and |K'g) in
terms of |K,) and |K,).

(b) Calculate the ratio of the anplitude for a long-lived K to decay
to two pions (a CP=+1 state) to the anplitude for a short-1lived
K to decay to two pions. What does a neasurenent of the ratio of
t hese decay rates tell us about & ?

(c) Suppose that a beam of purely long-lived K nesons is sent through
an absorber whose only effect is to change the relative phase of

the K, and K, conponents by §. Derive an expression for the nunber
of two pion events observed as a function of tinme of travel from

t he absor ber.
EP-66. Neutrino Gscill ations

It is generally recognized that there are at |east three different



ki nds of neutrinos. They can be distinguished by the reactions in
whi ch the neutrinos are created or absorbed. Let us call these three
types of neutrino v,,v, and v,.. It has been specul ated that each of

t hese neutrinos has a small but finite rest mass, possibly different
for each type. Let us suppose, for this exam question, that there is
a small perturbing interaction between these neutrino types, in the
absence of which all three types of neutrinos have the sane nonzero
rest mass M, . The Ham | tonian of the systemcan be witten as

N

I:|=H0+I-AI1
wher e
(My 0 0)
Hy=| 0 M, 0 |— nointeractions present
0 0 M,
and

[ 0 ho (o)
H, =|ho, 0 hw,|— effectof interactions
hw, hw, O

where we have used the basis
v,)=12) . v.)=13)
(a) First assune that w, =0, i.e., no interactions. Wat is the tine

devel opnent operator? Di scuss what happens if the neutrino
initially was in the state

ve)=11)

(1) (O) (O)
|¢w»=wg=tﬂ or M4m>=WQ=L1 or|wm»=~g=tﬂ
0 0 1
What i s happening physically in this case ?
(b) Now assunme that w, =0, i.e., interactions are present. Al so
assunme that at t=0 the neutrino is in the state
(1)
Iww»=hJ=Lﬂ
0

What is the probability as a function of tinme, that the neutrino
will be in each of the other two states ?

(c) An experinent to detect the "neutrino oscillations” is being
performed. The flight path of the neutrinos is 2000 neters. Their
energy is 100 GeV. The sensitivity of the experinent is such that
the presence of 1% of neutrinos different fromthose present at
the start of the flight can be nmeasured with confidence. Let
M,=20eV. What is the snallest value of 7w, that can be

detected ? How does this depend on M,? Don't ignore special
relativity.

EP-70. Spin in Magnetic Field - Suppose that we have a spin = 1/2



particle interacting with a magnetic field via the Ham | toni an

g -u-B , B=B& O0=t<T
_{—ﬁ-é , B=B§ Tst<2T
wher e

U= g0

and the systemis in the initial (t=0) state
0O = x+) = (124)+[2-)

Determ ne the probability that the state of the systemat t=2T is

[ (2T)) =|x+)
in two ways:

(1) Using the Schrodi nger equation (solving differential equations)
(2) Using the tine devel opnent operator (using operator al gebra)

EP-74. Conpatibility - Wen the angul ar nonentum along a direction in
space of sonme atons is neasured, only two values result. Again,
keepi ng things sinple for nmeasurenments along the z-direction, we can

define O_ and the eigenstates of O  as usual

a.-4fs 9 win n-(y e 2-()

In this basis, the operators for angular nonmentum al ong the
x- and y-axes are as foll ows:

A A0 1 - A0 I
O =— and O =_—{.
~ 2\1 O v 281 O

A

(a) What are the eigenval ues and corresponding eigenstates of O and
0. ?
(b) What are the commutators of pairs of these operators?

(c) Are neasurenents of angular nonentum along different direction in
space conpati ble for these atons?



