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PHYSICS 253a
Assignment 1

In‘class we saw’that the Hamiltonian for a gas of

interacting Fermi particles could be written as
' =252 L ;
n= (@ 4T @) Ez%—>w(§)+lg@?rdsr'wf<%)wT<%E>V(Z-%')w(%')w<2>

v : 1 . . .o
Show that for a gas of spin - 5 particles subject to periodic

boundary conditions in a box of volume 'V, and interacting

through a spin—independent botential, the Hamiltonian takes the

‘form v
H = l 52£2 -i a + l v ) g: a+ + ai a-r a».
- 7 2m 2% ﬂ 2v q p-gA' “pA' “ka
L j
where A, A!', are spin 1nd1ces, and V(q) = (d re ZirV(_f).
. o J :
[Note: The normalized single—part%cle wavefunctions are
-L . ] . ) . . !
/—elk 3 Uy, with'u+‘= (;) and u, = (f)].

At zero temperature, a non-interacting Fermi gas is described
by the many-body state vector |F > which has all single par-

ticle states w1th wave vectors of magnitude less than the-
3TT
\Y%

1
Fermi wavevector k = | /3occupled ~and all other states

empty. The ground state energy of the non- 1nteract1ng Fermi
gas is the familiar
- B%kg

2m

— 3
E, = 'S-NEF EF

\/(a)( Show, using first-order stationary state perturba-

tion theory, that the correction to the ground state
energy of the Fermi gas arising from two-body inter-

actions is

_ N(N-1)

E, = =% .v(q=0)ji3§OV(q) T(d)
 where I(3) = L) 8 (o=l k]) 0 (k- Ked]) =
KA -
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- ;(b). Evaluate.I (a).'

3.

}A-simplé model of a plasma is the "jellium" model in

which the positive ions are treated as an immobile uni-
form backgroundfcharge} and only the dynamics of the'
donized electrons are studied. A careful analysis leads

to the expression

~ _ 4re?
" V(g) = a7

for thé-?ourier.transform of the potential. The effect of

the uniform background is to make §(a=0) identically zero.

'J(a) .%%in thi% information and the resﬁlts of problem 2calculate
, _ e»%roun : R ‘

(state energy of a large self-interacting "jellium"

plasma. Please express your answer solely in terms of
‘ 2 . ; :

N,e,a, = h/mez (the Bohr‘radius), and thelaxfrage dimen-—
. i vV
sionless interparticle_separation ry = Lﬁ%ﬂ /a0 (and any

numerical factors that are necessary) .

Make a rough sketch of the ground state energy as a

function of r,. What is the equilibrium value of r ?

For a sodium crystal E/N = -1.13eV and r = 3.96." Com-
pare these experimental values with your theoretical
results. o ’ '

The cross section for the scattering of slow neutrons by a

‘fluid'conSisting of many identical atoms is proportional to

-> .
the Fourier transform S(q,w) of the density-density correla-
tion- function; i.e. '

S(q,w) Efei(wt_q’r)' <¥|n(Zt) n(00) |p>dr at

where n(;,t)= wT(;t) w(?t)‘is:the density operator, hiw and Hhq ,
are the_energy and momentum transfers to the fluid respectively.
If the energy spectrum of outgoing neutrons is not broad in re-

lation to the incident energy and the detector does not discri-



minate between'different energies, the angular distribution
measured for the scattered neutrons will be proportional to
the static form factor o

: - :[_'roo > ‘ ' |
S(q) = o J S({qw) dw %ﬁ“ﬁiﬁ&
=’fe"iq'r <y|n(%,0) n(00) |p> aF

(The same function multiplied by au atomic form factor
'typically describes X-ray scattering as well.)

Assume that the fluld 1s an ideal Fermi gas at zero tempera—

ture and calculate S(q) as a functlon of q/kF.

For a complex field V(%) we‘havebderived the momentum operator

=J¢f(r) % Vu(rfkd§

(a)aShow'that D(d) = exp ( ﬁ a- P) is a dlsplacement operator for

a finite dlsplacement d, i.e. that
exp (£ d:D) y () exp(Tg AD) =y (E-3)
for both types”of statistics.

(b) " A non- relat1v1stlc Galilean: transformatlon 1s one whlch
Sets a system in motion with a fixed veloc1ty,'say v,
and thereby displaces momenta while giving the coordinates
a time-dependent displacement. What is the appropriate
transformation of the field variable Y? Find a unitary
Operator which carries out such a transfor ation and
express it in terms of ¥ and w If the Haﬁ?lton1an~of
the system is 1nvar1ant under Galilean transformations
“(as isthe case, for eXample, for 1nterpartlcleforces depen—
dent only on separations) what is the corresponding con-
served generator? i.e. What is the corresponding con-
stant of the motion?
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Hence s 4E = NGO V(G=0) - 3 V@) I(s)
o | 2V N q+0
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This contributes CU’> oMo unt 'N(I\FQV(E;‘:O) 1o

+he ‘e‘,mefgﬂ shi§t. 2V
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Physics 253 a

Assignment 2
1. Let f(; t) be a solution to the Klein-Gordon equation.
We assume that f and its time derivative are specified
on the hyperplane COrrespénding to time t'. Show that

at any other time t we have
] L
\/f(Z t) = - JA(? -7, £ - w0, £(r' t') ar'.

Use this relation to evaluate the general (unequal-time)
commutators of the free complex fields ¢, ¢+band their

time derivatives.

V2. Show that for a complex scalar field ¢ (x) interacting
with ah external electromagnetic vector potential»Au(x)

the interaction Hamiltonian density is

}K; -3ty - %;q)fq)(g)z'

VB. The }:heory of the free c_omplex ‘scalar fieldwhichwe
have developed is symmetrical under the operation of
charge reflection_or-charge "conjugation". This is
thevtransformation ¢ - @T, @Y-+ ¢- or alternatively
interchagggmbf the operato§§ b andmp

O ——— kT

this is a canonical transformation by finding a uni-

= Shqw that

tary operator C which induces it, i.e. a C such that

¢Tlex) € = ¢ (x) etc.



(You may find it a help to refer to the Hermltlanb/ ' %ﬂg
// §e2 \

fields ¢, and ¢, in doing thls ) How does chargeL/ ’1'0
{

jR-
(/J ,\, /P‘

conjugatlon transform the current vector 3”9 Is LBN(
the Hamiltonian of problem 2 invariant under charge

conjugation? If C has eigenstates what can you say

about their charge? 633/« O

'Cons1der two dlfferent neutral scalar flelds ¢ (x)

and ¢ (x) whlch have quanta of mass u; and p, respec-

: tlvely. ‘Let the fields be coupled by'an-interaction

of the form

H =g, (x) ¢

T (x) -

2

Show that by means of a simpie canonical_transforma—
tion the total Hamiltonian for the'coupled-fields.may
be expressed as'the sum oﬁftwo free-field (i.e. un-
coupled)'Hamiltonians. Find the appropriate transfor—
mation of ¢y and ¢, and the unltary operator whlch
1nduces it. What are the quantum masseslfor the new
uncoupled fields? What are the eigenstates of the
Hamiltonian?_ For u; = uz what beunds on the coupling.

constant g are necessary to preserve the ground state?
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Candd C"(P?_(X>C = _(Q;(X>/ = C ccan loe COV\S_h"ud_QCQ Sromn

P2 §1el® wariables alove. | | |

et No = Sata. ke 4he number aperator for the

quanto A% e @, §ield. We construct C b‘j‘ noﬂvxgj that
Na @ = Q2N 1D, Then we look af C= (13N

rA

DM e - 7 @ 0™ = ooyl N

PY N N

= - @, fools%cod)!

Hc—:v’\CE/ C is u-ﬂ'l‘i‘CkY‘KLj. A

’How does, the Sau e current -+mns§orm under C 7
Recall 4 = ;; (B0 pt- AprQ Y- 22 AL

+ n
_ ) }(o; - %2 Aﬂ@q}
]C"}iicé ie (00" ®- 2.0 @) - - i

| R | -
C ¢oC = Qo = CPT(P - Hence, the Sull qauge current
doesn't  tragSorm  in a imple Loy under charge onuaction
The Hopi Honian 0§ problem 2 is thus not mvariant gnder

.

;C‘ﬂarﬁ'conj Sqﬁoﬁ. Ihe prolblems is +hat Aw represents an

- opplied) EM5ielQ  not c dgnam]cc;( variakle . There is na

&l EM Sve IF, howevers
we elevate A to +he stotus of g Gquantum Sield) then

C must reverge Au, becouse it changes the dharge oS the
souvees of A - Thus | let us consider e q‘mmgorwn*{“fowoacd‘,
can@ K with A, cepresenting 6 quanttum Sield: 9
C QC = ~Aw., so C(C= s and the coupling |s. C
vavele it . Ass Sor +he Sree Hweomj the charge s @= 5 (2%

RASON to expect positive & negative cdhareEs, to behae
Q.

Igenstate, anda chame

Sgenstate [ then =0, Rt C% | = & | => 3=0,




1) Consider - 109,579, 0,090, 0 0 - 244, |
In vectar nototion @ = (&P’; 5 , with M = (/u,a % A

the Lagrm\ o is g Ay

=L (e e- oMe] | f.

M real syrmmetric = M oy be diaconal (zed® b‘f) orthoaonal

TraosSormedion S, D= STMS 1 diagenal , "D = (uE 0 )

and with Y= 5T . - O ML
T L=Z{(340"%- y'py) 7
—rhe_ reo]' MOSSES are /u?z,b»} oand are dcﬂ?rm'me@ bLJ 1"‘/\8 el
problem Ser M | | ,

det [M-\11=0 = 2 - Culepz D A+ 1“_1%2_3 -0
Solations are o, = L1 Geud) 1V g}

Duppose MM Py = ACE q-. for a ground® stite the

2

| 5 . L, = gl u
Jlake S=(5° SOV o, %,SMS:Q

cjén\/odua

-SING @59 J 2

Ie |<"M

]":mk i{;’ﬂ; SN 29+ %/C(_DS 29’)
‘ . S sin2ae +?fmai’@ ijk ,
.Uncouplinox = tan 22 :—2%;.- detomines o) henee S,
| N o TR )
et U ke the unitar operafor which transSorms +Hhe Sields : L
¥ =UQU Uy = ety Gt= &
InSinitesimal case : :’]. *P-oP. <@ -ig EG, ®, }
: 5 - 2:(P2+6(p4 :@2—19 C_T/CD_Z_
Thus LG9 T -1, ¢ (o, 1= Qe
The operoder & = 4! fdsx'{CP,L(T(')(P,(?')“CP,(?')Q);(‘?)J‘
. Clpes ‘H’»e (’)oh, Sb, , .

Ve = ayp B[P 10060 - PP 0 ]
;me e]geng"‘(ﬂ@@ OS the Ham}Hom&m are 9@\/}(’@*&;\\) bu -
Cthe corfect  ereation operators G.":Jr, o

W ach w3 on. the \CCUUNY:

: (‘1)'—" E 0t : ‘
. ( Q . ) = 87T (a(.: or a‘iﬂ— = U+(®>Q2)+U(9 )
. a\:) , CL(:: + | o ‘;+ - U_+(@>Of)+U(‘5)
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PHYSICS 253
Aséignment 3

A Hermitian field ¢ is coupled to an- external source

p via the interaction Hamiltonian density
Ho=90x ¢

Show by explicit summation of the perturbation series

that the time development operator is given by

t

S U(t ty) = : exp {—igJt p(x) ¢(x) d*x}:
0 v

: ' ig2 4 "
exp {- 3 p(x) An(x-y) oly) d*xd*y}
£yt |

Prove the unitarity of the operator U(t,t,) derived

‘'in the previous'pfobiem

A variant of the pair model we have discussed in class
involves a neutral spin zero field ¢ coupled to a‘sepaQ
rable non-localexternal potential. . The model is defined

by the Hamiltonian
H=H, + lig:{ifu(r) ¢(r,+) dr :

in which H,; is the free field Hamiltonian and q(;) is a

smooth function which vanishes rapidly for T+,

Show, by expliéitly summing the perturbation series
that for the scattering of alsingle'quantum from.the

- . -
state |k> to the state |k'>,‘U'obeys a relation of the

12/2/76
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¢

° : | |
<k'| U(w,me) -1 k> = F(k,K") 8w

form
k~Wx )
where F is a suitable (non-singular) function. Find an

expression for F in terms of the Fourier transform of u,

V(E) = [ei k'ru(r) d;.

Let ¥ (x) and‘é(x) be neutrai spin’ée:o fieide. ~The y=-quanta
have mass,u while the ¢—quanta have vanishing rest mass. We
assume these fields to be coupled via the interaction Hemil—
tonian_density |

=g 0* ),

so that a Y-quantum decays spontaneously into three ¢'s. (a

decay mode not wholly unlike one for the long-lived K° )

Assumlng g approprlately small what is the relation between

- g and the lifetime of the w—quantum? If the Y-quantum decays

at rest, what is the momentum spectrum of one of the emerglng

¢ quanta°

e et i

R~ 2
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PhLJSICS 2530~ Problem Set # 3 |

Dolutions

| ) For Ax = 8(70()@(0 we Wt U(ttQ The DLJs_on cxpcm%tom 1S

Ho} Z(~3:— Jd xi- o' pexY--px) T' OO Pl ]

Now, use Wicks Theorem, and chanae. intearation variables
o that n ferms oith | atractions, P0) is paired with Q&)
@) with O | ete. H%R 1S woe leT Cni) be the mxmbu"
C)§ LAYS o¥ choowmg ; P,\Lrs out of N olo\edm we have :

U = n?; lg:—C(n;)[d“x d'%n () - pln) Lﬂ,c(x X2 Ae(X, RS :P(x PG
A | j J,—Y\~2&

o= ? (J%l CCnA HJ xd'u d" P(x) LAF(X-%)P% V{ (dXo(xWQDCX)}

e shall demonstrate +hat gy = __nl r 50 dhat
A 7% 5(( } ; o
: < ’_ o '1‘ —><§ . - a2 ) ¢ \,C;.
U - > {-ig[peoPu ' }_ 7 { %_}{pcxyAF(x-(@p%)dﬂxd*w
. =2y ((’) ()(j )i _ 4 - i . /1
. 3_0

hus, YGGO@HIZ\W\J} ‘H’\E: ,exFonc‘:mLiO\L‘s e \gin&

»U = GXP{ %I{p(x\ Af(x- Mﬁpc%)d dq%}: expiﬁ%jp(%)@_(x)déx.}:

nl
Proo& that C(nd\ 2} I(ﬂ 26)1 Polet us us_denote the co»/dmd\on :
PP by (/2] and@ & 4efn like cp(o@mcp(s)@<u3@(5>¢663¢’(7)
b‘j 12395/ 7. Thus +he number o distinct ffonfmc‘hon
Jrermg W the Wick Expcmslom od T'uPClB QJ(M) s

C(n, d D= ol ot permutations of Sields.

~/ Fermutation fﬁ uncentracted ) F
Selds doesn't give distinet +erm

(I/Z e Z/f mﬂL dlsf‘mr*f) (cortraction operalions m:ﬁ.sunﬁu&uhk)
. - . g.c.d. | :




4

, - . (D)
A weon® o s to use  the &ormv\‘q U= : ﬁXP(Z@"‘L .
Cwhere OB iy the operator associoted witl,

S(DA}

+he connecteQ d%agram Dy, and .S(Dx\ is +Hhe

% wxvne*hj
. no.,

Two connected d?\qg oS -

() o - S @Y dx

(D el j (41%) O )\O(up \Q&)@(?,\ qudqu

= . 1%2 fp(u)p(\é) Ar_(x’ké \,dqxdq%

SEY =1 S =2 s

e
<

3 0 = "E"X?P< —i%f gu\q‘)(x)dqx ~ L% Hp(x\p(np Ar(x—ur\d!’xd q%' >':

q.e.&; .



\/ ) Recall U = : exp | x%fp(x)q)(x}d x} cyp{ —% ;rp(x)AF(Xﬂ(A)«)p(%)dxd |

_Fins;t, |\t u\s‘ deSine = - JOCX}CP (x\d X
| | o B= - f (O GO x
e = % {p(x\&(x—u)o(%\dqxd (A

Thus, by +the deSinitinn of nmrm[ MNroder Ufe'eeBeA )

let us néte +‘ﬂmxl\q ‘{'\’\\d‘) @ 1
[BAd - Py LOT60, 012 Jatd "

dince [(P”(x\ P \j 5 o C-number ) can replace bu s
VacuUw QxPeQLcd\ovx VO\luC

-UD( (0 CD(*’(%\J - <o CPH/%\CQE ([0 = - <OI(D((23(\J(XWO> N
~—1A+(3X> (”L”')

2[@( ol DA —x)qudq
2 (jv,p 5Z\+(>< %\ +A+Léﬁ?f—x)7ld qu%

[p( Op(y) Ayl -

Since [B /\] < a c- \/MW\B e, W N Use the well | NAOLOV)
A - A+8 ) 7EA R ,.,‘_o '\f‘\*"‘

resuld e _e
L AtB Y :
U= - - exp { Jn(x)p(%\d xcl! \é [AF(X Ld\ + 2A‘ \*‘3)]}

Now </\+BB = - (A+R\ 0 U 1S unﬁarg (Tv Ap + 5 w A lS
.pure\ real. P\\ﬁ we <leV3 closs  thod = “€(x°)A" ZA""‘ _
an®Q ~A s qr! gl"HLS KVLJ sn Us um‘mr3 ge.d. !




3 Hamiltonian  He = & JrmdeEnde ] Calewlats amplitude

- or «caﬂerma §rom K> o K> in lewoest order, where
k> K> are Jrclmtuws’ﬂcq\\g normal i zed, lkS = oY 20 % 5
”’Hx avvxphlud& Cornogpomdi to the \/c“H‘C’X K—4— k’ :

= =i [T+ drar FUETF) ¢ qﬂ(rﬂ&f(rﬂ >

L—~—xf—-k
‘ - 00

-1k x’ lkX \

Now <I<'(?¢(P+>@(P’+3:‘k> I eas | 4 showon T be e e + (3= ¥
where x=(F+) , ¥=(F+' ). The two ferms g qive +he scume
conJrriE\/d\on, D Hne %_ s cancelled. (We™ §find&

K e K= 21 o e ) TH¥ENTF(R) | where & s

the spadtial Sﬁur‘lev fransformoy U(F). Thus we know +ae
ijvwvx/m rides Sov the vertes. As alwad Sp AN \V\JTG’V‘V\@(
mesons line ix —— = (g e’

”’NS the one PQ\"TICIQ Part of the - maerx s :

<K|S IH<> =T kS +k*“’<‘—*f‘°‘*—L + etc.

The n™ Ferm s

O Emr e k= (- 20ig YT [ T IFE e )
B T P (2n 3 e °M+|c

" Q(wk- ) S(q¥- q”) 5(q "= )

; _ _ 2 n-1
= -ig 2 Nocus JFEFE )g [ oq (I ]
: (2 -5l tie .
= - 27 g(w,gw. \r(k\ﬁ*(tr\ o !
Dl/\o‘/‘o O'g qurae X = a {CBT' __L[_(&t){
A ‘
4 (2mY op- wqﬂé
SL&YYWY\]VY' ﬂ/\\, Semeb we glm&

| ,\K"\ S~l k> = - 2an>»((ot wk\u(lﬂ\u(k y
: [ — X
Ear NI - relcd‘\vmﬂc st T€< k> = 7r\ (7wk3/2lk~>
_ e hcwc | | |
- <F s HK> - g G [ Jag 1r@L Jg(w
| a‘wk (2mD? = ? (OmYeoi- 0 +z<—; e




4) Fom class, transition :}?fbkab{\‘l(t‘j W= j'_@I%I(XBP}EI(X'NP;qudQX,

where

}e: Cx) = %ZKX)(PSGQ P s a phg\')ec:ﬁov\ optrcrl@r onto Jr?/\'é

no-t, theee- @ stades, and Ip> s the covariarrtiy normalize® one-t
state oF Sour ymoventiom p. look ot Hhe wotiy elemertt '
_<Pl¢(x\(103(.x§ YDk lp>. The prqjcdriom operator allows us
T mwnte the maotriv elermert as  <plYHOUE x’)lp></)'|(Pws(x)(oms(x')l@'
As in class <Pl.q”’(x§z1m(x'\f§5> = g POXD Next, woe wust paiv of§

e P and %, 226V |
andl there are 3l pairings | each one qivin LA (x=x"), 56
Cwe hove the result Srop class, mul+igl e by 31

S W o=

W= 319% _[dk d%. d’ks 8o kekeky)

T 2000 (2n3' S 20,25 20, (2 200,

At rhis point, put in fact thot Drmass s zero, and note Haat
W7 = AL WDnest Eualucﬁa Whest

., = Sla? J_dﬂgﬂa; B(p ki~ ki IR Eal)

Use the

Y I 2% KK, (ke Kl

de Ho Sunction 4o rg?‘@ce__ k+ K | E% M-k~ k, ,‘(1'/\,6? Chahce
paky s

o dimnsionless voriables  k =ik, B =

| l- wr'e.s‘t
‘No.uo,
A
IXo | < |

hus:

-

3 Pl jdskdsp oll-k-p-lkepl) = 397 T

320z kKp(l-K-p) Sy
L= (Hm)(2r) [ kdtk I pdp j ox 801~ k- p-Vk3 p% 2kpx )
' [ o -1 | [— k- ) L

(- 2(ktpD

. mevﬁ;og & function :3 SN, §(X)=Q =>. x=y, = MR
Wg“xn IS0l = kp -k-p), 50 - 2kp

T-= $n2fjd1<f:1p J', JORAY P@

= kip >3 an® k¢b 'Psé

J

1 oo z :
T F ldk{4- (K0T = %2 Dok ke (k) = 2
i Wirest T3 = T4 = 32(2n) )
PRk, = PR :-_i%i_‘_"i@(??— K1) Sdur = 370K
. | B2y K, | o1t 4)7%3;33

L e . . I BRI IR R RIS . A o



Physics 253 a : _
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Assignment 4

1. 1If charged, spin-zero "nucleons" interacted directly
by means of a potential V(?) their £hteraction '
Hamiltonian would presumably take'thé form

H = %Jw*(§t> v vE-TH W E Y v@Ee aF @

Show that there exists a function V which furnishes a
description of "nucleon-nucleon" scattering equivalent to
the loWest—order field theoretical treatment discussed in
class (including'the exchange term). Evaluate that V.
| '%i&wf;%
2. Find the differential cross section to order g? for the
iscattering of "mesons" by "nucleons" in the spin~zero
theory‘we have discussed in claés. Give its form both in

the center of mass system and the rest system of the

"nucleons". L%%r__;>_;§;fy

1/4/77



u P@MSK_S 253&- HDWUOOF’L"H H - 5o'u+mr\5 R
o l) Recqu Smm doss for nud@n-nudeon scattecin we lr\acQ to lDweS\L ordsr
o <p,p,|5 Upp> = - V(2 & (P+Pz -R- PA%

, . R (-P‘P\)/uﬂc (P, FZ,_) /u h—i}
Wns IS efas’rrc &aﬂerm P: PY = =3° In the center o MGSS
~abse (PR -.—(q+2§) . |
Now we ook oct the interaction |
_Hz) = 3 aradr PHEovEOV(E- )Q/ F+)P(r ) .
e Msin class, we use only Hhe *nucleor part of the Sield. opemi‘ors
e (Sorgei' O\bowrc: and <t ). To )owes!' order:
__M___ﬁ,_‘_(g, pz,l | _\hP,PZ Y= ,.,_,-__L,J d_.‘ﬁd rdr V(r'° r‘> <P ] qj (,.+)L{’(r+)q/ (H'N/(r b [PP

o

No.J +the_above - -quoted . result .was. derived i class Srom the
S &ol\owl

_Lp'p IS ﬂalpp S= oo é_dedx Aslx- x)<;>;> 3k 4’(;0%«3 q)+(x vxx‘ LDT>

Ihere is. qgr@:ﬁ similarit behueer\ Jm~ +w3 expreSSmﬂS LO@

T JES -5 Y Y 2 s by nﬂoduoma Ulx-x)_= V(f-F BRCE DN _Then .
md‘h U(K U(X\ VY[ haue: i

._m-_m,( e 1 S-Upp> = <1 (2n) 5(3(%%-0 2 [U(P, P+ Olp-p ) 1
New_, . ‘ )
] U(a) = V(Q>_._where \[(1 dee_iqr\/‘LF \J so.
. we. loue 3eneml , e
I AR U (PR = NV(@E)+ VE+25)
This st be equal boog!l 1, | | %‘__sor__ihgh_,,.__,M
Gt (3305 )m i€ )
(cv_)+er of _mass amplitudes to_ . agree. ] Thus

e __\/(q D= +_ .
e O

e S - e —




_?.3 mesoﬂf v\udﬁoﬁ gccd‘fedvvg {D \cu)eg-'f ord@f’. —Eoo-. SY&FLE, I
[

N\ .
. P /’r \ 'Pl . - P+MW LI A T O A- R
713 S mo‘hnx Je mem% ,\re

<kP(51KP> = —% 2" %( YK*P ’\‘D){ i + ! }
e kYmrie ([P imitie |

| lht - mcﬂLrlx st L
<kp!Tle> —__—%{ '+—-—L———, I %{——l—-

2 , .
PtkY-ritic Lt—p\ mtie _s-mitie__u-mie

Fré}n clags (do*) = le*
do com,elc\s‘hc : C:’HTI’S ’

— S e T ) _.,_..._..__—-‘ e _ —_»' T . FS

2 7

- q'(

&

| gg) - [ L dO'(u5§>
A dQ foem . H?s Ls-m® e J CI_Q_ B om.J__..__

. -dU . G U T e T

_New, e mn+ ac in. nucfeon rest §ram~f:, Smcc o s m\nnamt

}

~d..Q_ n.aj'v res'l'_ dQ .0, \ d_(Zn at rest ./)

_di) = do A Qeom, - -\ LDe wust calculade +this ) .,A_

et wb&np‘r ¢ refer to com §ﬂ7«*)2 2 to labs Srame. DeSine relativitic .

-

Sactors %%, B R, b (wprtme&eﬂ before collisan, prima&“"’u

ok ter col l;axorUB

ARl =pB Y = R 1= uX= ,: X = <» £

1Pl = mp, Xz 5l Pc T mXy=

o Ib=_cipam. condrhovl 1S IpJ lAKc M—@.m mg ¥
. .‘,...,_C_l:mmcdfe [35) l}L(Xz ]) = m(x !3/’2 }

Lot X be deSincd by Ki= uX. Lorerte mr\é%;%;%%{ mmﬂ

momn+a5\ves _(Rt= Xz(lK;zl*Bz k2D ) (bsfrore collision)

»hs‘ TR RN APTE ets CRUNNC SaTh CD S

_or R
Er- Nz

_. m(x D> X(z’ )]

et MasS otis be l = (an solue twn boxed equodzons
M Sor ¥,. 8, as Sunctions of >5 l‘

N

T




o~ . The results are 7‘\' = X+>\ U
(l FAANTN )/z.
7§ X
| A vzrwk)’ ,, o
- Clearly N\ s triviol to ccxlculaﬁz, and ¥ is the ratio of
~ Mesony @NRrgy to weSoN mess In lab Srame | also trivial +o
aaloulat= . X transSorms  Seur v:durs Srovw \ab ta .o,

,:gwmmff’_. S S . S
. _Sco\ﬂ"’r\ﬂ ang (T\«l& SQG\HOY‘M '\ﬂ, X~y 2 iXV\Q,{‘E_(C\{'\VE W\OJH"DV'\. -
5 \f | 5 x D 0) 'S !

alon .

. CoM. O
>/

IRl cosB % + gme@ R

. Qab K 1kl losis % + sins >
] fffLDrem% mﬂgsom R
S R = X%, (lkclcase, + Bl kc ) = Rlwos®e

(ksz = IRk wnse Kelsin®g oo
I _w__,___._._,._loJG’...,,W\e.w \’QJ(,\@.,..O@& use ko= /JLX; ok = ,u\/?) e
. Tan el = NG s SNee

o : _
I . Fleose. +Be M) %.(os o + %.m -

. v‘aneg = __dlnge o w‘ﬁrc we - bave used @: D
. (¥ ,cos0,. + B0 | B
di §§erev~+.a"rma +he. alooO€ equa‘f‘ oﬂ wu‘n EacaNats arilin TN

. 9; one.__obtains e o

o (dizg.g.m> - dosee) [sm 6 4 (Nyansn B 17
dQy A__,fdm@g D A osel

“_7“:_::‘;::,_ and thus, 4he lab cross- ssction :5_ R
. e gg:) : [&mQGJ\Y st F AT ] i%:{

e .do ek : IXZ."' X XNos9e | ,(oLhrz-S =M 3

R o R _
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Physics 253a

Final Examination

The completed examination paper is to be returned
secretaries within 72 hours of the time at which the
are picked up.

The only reference materials you are allowedtp use
lecture notes for the course, the homework problems

solutions, the two volumes of Bjorken and Drell and

to the

problems

are the
and their

standard

table of integrals and of the.properties of special functions.

(Please cite references to the latter tablés when or

use them.)

if you

If you have questions regarding the statement of the

_probléms please phone me (Office: 495-2869 Home: 648-8546)

.or consult Mr. Ling who will be available in Jefferson 462 G

from 4 to‘5 P.M. and from 10 to 11 A.M. from Monday to Thursday

January 17-20. Mr. Ling will also be available by phone

during some periods at his home: 498-5023. °

Please do all four problems. Their point credits are shown

in parentheses.

s
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1. (20)

/.

(20)

Page 2

Find the amplitude (to lowest order in the couplihg
constant g) for the scattering of a “nucleon"-by an
"antinucleon" in the spin-zero theory which couples the
meson field ¢ to the "nucleon" field Y via the inter-

action Hamiltonian density

gff g: ¥ (x) w(x) ¢(x):

Evaluate the corresponding differential cross section

in the center-of-mass system.

We have noted in class that if in the theorykdescribed
in problem 1, the meson mass U exceeds twice the
"nucleon" mass m the meson decays into a nuéleon—
antinucleon pair. Find the decay rate in the laboratory
system for a heavy meson of this type.with momentum X.

The matrix <Blgﬁa> is defined via the relation
<BlA-1lo> = (2m)* i8(P, - P)) <B|T]a>.

The diagonal element of 7 in a one-meson state, as we
have noted in class, is real-valued for u<2m and
complex-valued for u>2m. Show explicit@ly (to second
order in g) that these diaéonal elements obey the

identity which follows from the unitarity of«f{
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Page 3

In this problem we discuss a spin-zero analogue
of the decay of the p-meson. Let us assume that we
have the following complex fields: wu with quanta
of mass |, we with mass m<u and wvu and wve which are
different "nuetrino" fields both with mass zero.

Then the interaction Hamiltonian density

+ + .

= + - id

3? T G{y N va P ve Y+ Herm conij.}
describes for example, the decay -
5

+ o+ "
by ' AN
+ +

o>y ‘Ve e . Ny

a) Find the momentum spectrum of tﬁe electrons'resulting'
from the decay of u's at rest. Find the inverse life-
time assuming p>>m.
b).It has long been suspected tha£ this decay process
actually takes place in two stages, through the mediation
of still another field ¢W with quanta of mass M>u. Let
us assume that the actual interaction Hamiltonian density
is »

?’(I = g{(ﬁu v b+ \p+v \ ¢+w + Herm. Conj.}

VH W e e

Find once again the momentum spectrum of the decay electrons
and thé inverse lifetime for u>>m.

c) Compare in a thumbnail sketch the spectra which result
from calculations a) and b). How could the spectrum

shape be used to determine the mass M? When would the
method become insensitive to M? What is the'relation
between the coupling constants g and G if the two

calculations are to yield the same lifetime?
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_TheAprqblem which fol16ws>involves»a number
of-parallels}with'phenomena obéervéd'to'take plé¢e"
in thevinteractions of neutral K mesons.

In problem 4 of the second problem set we
discussed a situation in which two neutral spin-zero

fields ¢§ and ¢2 are coupled by an interaction of the
1 _

%I =90, (x) ¢, (x).

We noted there that by defining two new fields wlvand
wz which are simply linear combinations of ¢1 and ¢2 the
total Hamiltonian may be brought into a form in which
wl and wz are free fields. The "physical"” particles of
the probiem are thus the quanta of wl and w%

Let us assumé for simpliciﬁy that the two fields
¢1 and ¢2 (when uncouplea) have quanta of equal mass u.
These fields although we have thus far given them similar
déécriptions, may in fact be quite distinguishable. It
could happen for example that the‘quanta of the fields
¢1 and ¢2 are subject to different scattering interactions.
Let us assume that the quanta of ¢1 are scattered by a
static potential M%?), i.e.-the interaction Hamiltonian
density contains an additional term

H=nvE: o2 E0):,

while the quanta of ¢2are not scattered at all.
a) Let us imagine a scattering experiment in which a
beam of freely propagating wi ~quanta is incident upon

--)-
the potential V' (r). Show that the scattering process will
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accomplish the miraéle of generating ¢2-quanta.
Find té lowest order in nr the differential cross
sections for production of wz—quanta and for
scattering of wl-quanta. |

b) When N scattering centers are present their

! n - > >
potential may be written as z/v(r - rj) where rj
j=1

are the positions of their centers. Let us assume
that the points ;j all lie in a plane perpendicular
to the momentum of the incident wlbeam and'that

they are randomly (and uniformly) distributed over

a disk of radius a within that plane. We take N>>1

"and a to be of macroscopic magnitude. Find the

angular distribution of wzquanta generated by the disk
(assuming that the incident beam is collimated over the
full area of the disk)..

c) If the coupling constant g is exceedingly small the
mass difference of the % and wz quanta may be far too
small to detect directly. Show that it may indeed be
measured however by means of a suitable double collision

experiment. Assume for definiteness that the first

' scatterer is centered at the origin and the second at

the point R which is far énough from the origin that
energy conservation may be assumed to hold precisely in
propagation out to it. Assume that the range of the
potentials ~ is negligibly small in comparison with the

distance R. You may find the following identity helpful:
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lim 1 = lim X _ _ie
e+0 x+ice - €*0 x°“+e? x2+g?
= Principal value (i) - im 8(x)

~If you find the asymptotic forms required for
R+ to be unmanageable you may (at some expense in
credit) assume that each potential is a delta function.
(Delta functions are too singular to represent actual
potentials in three dimensions. They are usable in
lowest-order Born approgimations but generate nonsense

in the higher.orders{)



o - SOLRNT ow§ e
& ™ éi\ *Zﬁf SO T e
;:‘z{,z - U*)“ﬁ‘l’% X e
: -y - :
N_‘JLGLA Py L f:“ﬂ:& AL ,n Y i;f.?ﬂ.‘ﬁ":;r’w,.w\<";3 o ANNMLYTE 3T 'f“;; i) 'v%qq:gwqwmg ‘i'c
L. . : ¢l
lowozat ordor S S
oy .. ‘P‘ 5 1T
P A /"’/ Coad (Time runs Seom
5 PEAS R W SRA VL « g‘p W .
ol ) v -
R \W\, o d e S ’ %;,S"i— 4o v ;3‘4‘5' 1€,
% {23 K B TRTT g . s
b T med Movae Ao
(\ - ’i"‘%—"‘gf};%" B r‘»“a”‘ ERaYe “f\"'ﬁ’” R - rﬁ\sex a ur ues after
riac collision?),
2 — ‘{‘ q X H ™ f‘v’ q - &W :'{ h ¢ ] e q (q (_l.
Dy T LQN_S r(.*!'%j:ug‘m D {prkmg) 2 “(“t%’ﬁf:zn} S Bri
_’rr—w.. \»;;,: b i o 3 . £ .
RRETN G a1 e
- e M ! S 22 LN
o . f} { e .fD“‘ L

Firnae

=, ,
S XaAMina Tiroa

v E
i e wOHIAR, wf .
5 7 M o ; o,
= ﬁ’ ] | . { § e
»-w_,—;_.x- 5 it - e, ..:; :
53 o # - “; 2y "
s 1 sk de T




Dz.:.&.a es*%a;“nw%@m * Q@ __.:)b l'{x‘-;\?‘ /ﬂit??.fm_
vT -~ D“—“& nihs /M—-ﬂ;f s mea

= Beamm daway x Dacay ndl [/polids
= 'Lu.)gl % ’ |

kP
—— N~ N wy e }
B (Err)x S ' 31“ K- po-pu) 3B T=T) Z‘LP"%— N‘b&\{ﬁ'&"ﬁ”, ,Wv<

A,
——

~ —3
_ ) : ok
S§L _p~p)):)(<,:,-w-u) o P
A s - 13 4
Qw A F')Lw,,, 1,
=
o
JA«'O boxe o

A [NV 9 h%j ior KX Af‘&/ Mr'&guvaknv-;,
e ’ " er y ) e
LA 'uv».- zz&.. g S /‘u-—vc fa\,wwvs- /\.E - (_,.)e = pin
WA

- o ) 4%
VT L%I'I}" J ég/w“"t' e ) r“""ﬁ”

"f‘wp

i
(

LI,

. prev S
I I ) ..
. = .

Ny 4
&\) P' F;}

i
tr
S
f

. 2 ey (V»\.‘
g - T~
QT e T

a* T i
- A F_ Qf"‘:"
: &5 - [

@ A ‘—w@w&- ,,«::1"»\. ;&, @, ji.

gi‘ﬂ. :t{;. & ;f: wszn,. LY N i g
/ m,,.-u..«-v\(: }mw
i v T . £ . : e
S PARY o Wy LA e e 'a‘_j-xm»yﬂ
vl ¢ N V. s eq‘ \ I
< B “! e o= 8 (kR -RJ g‘“d&
.«.!‘fé!&i. \g A Gran ;f\ﬂ:{: 4{\!45- el e R 8 Gv':{. ,’ﬁ“/"ﬂ‘j‘(z‘i . g“v\,
! . o
“ e V‘L‘v/{;@i "t ‘5’ P WV | @ ‘. 3 Wiy A e Oy, r’{f‘"
é | A e &
€ s / PN 3
- - N W S..-v m . \‘ ) { - 5 ’ 3 M j Ao {'
j?& = + Z é‘«»-w_‘M ;;':C- o i-v() { i ::;:“:,: KQ(—'}{J ""l&} B 4
¢ ’ '
{ov A= Do
iy

)



[y

(7

;;,.g»v: G ;""V\ 55‘/‘% £ Lo e A &

-

R o ' H -
LAS  necond TNl } ’{;?{,
i
: A -~
=g - 1 .
<R! 1A = A 3

~
¢ R

oy

&9&- . _<"'{3€ ';" | & =

- e R

- i 1 %
AN TN S c.‘/‘*-b{"‘g-""‘* L

4

=3

awr

é’ \-<‘1*.4"<"m\'

AN

<- f‘t é "J ‘ (é? \) /!>-?/ ’(ﬁkﬂvs. %""47"’& {.h&'

PN a H N Pt N }
A ® ] 3 Y .
5 ‘}!n’a 3y b, ioAere fou & w{l~ ) ~r & rlag "’-
‘e ﬁ{ﬁ L d o, = 39 ¢ o L 4 ~ } i

e et e
B Nsdaion e Alin Ao ek A A & sa—z SL
£ A

£ i A,

¥

— .

R
£ )
N S A g oo, ] cead .0 e e M,aﬁ-ms& W

“’,

nr-;/v«’t— AR s é e £ D B0 .

~ . £y e ¥
Fao L1= L7 i) -ie ) 7O

o~ . . b o et e~ .
4o Q :> 4'{ oo, ;‘1/" I ~?N\\‘/ Ii f:'_':. X Q '&:{x) /‘ir{_, N S YO
. ,'M "
A N aevnsmasisi. s Sty
e ; on el p § ¢ ﬁ iy
[t S iy A )4 U A, gl o, ;f‘i,“_ q‘j'-r-:'_“.-. — el i H L -~ *
: W T=Vy T

ARy A S v vt e sy

M e T

Arinatn

.

D

2}“‘ wera A
s §
f

o on 3

>}

_— N . g
‘ /£- cha s é,la\a. 0 SR & S .r{g ry

& | - L

]

\ # - Rranr 1 é e - 3 [ *
e ".ﬂ-«?l/\-M (Nrj Fa oA A ety e {::r [ad ¥ Z‘*f,sw L ¥ AwAl §,~” oo

3*( £ xtmm) -1 dae

2 placn.

(g“ék!’l,v Y b : '
e M= J el JExm = P
foon . AP

=~ 2T JF .
e
- - T 71‘*—-—"_ q’::‘.-‘- Yo
. ; g
o~ . —
{ l.ﬁi.a.. f‘wﬁ;},@{ﬂ Al ol pE AP P & & W, ) i ﬂoz Z-= lylz 42 ane 7
o . & ?L d [
o~ o : oy L =l-2 ax) it
b A g Fon a4 darda by g i A X G x) -t
d 3 C(n.g Z =

. o and I o I . 5 = =
N o= T, o SR P 14 j ,
L e ) s o &~ f ‘-Q)%g et 71 Y e i ({“ I-EX(I‘X)“{:‘--
- - W - I ~ / -
s T;‘?— - l') Ao o év;; A g i/ P A I W S
- N = P 4 X
. T e e, PP o :x&_ Laa L Anarrars T T e
— . q - o P ——
LS S@ETRV = RS WITIY o 4 YR W
e T ) b F A qT 2 - v .(«-—-

. jxf«\.f.‘ :“\.._ -



3
]
3

L TR .
> Pe..ae.\ﬁiuy.!l . .G~.

(,,ﬂ*‘?"“’_,-"_, &,@m{;}; J
e vy v i

L3in

_ .
/.,.m@,..
I,I_M. M m:m
ol o *

FAANY L

i
AR

1A

TLRACN,

&

s

")
4 ¥

0
A

BN



LA N\

AL anng

3
3

|

&
5\
-

P-7

S U |

(

g
o
! ! &~
i Qs
e Lo
.
: oammm,
§ o
s
o

ol

e

j




[
L
—
oy
4
.F»\,mi —_—
— <k,
oy =
§ wall )
. #M R4
" 2 §
) o m
; Gir: i
w p W
o o 3 n%..:,..u
: ! o aseds B
d.. nr /. ) .
- ey S
& : = m
$ “

i
i
)
Ra—
U
# Feasnd,
%I
e /
//

e
25 L v e e T it







T _
4, Witk T WRameFon g o=

g

& P T ;ei“g‘i““”ﬁ?ﬂ‘sﬁm A Nﬁ% a?
aboan

£

w A

o 8 N o~ e . 5 s
T2 51003, 430l Y00 =0 (g v gl ) - T g0 )

Wa Al
T Ry o W.w ke L, - WS
¢ - :\3? ({,"4"@5,‘.} ;(\,3,-{.{:. f N4

i ¢ - ! .

for T, (B, - (DS 4 LT ;

=gl RO T ¢/

(Rl ¢ L g.ﬁ»wr—;;c.;i. Dalnedd £ et .,; b, vedl. tfy P 2 e G A T

QI e Ll‘:"\\"’{/‘:; @Al sn -‘.Aw«.‘mmp.f\:‘: Grnd EVRA addh
by ‘

5 4™ ! ,
F3 g ot g Al g ?%_' e

—— .
Cradgamda P 7 {\y ‘/;v;z,ffa G {;..& Arus .
%

i

L joe W " . ] ‘ .
h(x“ ‘é’a v “g"&. *—'A kg“ Ll Ga - %

.l A : ~ - Sy r
-{" - 3"». = % :"[f’ “‘?l L . CP‘
. g " '
i o L - 7 Sy IR T S W gy . AT W
g-— = ’\ ’3;‘4\- f, o "%1"’; ¥ !:ﬁam_"{’z__o 5-4&’2‘_ - {“.‘.«; + g} ‘-ﬁ — (J,f’_,_;’} xe’“bg ‘g;

¢ - R . i wren : -, \ .
AL A 8 A v {A‘LL 25 "é{"‘, [y & {‘4‘6\3 £, S el 5‘\54\ z{,g; ;\(} /\,{}? in C%’ LA N_Ei , AR g WA

. . o . . ~ ' ~_  x -
! wgm‘ﬁ"%"\ w  emh P e Yo ﬁ"‘."‘; f b, A :-i Ay E g ’9 , AT 5 ks Asar
L Y e [ B

7 X X et e 4 % g - N yrad’ -
W N T L. s (_ lrod dAdod ,M..,‘;;:wwm;? P i J e F AR, A 54 P
' . SI’ 3 - » ,ifg et 3
: . — TR T . CRA Gy
: i) = me \ R R A ¢ G Lied e foohk
f M A0 8 Ll | a . )

L o [
i i\)‘ 73 e hhitnn o

N
7
P
;
¥
3
.
P
&,
{

&
;
&

E
§
e
¢
2

af



v . . . ) 'T. B o
yJ Pl U, ..ﬁ.;m.ﬁ«mw% Rl m\‘?‘.;‘m«u:yw LA R {}'ﬁ P R LS Aﬁi‘b,‘:‘”w’\ FZ’\&-“‘«»%-N
) i
e A e o, " + o i
¢ ,g PO PO o \Dl A Sea dae ’e,}'@}!?.ﬁw &}";{%/‘whh Lo U S P Q&J v o, 7 A C@ ,
oanme, S P - Ry - - '
Creotan Q Lt ',L;{}MM,L . {;ﬂw{ [ A 4’2_)-;491'\,&.»_;_.:‘"",»4 Few QM,";Q,).,\ c_,,__{*}_ﬂ ,/u Hin A G o /‘«"9 4"; 2,
e — - - &4 1 L !
E Ry S Y VLN A B g%.»-w:«»’&f? Po'o s il cas ‘é’@ N
F e : > R .
-, o . -3, H {
s :‘;,L Evhe %a A A a7 = § 6{:‘, o= . Lfﬁp) 2 D>
o~ ) - - .... . _ f’_,!:,’ o . i,
S v b, Kita 7 = {w'> = & (wlle> |, & MIM"_AOA‘W(Q‘?
" _ e  ~ - . .
. ot ”%\.. o fa i"r} = H’Ja o= j&k\v}&)g Dy P
. . R
£
wy/;n
)
. . e . po— . . g, . i pu— w
(.Lﬁ*”m chom, ib‘ Agd A Bt B R ) Vo o, S"‘-“&‘a ha %l LrON
. 5 T [ ‘:\j (AN -’t{"\mf g
Ld
g “ AR e IR EY :
GtAd ey s =) Do ate LY
4 i oo i)
o & t Vb Ve s “4‘, . '
- ‘;: k‘“i{}‘ i 3 ‘%)Q bes VL)CL o i {3‘>
- £ ] ¢
TSN T N P 4
= - B < n;!‘{.z'&} :f‘é..({}(
. . 7 Far . emiy e
- « T e & . 4
= o~ w (LT G (5, “ 2 g}
I M
PN W SR -
».,_;*Lw AT {g’.’i; = g AP Aoy
¢ /)“4- A A ;J; A e vv:,;: fuse \-. F,:“'» s 'ii’" f‘»‘; ”i»: ’yw‘:s Pt e :x»: fi - [ ef':;u"\. /2 L.’.\.ZZ W""a
\'/) M':é.;.-».a, {,,, A,
’ 3“ — 5 -y 9. ’L 3 A.:,I
o , @ 8t o ERE I
Yosoaw | Swt e i F et S0
- Gal e ps
- 'i......., {1; ! "‘:;:(""-a— ‘I;?ix’ (f:}; gé-{zp’r E
= ey Rl AR B SN i
) < - wE i '
% s ® !,3,"‘_* H ﬂw = V2 @
(SN “‘Z‘ v ¢ 4% A&
& ;'L'
- T % {4 iJi -3 j
e k\"(&s:ﬁ“u A\ ig{ i i S
heowr  di® _ 2 e TR W fAam e 7
b R = - e A B { A #,
RS J!,?C’
LI

- i i":‘i&i;’,
,«‘ -~ oy WS
e>i4Lp_o b, =

AN

-t



A

da ) (ox'd, T Tl ¢

¥
u’i et VA A on Ara s ey
< o~

i IR X S ]
\-.‘f - _j_, {t e ,{; é r‘;—" - 4_,2 ’ éL 9;'33‘ ~{.,..€ e &
T E : T e g - ' t
T “ L’ Wga ;
4 14 &
RO ipre m®
My A ?_L R ol
g e —y
[} 1] __..n L
é:’(& — s e or—, ﬁo_ &)‘a( - LAY
4 N ' & wn W — T eep 1T e ] ROV
AP Y Ve LAY ",
rd !
o~ - 2 . Y - . . - - . b
7 Fn g,g\, e o ‘:: S et b, %M’-v:é /E»w (P "'V‘.’\,,gj‘*;i:"&- e Ea ,7‘ J'.fw . ; L oA (f&"."' e, ..é/k
; 3 i e
&
' £ K « s . —
fg‘.ax;'\- Dt aeder Py f\,{z.-\w ,x . R {jr;umm i %’g.p-—.«,‘ ju, wra o cdamaA W, 2 e
& K ! : ! .
=t e
/'543'-‘&&;»». 1NR, w3t 'th .,M ﬂ’ a,—\,./ s.)}da
: BE
‘ i3 con Ty — PN
‘ T ) T e e rout B s i y °ok .
e é'f LT) F I B .-.:;%/L,b IV et e 3 Lot Adem, @A »‘\,.j At g Mmoo _,{_ .9
N, —~ g L n e, e .
AT - /‘t;' 4 . B ) P g ¥ ‘-&’,& & ,-\.g.r'z,eﬁ_,:‘&;j% Vi .‘fwnuﬂﬁ‘?r“g\f- Lin -guk .
. ‘:;’ ¥ i
RS O hen D Sk AT A
{ S a A
NI A B < {} "7& / )
( RRYIRS SN A -3 ¢ fr B,
) o ar iy - f\&) b’ = Z, &f{,‘ﬁ, "/’?; J

ﬂ"L"é 7‘:""‘ ‘ &é. ‘P!— '?.I.l\w

o . R o f i 8 T . — ' —
§ iy 4;: et ,‘\;:E -;fi ”(JEW L}u B P b s £ Ji ;“‘a o A ‘}{} g\{ éA x ad OG‘?’(A“
e '_Eﬁ\&m&{-gg . .
| ’ 4 wd . ro,
f,’L.'f" ; - .wl_.u__, I ~ ’eﬂ e «E v;_., . Ap, -;5‘).;\_iv ke
i ot I I ! ; .
”%“’{"“ﬁ‘\.‘ Li{”« 1, qoayt o b -0 ) = A
J =i
e Ao ! PR
- A ; i i ¥
" N~ i
gl s o B )
AR S
IO VNN
4 X ;\ _
.
it PAAL . - S A 3 E
g sV vy f:t%)m_ E L £ {
’ gt
\_/I A W Dppanars Jg”' : §g~z, it 5’1‘,« W 'TjM Vv DR G WU WA VY ’fé_

eo—
P \.}u*"\»‘ \wL g?‘g

P
c..,.f&r"\"i '2»"\1';’) .



\w/

e

ooas

na T
L [ § 2lc L =

JRER -
v ‘”"(ﬂ ; ‘iﬂvﬁ'j

g 2
. 5
1 & F
i*
- pou W . ) o .
' ¢ - ’y 3
l/i“' é.ﬁ.mé/\ A o , Y ; ﬁ_:,_\' A e u\& C e LAt
i¢)
g— ) "}" ; \ :,v:;} -
3 L-L.@A,smrlcvﬁ [ W N A s LS b, s, e Ui
g .
$ - - _
A 4 7 - » B
‘ e SR I"r.j" Lo biny trmn, ;%" PR ) ‘V,L;’.‘ ~
- v
iy i N
< 5 N VoRRY P
AL S PIRE RS _ ot =y R

o Lig
™

g ci’{,'\ Somvm /‘J-! At e AL a2 'E::ﬁ A
‘ .

s g* . . —
[ B T N

WG v Gt G hoonrnny [ ,f_,f;,,.: A
o, o
fomny At erdan A
el

RA AT AN

Woa e X

iy
Far e e,

e
o 8 o .
g Al SN i
> - R
‘\;’.,,_ L e N
JH
vy )
= N
=
=

‘ ‘j@- R W

i

v

¢ p—

E W

:,:"5 AN s franncha A

SO A

P A
£ ™ &
& e -

norara oo S i
R Er3 %;
LN PR,
Preati . .
2 % N g ¥
= T e ‘%C’ '?‘"?5 AN

R S .
tAa gy pente g

oo

r—— N . — . ’ .
rmA AL AN Ty At A 'i-aw

d




%

} B ‘ A e, e
S p ke LT {'M;f.\s.,a_. A [ SNPE - S Cha e s AR A g $2

. L.

s r ) , . ﬂ.
oL f\f,(gp,_ﬁm}i
e SRR NP

Bk fpowF o ok s s &

M R W NP AP L.

RS — _
o R e TG R
U
. — — . . - . ’ ’
.«"5” ~ ;;’ - oy, ¢ A*F ’d'\‘ e s éi.»*\.'w.u:v [ e f/f‘\ R WY A_ - f{i ja.@.,*m T~ ',_i. ﬁbﬁ e o
L e ghne & ¥ i %
& of ¢ A “
Lo ' . . L
N RVR- NP
{‘.«‘é\- \:,i"x § " u‘v. {;& av
i = ol
o 4 P . - v
heallin } o o a,o’t,jl.ﬁ: L
F G R,
- Lo P ) ; . s . ’(‘” , | ‘
i T paves -_...a“i aal ey I P S \r“’}’i P T P YN Aﬂ? o -
~ a4 #7 4 4 ; |
- - o
Lo - . F oo . Y.
fP i P o i o Ao’ 5 LA

s ,»«.,’.""-;,(f’i._ TE o ok o e .

1
f%,v:‘\ ~y
~d 1
.2 JU—

[ QTG I MW Ay oo

o . L .
& Filaacivd et e otoa, :—/:;L T aewnas i A ara
;

i ,wa"i\/‘-z ‘m‘?s?-,L /jﬁ‘r:/;” /:4:3« /4{9«\-&, é

.

My ot .-
-«e_!”‘i-aén.h“‘d\g:, ﬁL‘/'ng‘\: fi}‘ &;ﬁ,




4 ¢ ) Coratdon, o spulie Lplde sl A rass e ade A et

i L R e A, o o oo -
[ '%'I, Lo I ¢ Sl a»‘i-;%'i""v‘A N A A g od b'cv:"‘"Aﬁ‘h""W); ’--u&"“‘/a‘ e A J 9”"#—@}“
193
LT e i , o =7t
I U SV A f" 2V Fend T A B e e S ‘;; Y AR s e f‘f"‘;%, Pp=7 S
i 5 ¢ )
e Ay i tr'"- :

LhaAdas A \, - J s ’{‘

2 o
"“"‘"& ™Y A\Y‘“ i Wn 4 .q.. J ""){FL&N '\"v-w a /‘1 e

d
8t f-_;.:,.»",;a ) s ng O e

iy ~ ) I DO )
e, AR e (_JML L ha it Sy L

A
r“if- ol TR ;ﬁ/{.

d

K ,W.\‘_',l’*‘ /"i g SN .

£ P [ i . . £ 3 v Ky
. G L S e i 5 e TS STV MU T S T ko ch, R
H R
. ; { Iy
e A . . o i -
T 2 come Thwn ? ;

. A 13 -n-‘.f"
Fre ASoAL ten paas cda T Lan A
L& A

- 3
) ; -~ . P o o ¢
N, F] ‘(}qk, o [ SN Y ERY NS a \‘ P ;'fvjv_.\_“ st
¢
FeT prn, H -
B ey b L fon T NN \ﬁ’ R LY LS «Z:r';’:x; SRS ‘4‘ ""* Rl a9 S

-
AR

L SV 2 I . 3oe§ o i
PN 3t £5 oty A ,‘_,W tf/’,,& /Z A {?”gi}”“‘ﬂ*“'-ﬁ-" Asa G
- . <t
P . o Jo— .
T 7. ; R PO U NI | - - * ' :
e ».-.:,-gn Aadal & gy Ay Fe 1 LT Y e r t.,.g_."a.gi,, £ “,.J/'zALxM N T I, e
o ¥ -t g ;
i f
N
v . -~ o
B ‘{"‘( £ ] {‘}‘.ﬁ. SR g, - {E‘. .
-~ i - _
. A g 3 e, e o ;o nead 2
o Ao e By 'W{‘%;j SRR e '““;;/*7 Fo i, L ?‘ﬁl!\‘&f
\ ’ "
b et e e I T S AR | ¥ ey
PO e R O Yo/ | G AA s Ciag i
{ ti T

o N v -

» . § -~
R NPy Iy f{:':.\y "'{“ , A "{) e L’f’*"}s%&zﬂ'\,&m'& b

e

. § i
rinl ARt P A G g«ﬁ.

« ha

Qang~, o T

N oy ¢ v rel e 7 ] i
o~ I i ; b - :
[ e S S Ao, A (s pfee o A gg‘d Py A A, q_df’mq.., C( ¢ ﬁ.»d Y m».. @W«‘q
) . o p ’f
J S el t e dhaida Loglhal ~ i

Bl

Cas T L, 5
S ST XS QY £
! .
K

W
e Bom &Y e

: , . C i . - )
72 2eeal R WY L é.w.;\ Ry S *Jf‘s P ff‘i-& Brrmado A, T PomgBory

3 &
%‘fw"*wﬁ s d ‘i'“t - A

ooy

§ Aol %4,,,,,;,&,\ kam O ,*.‘:;“-‘:‘..’r‘:,vfﬁg,n.n...a{;’{—.q,_ ; skt Arg Tl

‘,‘

< ¢ @ Raaad -~
[ - = A‘- A e



gy

N

.
o, " sl Fon cha

§ i
.\{-l.wu‘;w:uw Y
) 4

(féf () J”éu. () ""«,f(!cj iy (x’l}

W -.irm;a}v fm.ﬁwm “Tha s
W B

¢ P -
Y o PN Eay £y lf
LA

i 4 i
Colllindeva w»Th

A

Lo T =
{‘,J'a. e N i !

E
:(‘\
3

"{ arln ) 4 ar(n~

V. LT I LIV SY 4 !
i - (B s 4y ‘«"if“'w‘“‘"f $ot2))

L I

; R
e Rl ; j A
,.A s '&’ox. 9’93 &, rwf o A, § Fraemen s £ K g A Lrher™ i oot e
D et 3
4] ]
Lad - i) - .. e % 1 N - . ) rmans . . —
& A e LA _.-;w{.,s.»\, Do, g A A o ﬁ\»\’_? FR e TV o SO S Canan g IR :_/{—\:«V‘M MM

. .
S Lﬁ- '.‘u. s LA ‘;T"-I%L A A
B

s m/(‘,a Fogn g-"\:‘.

sind =~ o AT
&.3% L

L ]
{the  Panee ik o r-”‘g

rAf‘x ui{-\( é

2 2 s & R
e R S Tk \‘.f&. LN EPRe e W [, \
a d .
oy 3 Y 7 i
A T L B PRI - 1"”{“'(7”” 5 N Cntene da N K, M g
":\ = \‘E‘ge E i Y LN an'g‘gﬁ-v }&‘ e }‘{'gkg!“iia?’“r“(.% %)J"“‘{\’ X ki.f&"ji
. b [T P Y
e nd’ i,
&
. ? u , «s\.uhﬂk«g}?;_ﬁf.j )
. 3y " 5 < e -
- ] s S . - kS { . ix ; Y
- N .3 3‘.‘ "J.i."“"ﬁ"*-iv W e €, ] Z‘;;’:L*«' '.M,Y"“t} ‘lr&,,f" ﬁx ~¥ ‘M“b);
iy afy’
. SN < alatex)
< - 4 2
- -4 Yo T 4 b } k]
- o et 3 G R SRR A T et T W ot 4 P —— e
- 9 ? g3 LR & % 3 1y
UL, fape,t bl e Ehep ™ Hie )
-s 2%
£ re . ;% ¥
caPisa d & (8 e kK
£ - ¢ 0 P . s ) ) o —
L NC T DY W S NN :;Nru oA ey ‘::‘,\,«4. ’»L ;.':‘é.. S R SN T A“:,\ g, "ﬁ~ PO N Ak e ,yg.a P
: w3 14
zb - R 3 € ]
.«‘4\}.":.- Lt S gy A rom T8 Gty S o
. Pooipla shaalnd ey
&~ ; H 2 ¥ M Wwa—.m
% o RN NN W o) T ¢ - e 8 +
o R e S 2 A AP lneR ) € Pt B N ST
rn‘_.-ﬁ”j Rl ' g" } &F h} a.-‘-l ~ oy ¢°t 3'3 é -/b\L‘c“‘\
] an,
iy PN -
R T S B o

N P
-



. o y . . .“ ¢
tvt 9:__} (‘ou'.:'\‘n\_x g

i ’7- . : v
¢ Ao S VR e e, R T TR X
?
,
| -
: AT
"
S
4 . R 3§
}’6 [ % réﬂ.}: L:{: F I o “ “'\‘ . - 5 ﬁ
5] £, | , ENTY
J
e e B
B, m Fm O™ A

- A

v Tme fe TFW oo A
G R De ffﬂa. L4 A ‘-é’_ "Eﬁk LQ"\‘

o F;

e
e
e

poooTiEN ALY Ly tafat
! o . . 2 . ' .-
I IO PR L j«umi
4 » .

' el e ng ,

g,
H

¢
N g 1m { s ‘:'. P A T " g - 14 & S
y SR S AP d e At = Vs Sl
b
£~
§ Ao
¢ s oy v . W
’ = i
, I N SRR A
A R N o B3 ong o { PR ;
go= SIS BN LR ij--”, F Y g, ¢ [ - /;
5 i
f
g} ‘z. e /
A [ - 2 : . ‘ no® : o
1 s sy e o e 4 v::‘l‘;_\»;km Leton i P R S S o "g"’j )
RS . _ ¢
. X s
o RN Y P A
€ . -
o TN ML -8
. ) , PRy o § S e R &.\jr\
W s +a ; Ye o e . )
A 2 Ve {g 4 o J
i = 4: . Ao,
; "
(Y LY
. u,’ % 1 5 i 1 ¥
- % S el LT
- om ﬁi § de A WITRSSIS ?
$3 '
ig =
. & Kj*\
= 3 s ;
g
) ‘ “
(}v"? Liv'% Ot S, = A Y N Tt Aot g e ’vd i
\VJ Y P FA ™ o Yo = ¢ A A A
3

L, X g s e , d .
FPE R 2 N SN & N PN S P




e e

£
S

.
/
[ 2L

[
o~
e
S s

PR L

R

R R

5 e }:A. g
&
M

A,

oy
i

a4
w g IS
{
&
s . £

S e L5 g g,




March 10, 1977

PHYSICS 253b

PrObiem eetl

1. Flnd'the invariant differential cross sectlon do/d|t]
in lowest order for the "Coulomb" scatterlng of two charged
scalar particles of equal mass using -(a) the Lorentz gauge,
and (b) .the radiation gauge, exhibiting separately for the
latter the amplitudes.contributed by the instantaneous
Coulomb pOtential and the transverse field. Show by combining
these contrlbutlons that the two answers are the same.
@Lulmv Qlfbkﬁ yasaLs | (tnear p«vt) o
2. 'Caiculate‘the invariant differential cross’sectibn do/dltl
for the Compton scattering of photons [of 1n1t1al momentum k
- and polarlzatlon &8(k) and flnal momentum,k' and polarization
'(k H by charged spin-zero partlcles of mass m and initial
momentum p. Satisfy yourself that there is no p0531b111ty of
T Wﬁg\w/ the emergence of photOns with nonsensical longitudinal or

JO’ o P .
we & L K
X¥yW' J "scalar" polarizations $f the incident ones are polarized
\(7 ‘ - ’ v .

o sensibly. Find the:differential cross section for g
vhpolarized incident photons when the final polarization &'(k')

-is fixed and'then sum over these polarizations. ~Find the total

cross section averaged thus and summed over polarizations.
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April 26, 1977

Physics 253b
Problem set 2

. The Lagrangian dénéity of a free neutral pseudoscalar
meson field is

rd
o

P T
Lom = 70, 807¢ - u%e?),

while that for a free spin % neutral "nucleon" field is

Loy = V(iF - m)y.
~The most frequently studiedbinteraction of these fields'is

the pseudoscalar one which adds the interaction term

O =190 Yo

to the total Lagrangian density. ' An alternative coupling,

the pseudovector one can be wfittén as
T = a
AR S A

(where the factor'u‘—1 has been ‘inserted to give f the same
dimensions as g.)
é) Construct tﬁevinteraction'Hémiltonians for these two
coupling schemes.
b) Find the invariant matrix elemenf (inAmomentumAspace) for
nucleon-nucleon scatﬁering in lowest (i.e. second) order
. for the pseudoscélar coupling.
c) Do thé same for the pseudovector coﬁpling and. show that the
| result is equivalen£ té the one for pseudoscaiar coupling

provided f &nd g are in a ceftain ielation. "What relation?
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PHYSICS 253b

Problem.set3

1. The particles which participate in the muon decay, that
is the muon. (mass u), the electron (mass m), and two different
varieties of neutrino-\)Ll and Ve (presumedimaséless) all ‘have

spin L

>+ The decay scheme is

.The interaction Hamiltonian density responsible for the
decay 1is a well established superposition of vector and
axialvector couplings which is usually written as

q o [ﬁvu Y“(l_ys)wu][Eéyu(l—ys)wve]+ Herm. Conj.

(All four fields are répresented.by four-component spinor
éperators | |
‘a) By using the techniques developed last term for the scalar
‘ analogue of this pfoblem and théir obvious Spihor generalizétions
find the momentum spectrum of the electrons emittedrfrom the
decay of a u+_at reét. _(You may find ceftain-integrations~
simplifiedﬁb§ using a.technique explained in the solutions to last
term's final examination).

b) Find the inverse p lifetime in terms of G, assuming u >> m.
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‘May 1977

PHYSICS 253b

FINAL EXAMINATION

The‘completed examination paper is to‘be returned within
72 honrs'of the time at which the problem sets are picked up..
The;only reference materials you are allowed to usebare
the lecturelnotes fornthe course (both semesters) the’homework
problems and their solutlons, the two volumes of Bjorken and |
Drell and standard tables of 1ntegrals and of the propertles
of special functions. (In the unllkely event you need the
latter references please cite them approprlately)
| If you have questlons regardlng the statement of the problems
please phone me (Offlce: 495-2869, Home: 648—8546) or consult
Mr. Ling who w1ll be available in Jefferson 462 G from 11:00
= 12:00 a.m. and 4:00 - 5: OO p.m. (Phone 495- 4863) Mr. Llng
will also be available by phone durlng some periods at his. home
498- 5023 |
_PleaseAdoiallthree‘problems. Their credits are as shown.
The final grade will be a suitably weighted average of the home-

work and examination scores.



i\%; 1.(30) We have discussed extens1vely in class the radiation by -
an exc1ted two- level system coupled in a simple way to the

electromagnetlc field. Let us assume now that the two level

system is 1n1t1ally unexcited, aﬁd_thatfthe—vaeﬁum—tS’free
i pkcbiq
5§-Qh@tens. A. steady—eehefent—light\beam—eé-plane waveg with

PropaGatlon vector k is SW?E%&%E??ﬁ at time t = 0 and the two—

level system begins to scatter 1t Use the analogous coupled (UpAanU
osc1llator mode]%tg_ﬁnd the time-dependent state of the fleld

at later tlmes. Def*—_“EH_—“nelast&e—é&fferential~efoSstect1on
for the—twe—levelfS'Stem, l.e. t gular and frequency distri-

but1oﬁs—of%the‘3catteredfqﬂantaﬂ You .are free to make all of

the 51mpllfy1ng assumptions we made in class (including neglect

- of photon polarlzatlons). The level of accuracy desired is only

e’ that'of the Weisskopf—Wigner approximation.

(40) Electrons and positrons c1rculat1ng ‘in opp051te directions -
around storage rlngs can collide and annihilate, produc1ng
oppositely charged pairs of more massive partlcles. Assume that
only electromagnetic couplings aresoperative and that the~electrons.
and positrons are unpolarized.. Calculate to lowest order in the

- charge the invariant differential cross sections for production".
of Uiepairs (which you may assume simply to be a pair ofvheavy
electrons) and m° pairs. Notation:'Let p, and p; "be the initial
and final four~momenta, respectlvely, for the particles with the

lndlcated 51gn of the charge. Express your results insofar

as p0551ble rn terms of the Mandelstam‘variables
s = (py + po)?

= (py - PP



Specialize your result to the center-of-mass system and flnd the

distribution of positively charged final partlcles in momentum

and angle

-3.(30) The weak interaction which describes muon decay,

_G_.

H = (B Y (1-v> )w ][W Y (l-Ys)wve] + Herm. Conj.

also leads to the possibility of certain‘inelastic COllision
processes. A beam ofu neutrinos, for example, (produced by pion
decay) which collides with electrons can produce negative muons

together w1th electron—neutrinos,

+ e >y o4 —
)3
A few Presumed examples of this reaction have in fact been found
in a large bubble chamber at CERN. ,AUSe the above interaction
(whlch omits a possible contribution from the newly-discovered

)WW”“”
‘"neutral current") to find the dlfferentlal and total cross sections

. for the production of u (with the final neutrinos of course re-

maining unobserved). You may assume the neutrinos are massless and
the electrons initiallyvat rest and uhpolarized Note however that
the 1n01dent u neutrinos are fully polarized w1th their spins
dlrected oppos1tely to-therrmomenta (helicity = —l). Show that if
they had the opposite helicity the cross section would vanish. The
coupling constant is given by G = (1.29/u%) x 1077 where .u, the.
muon mass is 105 Mev. Evaluate the total cross section for incident
H-neutrinos of”aﬁvGeV;A (Note a useful cohstant'iS‘ﬁc = 1.97 x 10”1
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