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1. On single particle rest state:
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As MS show, the phase € can depend only on s.

take, you always get ™ = (—1}25
things to get ™ - 1.

2. Properties of the operator T:
a) anti-linear so that Ta = a*T
b) enti-unitary so that T - = 7.
¢) TR T_l
=1 #*
d) of course Te T~ =c¢

3. On canonical spin states:
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Notice that no matter what phase you
onh the ﬁast.11 single—particle state. You cannot arrange
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L. On spinor states:
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Comments: in time reversal invariance, you ‘pick up an obvious product of & phases
which appeared at the start. Also, a characteristic spin phase called < Top

to bottom order is unaffected, but cyclic order is reversed. What came in, now
goes out with negated 3-momentum. Spins are mixed.




) Parit.;.

. 1. On single particle rest states: i
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We could insist that P2= 1, but to be general we will regard L as a complex phasor.
2.The operator P is a standard unitary operator, linear.
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3. On canonical spin states: C PRY =R eRt= 8
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L. On spinor states:
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Particle in the initial state of course stays there. The 3-momenta are negated. The

helicities are mixed in a certain way.




Gharse GoniEEation :
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1. This unitary operator C is the simplest since it moves through rotations and

boosts. However, it changes particle type, 'so there might be two phases going
with this operator:

-
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2. Since C does not affect Loretnz aperataés, the action of C is the same for

S ——

all types of states:
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Because C commutes with all Poincare gensr%tors, it cannot change momentum or spin.

3. Charge conjugation invariance of M-functions of Taylor:
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For purposes of Ring amplitudes, I have assumed that C reorders each
!
channel, hence reverses overall order.
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PT and CPT invariance as products of separate operators.
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1. My first approach to considering reversal of order was to consider just a state.
Assuming S-matrix theory has the "relative statistics property", here is what you
get for I:eversing a state: ‘.
1
WD = \3,0) €n 1 €y = C*\\qu&
11,3 = 13,2,1) €,.€0 €3 i
It = 14,3,20) € €3 € € an € €ay =
In the general case, the factors you get can be considered to lie on one side of
a certain matrix:
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Actually, I now find that this is a clumsy way to write the phase factor.
M - P - :

2. Consider again a general state containing both fermions snd bosons. Because of
usual relative statistics, you are free to shift all the boson fields to one sides:

\FHEH. L% %E‘ﬁ> =" R R R B8 E6>

amd \BE gsFHFa %EF‘tj = \FwFa B;ﬁ E>

Now we see that to reverse the order of a state, you can consider the bosons and fermions
separately. In reversing the bosons, you get no signs at all. Thus, the only signs you
get come from I‘E‘Vﬂrﬁ.’:ng Jthe order of the feymions. Assume there are F fermions. Then
each of the (F2 - F)/2 exchange factors i5 a minus sign, so that the overall phase

due to state reversal is: i

t
] reversal phase = (-1}1 where I = -b(l’2 -F)

By Jjust fiddling, it is easy to show that this becomes:
i . ]

+
reversal phase = (i}F when F = even
1

' L
(1) “when F = odd

.
3. Thus, when you reverse order for -an—S-uaL:d.Hlm_Jdightman funetion, you

get this factor i because F must be even, otherwise the function vanishes.
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L. Now we can write F and B in terms of the spins ag follows:
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5. Therefore, we can say for reversal of order on a#ﬂ%ﬁmm——‘
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Thus, when the total number of fermions is even - - as it is for an-S—matrix-elemetn - -
the reversal phase can be written as a product of factors where each factor depends

only on one particle type. Ie, the phase does factorize, This is not at all obviocus
in the other notatlon:

y (5504583 +5:Ss] 2[s\+SetSs]
qm = (""\ wfa Cﬁ[» = F ‘1"

I ‘have been unable to show directly the following theorem, but I -have proven it
indirectly so no need to show it directly: ’
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Comments about this CPT result: :

1. Using the complex Lorentz group we have already derived this thing and we have done
s0 in such a way that the only phase is J. "In deriving the TCP relation through
the complex Lerentz group, we used these in%zadiants:

a) Taylors crossing rule for all five particles

b) the complex lorentz transformation

However, in Taylor's crossing rule we have set a certain phase Iagolnitzer calls L{:

1.
So, in order to make our present fpesult agree with that earlier phase conven-
tion, we shall aggee to choose the time reversal phase to compensate the parity and

com (T)' -

Recall that there can never be any ﬂignificénce to the time-reversal phase, but there
is significance to the intrinsic parity and{charg conjugation phases.

charge conjugation phase.
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6. We now make the corresponding statemenen{sx for S-matrix elements. Suppose we
. reverse the order of both initial and final!channels of an S-matrix element. We get:
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However, in order that this amplitude not v!anish. we know that F, and F‘2 are either
both aven or both odde The phases are theng
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! (version 3) June 10, 1977
at is the Wigner rotation of i o'

L]
. 1. First, lets do the Helicity Wigner rotation. WE have:
=\
Ru(RB ) = w(Re): & W Q) ! HGY = RE) &)

afy= RS RES R KWLM :

B REO= ae§) s R=(upd), Daw  &REA= (4FD o
o) _bvedoen | Qs | .
RCRD = (d¢,4)

Yo O Fusdn  Rp e ok @P). S

ﬁ“ = .E.('E\-:' (d', ['EZ d‘:r‘)' (‘I P’t f) (h.ﬁ-, Q“ ' E(P) - ME\? (4‘1 9, 1‘) 1{?)

= (-r:' l.."‘\}
- e (eat) B
‘J. i
Qin. : R\\ ('ﬁ,f\, = Re(dst) R VELY R-REY = ', [“11‘)
¢ (A= (4,9,8" R=(4p0,
A\ o (43¢ ‘ RRe) -Be(v)= R- RR)
. R ‘lll?n,"""\,‘H = {‘?— \Rhm\ﬂ \

Thus, when you rotaté a helicity state, you do not change the helicity of the state,

but you do pick up an unpleasant phase as shuwn here.

!
2. Now the Cancnical case: '

~\
RO(Rg) = LR R = &ke) HLY) R W) RG

= RED R RE = RCRY): Raldst): R(H

= Rew-ele) =K.

B, . —

S T
® Re® )= R /(323) Me¥an .

So the Canonical Wigner rotation is the rotét.ion itself, wery simple.




Scme _comment.s about pardty. '

1. Consider this.equation: s a st - (a*)‘l .

‘Here I am imagining that a is some mabrix Which represents the group. SL(2,C) with
some number of dimensions, and s is also a hatrix representing parity in that same
number of dimensions. Why is this what par:it;r should do?  Start out in L-dimensions
where you know about things. Then you l'rm:nw1 that for a = rotation, a = unitary matrix
end thus you-have s a =a s ? To 'see why this must be true, apply both sides to

a general L-vector: I

) a= éiﬁ-ﬁ' = ,u-fvu'-kwj -kﬂ-:'it d‘} e
i

sP\(\ s (1 ")= G) ) 1 H:*L i}iﬂ
s (e 0 (@) 0x({) 120G o

You want parity to commute with rotations. i But you want parity to negate boosts. Note

that in Lf-vector space, boost matrix is hermitian because the boost generators are
anti-hermitian. Actually, the boost matrix! is real and symmetric since we are -only
here talking about real Lorentz stuff. Corsider:

f\ t "k.'l:’ﬂ'r-ﬂlr %5 k ot & gsboa
SV ’; = S tﬁhﬂ'*\t-’*"" & t—;m N Sl
(=3

-\ + ~\ Kodary yshar /1/
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2. So the above equation which teels what parity does is motivated in this way:
1
l
a) asmume rotation generators are hermitian and boost generators are anti hermitian.
This means that rotaticns are unitary and boosts are hermitian.

i - -
b) then the equation says: s R s_l = R and s B s 1 =B 1 « He want thése

facts to be true for the Lx) space. Inf the Lxl spece we can find an explicit
Lxl, matrix called s which does the job. }

3. Now read the equstion in the 2x2 space of actual SL(2,C) itself. Assumption (a) is
still correct, but the fact is that there exists no 2x2 matrix s which does the
required job. The reason is this: i

a4 ,
E‘ﬂ'é\ _(‘a‘t)'-‘t 'd?\&ﬂ"-(t"q‘,' oy 2 _u‘.u;upel-dt b @Y Wedh s v v anst L !
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So, when we come to the 2x2 SL(2,G) world, we know what we want the parity operator
s to do, but we cannot find a 2x2 matrix that will work. Note that we cannot find a
matrix of any determinant that will work. Sc we have a peculiar situation that the
operator s somehow lies "outside™ of SL(2,C) -and must be added on. The fact that
no matrix 2x2 works is connected to the fact that the representation a is not
equivalent to the representation (a+)h1 . Somehow the parity: operator s is faking
a2 connection between these two different representations of SL(2,C).

L. Now what are we going to do? Since we cannot "represent" the parity operator s
in the 2x2 space, we probably camnot rppresent s in any of the D 8,0) spaces. Thus,
we will never be able to find a statement like this:

Mg () = Do () Pl (o)

This is in line with the fact that parity simply does not belong to the complex
lorentz grouppx8x L, (C), or not to mention the real proper Lorentz group. So how
do you make the statement of parity inwariance "of your theory?

5. Locking at Toller, it seems that the only time you can represent perity is if
you are talking about one of the little groups. .




. 1. When you start looking this up in the a:'t.mdard texts, you are referred to the
usual field theoretical arguement which is somewhere in BD. But I want a general
S-matrix argument for why this should be true. I checked Willimas (refers to ED),
Gas. (field theory), etc etc. Not even Baryt seems to do this. But, Martin and
Spearman gave a hint, which I now follow u:p. and it works.

2. Consider a Taylor M-function. I will slI:OH that the above rule may be proved from
the combination of crossing and parity invariarce. For reference, see Taylér M-function
notes elsewhere. The basic idea is this: " '

1,%
( i (e,5¢)
= e e . ©, 31 -1
\E\_ ‘ (m..__i;:,‘s'p,_t 2?’1 D—..:ﬂt (L) ...
This is the statement of parity imariamei for the Taylor M-function, no ordering
. needed but OK to use ordering if you want. I only show relevant factors. Similarly:
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So, in, the usual system of conventions where P2 = + we have real parity for
bosons and fermions. Then you see that for fermions, the intrinsic parities
must be opposite for F versus F . For bosons the Boson-bar has same parity

as a bosn. But, for mesons, all anti-mesons are also mesons, so good thing answer
comes out plus!
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This agrees more c-r_]-.égs"wibt.hﬁnﬁr Efmmefl_'y ‘not.bﬁ in the TK. There is some amhiguit,?- a

P e o s ———

as to the meanlng “of the h&llc:.t:.r n:-f ‘each p'art»icla. Also, recall t.hat. t.he two—partn:cle
helicity state has an extra phase thr-:mn in to it which I do not want to use. (S&e

e e — =

.r page 12}, MS). This phase will I think changb the phase in the above relations.

_—

3. My_strategy is this: consider a multiparticle amplitude t0 have an imitial and

final state which is slmpl:.r the direct prod'uct. of 51ngle part.icle he]_icit.:,r stetes.

— S

“Thus, the action of par:l.t.;r,r is cnmpletely lmpmr if you know what parit.;,r does to a
single part.icle huesf.'.ir:i’c,,yr st.at.e. " There is no need to make cms states, etc ete, .
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What-does TCP say for_a reaction.with_spin® _ _ . .. . — .. -

® %
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._ 1. First, it is important to understand what P and T do to helicity states.
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Here, parlty just pulls an 1ntr1nsic phase ﬂff the rest state: the thing is at rest

P

20 you 1mag;ne leavlqg the spln -put {panlpy no change magnqﬁlc fiald) but reverslng
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its "mﬂtinn“. Hﬂwever. parity on the noving state of course will convert Zp

into deL I you are gcing to cnly have, hellCltF states defined by posltlve

bousts, you | have to flip the thing back ‘to Zp somehow. The way is a y - rotation.
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Of course such a rotation acting on the rest'ataie flips the heliclty The final

y~-rotation then flips everything Uver, ﬁut helicity stays fllppad.

- - T — SR e S = B T - - mme—— m——

On the more phyaical level, pﬂrit} phangea the mmmentum but nut the spin

cumponent therefore “the helicity must fllp.

3. Secnndly, time—reversal-
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This goes exactly as above except that in the rest frama, T does flip the helicity.

= —— — - —

_So it gets flipped back again by the same y-rotation, and the end result is that

tima—reversal doés not fllp helicity.

e - - o - e = -

On the more physical level, once again, you gather that _time reversal should
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flip mumentum and’ spin, and.that thereft&e helicity ahuu¢d—nema1n unflipped.
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4. Thlrdly. lets do the comblnatinn of PT un g state. The rasEEt is eaally-
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. Under this combinatmn, the momentum enﬂa up where it was, but helic:l.t:;.r is
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flipped. Pick up & phase in obvious way . Note that 2PI rotation is (- 1)25
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5, Now consder TCP = t invariance.. Recdlling that.t is an antiunitarj operator,
recall that you get the switching of initial and final states as part ef
the invariarce ‘rule. Thus: b . AT - ot .

: o, steas o ghowedd
{R\S\iY = {ki\%&tﬂ—)g f

_—

We have alreeid,_;f shown what PT does to each state, except I only discussed states
along the z—axis. Recall that the-.operator PI moves through all Lorentz
transformations, so we can consider the t operators to be acting directly

on the: states along -the z-axi€, then we cih dSE-infefmeﬁion”juét’%&esentﬁd.

Action of € is+¢ charge cdn;ﬂgete ell pafticles, maybe #ith -a:‘corfvent{oned phase.
iF o

L

So TCP invariance’ therefore would Say: ¢
0 a2 - e ! b Lt i
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6. Therefore, TCP relates amplitudes with all helicities flipped, but etherllee
only change is initial bo final state. Here is a pecture. 1 do not show helitities,

but arrow directions are supposed to represent actual memente'

f t
=

5
These are two reactions related by TCP. The magnitude of these:two amplitudes
must be precisely equal. Note that same A-momenta throughout!

7. The phase.ls 'of. course rot’ observable.. ‘Perhaps sbmé” bdse detail £f .you like.

- % .
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T see no way to "duplicate" the Lee-Whck fi€ld theory results here.

cannot change this fact by any phase -::-::rnventinn that I can see.
ch,arri. of conventiong: s e e
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For exanmle y acting

-on sipgle particle -states- of even- or-odé-2J -operators-P--and- T-elways commte. You
. Lets try to make
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A 7=xy A 7%y

=N Y = %”nfz-q.

So hurray! We presume that C is part of the internal symmﬂtry group for hadrons
and therefore will commute with P and T. ?hus, anjwhere, C appears, it will slip
through and have no effect" ¥ b

s (ved) = N (ref) P, Gty = )

CEL) L e

Ay PR P e ¥4 = o Froa
A Vo T o v T L
Thus we now see why Tollar makes that peculiar choice for the parity: fermions have
imaginary parity. This.allows Toller to- duplicate-the Lee Wick-relations. This

is of course just cunventlun Ancther _conv i d _be this:

fnhn-r\ =, ?=-\r\, pPT=1¢ ; q/ws_* .
T=6V @R =_e@T) LN
@t () . , .
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Antiunitary, antilipear operators. .

1. An operator A is anti-linear if it has this property:

¥ 1
A (81D +cam) = of Al + AL
2. Easy to show that product of two antilinear cps is a linear op, etc.
3. Constants get starred as they move through an antilinear operator.
L. The action of an antilinear operator on a bra is defined by this:
L - F ]
<HA Y = x| Aw> -/ change of direction accompanied by star for a.l.o.

Notice that the second expression (the RHS of last equation) is a linear function
of the ket y, because of the star. The namé of this function is (x/K , and this is

the definition of the action of A to the left.
5. If A is antilinear, how do you define the adjoing At 2 Answer:
T
1 ﬁ £ -
A ANy = WA = YA

6. The rules for (AB)_J' or (AB)Y are the same rules as usual for linear ops.

-1
7. What is an anti-unitary operator? Answer: one such that A = AT but A = anti-linear.,
. -

8.. Facts about anti-unitary operators. Let 1A be antiunit y B = linear operator.
Then cne can easily show tHat:

BBy = g . B AR 1

wat 1By = A Gl = LA . R = RRA'

9. Time-reversal as an example of anti-unitary operator. In general , let A = T,
the time-reversal "operator" which is anti-unitary. Then we know from the abdve that

(5 = S matrix = a linear operator):
AR A x o ) A —
KIS = <HAYY wee WD =TW | G Tt
!

A *
ok < = VST . 5o far we have not séid anything. Now suppose it happens that
STt = S*.  Then you have this: ;

R
sty = CHSWET o KIS\

o <H\SIY = AT STTWE
.

This last line written in operator and matr%x element form is the statement of time
reversal invariance.

1
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! May 24, 1977

A naive discussion of time-reversal and parity for S-matrix theory.
[

. 1. This discussion begins with the stuff me{ntioned in Williems page 105 to 110.

2. What is the time-reversed reaction? Jusi think classically. The 3-momenta should
reverse, the Canonical spin projections should reverse. First, lets do a picture:

-
& C1TF"' ol \ 4 CJ-F"
ﬂ.?;. . {_ ."-F." '___1._-, @ P -
! %‘; = ! Qt_.'-—‘?} L:_Fi
4, Py /_:
ﬂ{’:-ﬂﬂ

| Koy B | S B vt oo D= famwiey =) S| =Fomme; =Py -ma >

R ) D S
’-15*.-3".“‘ By B yme '
Several comments are appropriate here:
a) Williams sometimes referse to time-reversal as "reciprocity".
b) notice that the phase has not been specified here.
. c; we use canonical spin, not helicity. Helicity projections would not get negated.
d) energies and particle types do not, get changed, only 3-momenta get changed.

i Ba C rapsb e B |
L'-F" ~Pa e J"IE"\‘H' fn"AJL <
.
[ ]

3. What is the parity-reversed reaction? Opviocusly this is going to involve reversed
3-moementa, but what about the spin. The! spin 3-vectors like s, which we usually
do not use in S-matrix theory, stay the same because they are axial vectors. If
you view the canonical spin projection as spin vector s dotted into some fixed
z-axis which does not move under parity,’then canonical spin projections do not
change. Anyway, this is the result williams gives. Again, in helicity the helicities
get negated; jus t the opposite result ab above. Fro parity we then have:

I . - L _ .
1< Reme, Pl omal Sl fawa; fomdl = 1< Regmei=pA | S =fm war = w7 |

i
tpE':iF":*t —— Q‘El..ﬁn:ﬂ‘_
5 : E 5‘1’.-}‘ E- o
A.E’glfdl'mlu b, Ev, ph
Comments on this: :
a) particles stay in same side of reaction, no type changes.

b} the only change is the three momenta are negated.
¢) again, phases not specified.

-t
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L. Now we add something new which is niehter T nor P. We invent a so-called
complementary or "detailed-balance" reaction, and we suppose that if there
were "detailed balance invariance™ in nature, then we would have:

+

® ,

RN DN
(€1, 34 m) 3 ® (& ey |

| D8

~d [l a Eﬂ L™
— (E‘;Fﬂw“} q‘ﬂ ( ,,,, ! ) * i]'-..mu
- £
(G, o) b A (87 w)
Looking at the combination of T and P, we see that detailed balance is almost equal
to PT except that the combination PT negates the spin projections ( in either helicity
or canoncial). Thus, detailed balance does not newessarily follow even if P and T

and C and CPT are all exact ‘symmetries,
In the special case of spinless particles, however, PT = detailed balance.

The. main point. about detailed balance i that it does follow from PT in a spin-
averaged sense. Ie, if you average over ihitial spin projections and sum ofer final
spin projections, then you can use PT invariance to conclude "semi-detailed balance:™

i

~ — ok-aed Y
L A . \ Aow \
(serYzmer) A - (2scN2sar) o ,
. A violation of semi-detailed balance would then imply & violation of either Por T or
both P and T.

*

5. Charge conjugation presumeably Jjust cha!r'ge conjugates a particle, so charge
conjugation invariance ought to say this:

a (E' -.'F“";’W“h I _ (& f‘ e “3

It Crutall I I o o c

Charge-conjugation should have no effect on energy, momentum, spin projections.

6. Combined TCP: if we now simply combine i;hﬂ.ﬂhwe three operations, we would
draw this conclusion for TCP invariance:

PO s L L B LS SO

a1 1

i l -
® [@aﬁm ¢ gare @ (€ fam) | (Sl T wgge 2 B
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Alist of confliching concenbs ragarding TOP, crossing, clie

1.

2.

Conflict #1: according to Taylor or anybne else, say MS, when you "cross" a particle,

you negate its A~-momentum. Therefore, if you simulate TCP by crossing all four
particles of a 4-body reaction, you would get a relation relating an amplitude where
a is invoming with positive energy , to an amplitude where 2 1s outgoing with

negative energy. Ie, the two amplitudeé are continuations of each other and are

not physical at the sme time. This conflicts with the idea that TCP a la Williams
connects two reactions both in physical regions, ie, a has positive energy in

the second reaction of Williams. This Conflict # 1 does not need spin.

Conflict #2. In Williams or me, the coméinatian PT negates helicity or canonical

spin projection, and therefore so does T?P. This means thet TCP relates a with
momentum p, and hélicity m, to reaction with particle a having p, but - .

This seems to conflict with both Taylor and MS who say that when you cross a particle,
the helicity does not get negated but the momentum does. Of course khere are two
complications here: !

a) Taylor uses spinorial states'rathe} than helicity.

b) this conflict #2 is complicated hﬁ existence of conflict #l1.

® _ﬂssn\uﬁmﬁ%\:QW%M) o Ma contevsiin &) cosing
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Stapp: Intrinsic Parity Problem.

1. Definition: parity invariance for a process means reverse all 3-momenta, do not
reverse spin vectors. Magnitude of amplitudé is then the same for both. (2.1). There
will then be some phase called & (T) which you can show depends only on particle types,
not on their momenta. This thing is the ™total process phase" due to parity inversion.

2. Theorem: the total phase you get from parity is either +1 or -1, This is what (3.1)
says. I do not really know why this is, but Eostpuna this guestion till later. Seems that
maybe two applications of P could give you ar arbitrary phase. I suspect this guestion
is & larger question than I care to analyzle ,right now. Assume correct.

3, One way to think of parity inversion is té go to the multiple-L representation. Then
parity gives a phase which is minus one to the sum of all Lj. In this case, you see bhat

your phase must be plus or mlnus one. f

j
L. In section 5 Henry shows that product of process parities for process and another

process with one crossed particle must be (—é)zs where s = spin of crossed particle.
I have not followed this because I do not yet understand Stapp nptation, eg, (5.9) or
its generalization (5.4). BX & \oua Ay ouE'M pmo&vs I\TPV I
5. In section 6 Henrgy asks: can you write ihe total process parity as & product of
particle intrinsic parities? If so, is thié assignment unique?

Uniqueness is considered first. It is easy to show that, if your theory happens
to have something else conserved, like charge, this fact enables you to generate an
equivalently useful set of jntrisic parities from the original set, as in (6.2+). This
thing is referred to as a guage transformatidn. In the rest of this section, he shows
the existence of a set of intrinsies. '

Should you always take them +1 or -1? You certainly can do this. Then any additive
conservation law would allow you to gauge these intrinsics into a set of complex numbers.

Since self-conjugate fermions have not yet been observed, you can forget them. But
if they did exist, you would have to give them purely imaginary intrinsie parity, so
that sugre =-1 . Interesting point. IF the Jorld had no conserved quantities except
integrality ( then fermions would have to be self-conjugate), you would be forced to
give all fermions in such a theory imaginary :parity! Perhaps this is really the best
way to make the assignment, since integrality may be the only perfectly conserved
quantum number! Then you are OK if self-conjugate fermions are discovered some day.
This must be why Toller opts for this version!
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Intrinsic Parity from th?' S-Matrix Viewpoint

Hewny P. Stare
Radiation Laboralory, Universily of California, Berkeley, California
(Received ]ul;:r 2, 1962)

L

The concept of intrinsic parity is developed as a consthuct of observables within the S-matrix framework,
and ambiguities arising in more conventiona! approached are avoided. It is shown that invariance of transi-
tien probabilities under spatial inversion implies the existence of a set of particle intrinsic parities that is
real and unique to within a gauge transformation, provided all processes not forbidden by additive conserva-
tien Jaws do occur in nature, If certain of the conservation laws are multiplicative, then nonreal intrinsic
parities are possible. The intrinsc parity of particle-ahtiparticle pairs is fixed by the general S-matrix
postulates to be negative for fermions and positive for bqisuns, a result that parallels the one of field theory.

1 INTRODUCTION

HE question whether the sign of the intrinsic
parity of particle-antiparticle pairs follows
directly from the S-matrix postulates has served to
focus attention on the more general question of the
meaning of intrinsic parity in the S-matrix framework,
In this paper the concept of intrinsic parity is system-_

atically developed from observable S-matrix quantities,
The approach is more general than the usual one, as
the existence of a parity operation in the abstract space
of field operators is not assumed; the only assumed
invariance is that of the physically observed transition
probabilities. The notion of an intrinsic. parity for
individual particles is not a manifest part of this assump--
tion, but the concept can be established by construction,
and the questions of existence and uniqueness com-
pletely answered. The problem of superselection rules,
which clouds the conventional approach, causes no
difficulty in this one. A more detailed comparison with
the conventional approach is given in the final section.

* This work was done under the auspices of the U. 5. Atomic
Energy Commission.

l Il. INVARIANCE OF A PROCESS UNDER
I SPATIAL INVERSION

| A process is taken to mean a reaction having specified
initial and final particles. i i

A progess will be said to be
ihwariant under spatial inversion (reflection) if and only

_if the transition probabilities associated with the proc-
eks are invariant under an inversion through the origin
of all'polar three-vectors. The space parts of momentum-
epergy vectors are defined to be polar three-vectors,
whereas spin vectors are not polar vectors. Thus, in the
S-matrix framework, invariance under spatial reflection
implies the eguationts

' | R(K,) | =|R(K)I, (2.1)

v.ihere K, is the set of variables obtained from the set
K by reversing the space parts of all the momentum-
energy vectors k; contained in X, This equation can also
B

! Henry P. Stapp, P Rev. 125, 2139 (196 d Leclures on
5I-H4r£rni;y Tlmz% ﬂmjamin Inc., New Yza}rka? 1963), Thess

réferences will be referred to as SI and SIT, respectively.
l[’ See 51, Appendix E.
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where ¢ =¢(—1)¥, and Ny is the number of spinor
indices associated with initial particles. :

The expression for M (K) in Eq. (5.7) is the analytic
function that describes the processes in all channels.
Since ¢ is independent of K over the physical region,
it is an absolute constant. The intrinsic parities e
defined in (5.1) are given, therefore, by

e=¢'(— 1)1, (5.8)

The immediate consequence of this eguation is that
the intrinsic ities of two cesses are opposite if
one 1s obtained from the utEer, cEang;mg a ierml'on

1o the initial conniguration to its antiparticle in the final
confipuration. at 1s, if the sum over both Initial an
particles of the- angular momentum quantum

numbers is even for some process, it must be odd for
the process obtained by switching an initial fermion
to a final antifermion, or vice versa. For bosons the
intrinsic parity of the process is not changed by such a
switch.

To understand the essential idea involved here one
may consider the simple case of the scattering of a spin
—4 particle by a spin-zero particle. If the process is
invariant under spatial inversion the M function takes
the form |

M(K)=v(K)-o—e(k*-a)[0(K;)-a](k* 0), (5.9)

where the & are molthematical momentum-energy
vectors, and the mass of the fermion has been taken
to be unity; v is & combination of the four-vectors of
the problem. Going to the nonrelativistic limit, ko
becomes plus one for final particles and minus one for
initial particles. Thus in the scattering process the
surviving contribution is

[e(K)+eV (K5) ], (5.10)

and only the part even or odd under &k — &; contributes
for ¢ plus one or minus one, respectively. But if one
analytically continues the momentum-energy vector,
for, say, the initial fermion from the physical region
where £2<0 to the physical region where °>0, in
order to obtain the function representing pair pro-
duction, the nonrelativistic limit of k-o is changed
from minus one to plus one; the nonrelativistic limit
for pair production is

[o(K)—e(K5)]-0. (5.11).

Thus if the even part of s(K) contributes in the scat-
tering, the odd part contributes in the pair production,
and vice versa,

For a scattering process, in which the incoming and
outgoing particles are the same, the intrinsic parity is
plus one, since it is plus one for the no-scattering part
of this process. That is, if the sum of the initial orbital
angular momenta is even (odd), then the sum of the
final ones is also even (odd). By virtue of the result
shown above, this connection will be reversed in the

production of & fermion particle-antiparticle pair by a
boson ‘particle-antiparticle pair; even orbital states will
go to odd orbital states, and vice versa. Also, a fermion-
antifermion pair must be in an odd orbital state if it

is to be emitted in a reaction without changing the

orbital states of the remaining particles, These relations
are just what is meant by the statement that the
intrinsic parity of a fermion-antifermion pair is —1.

I -
VI. INTRINSIC PARITY OF A PARTICLE

Suppose all processes are invariant under spatial
reflection. The intrinsic-parities e(T) of all processes T
are then well defined: ere is a set of numbers w,,
one for each particle type 4, such that the intrinsic
parity of every process is the product of these w/'s,
extended over the particles participating in the process,

_the sét of e, will be called a (possible) set of pariicle
indrinkic parilies. Specifically, we require of a set-of

particle intrinsic parities w,, for all physically occurring
procedses T, that

: e(T}=]£[ w = }'-I'Ti ey, / (6. 1:!.

where N(T) is the number of particles of type ¢
occurfing in the process T, and [T7] is the set of particles
in the process T.

For generality we may consider, in these formulas,
that the intrinsic parities of initial and final particles
are represented by relative reciprocals (inverses), since
this condition is already imposed by the no-scattering
case in which e(T)=1. Specifically, in (6.1) the e, will
be considered to be replaced by ;! for initial particles.

This added generality becomes effective only if the w
are different %rom Plus or minus unity, a possibility we

mean to include.
It is not obvious that a set of particle intrinsic
parities can be found. And if their existence can be

demonstrated the question of their uniqueness arises.
If there are conservation laws, sua{ as charge con-
servation, that forbid the occurrence of certain
prﬁ. es, then the particle intrinsic parities, if they
exist, are certainly not unique. An additive conser-
vation law requires, for occurning processes, that

T q=1g=0, (6.2)
71

where g, is the number of units of the conserved
quanfity carried by particles of type & The contri-
butiops associated with initial particles are to appear
in (6,2) with reversed signs. But then all M functions
are invariant upder multiplication by exp(2xi ¥ ga),
for arbitrary a This implies that if w={w.} is one set
of particle intrinsic parities then o'={w/}, given by

E o =w, exp(2riga),

o

ot

v



1966

is another set, since

I o (6.3)

I we=
i) 7]
for any occurring process T,

For the case in which there are several independent
additive conservation laws restricting the class of
pccurring processes, let 4 be the matrix whose integer
elements A, are the units of the conserved quantity
labeled by g and carried by particles of type #. It will
always be possible to use integers, since noncom-
mensurate units give independent conserved quantities
and any common factor can—and will—be factored
out. The requirement that the conservation laws be
independent means that the N, columns of A, are
linearly independent. The number of particle types N,
will be assumed finite, and N'; must be at least as large
as N,. Generally, 4 will have more rows than columns.

The direct extension of the above agrument shows
that if w= {w,) is a set of particle intrinsic parities, then
w'={w/'}, given by

@y =uw; exp(2ri T, Aeay),

is another set.
There is an N fold ambiguity in the assign £

i ambiguity % g gnment o
icle intrinsic parities associated with the gau
i The question now posed is

whether a set of particle intrinsic parities exists and,
if it does exist, whether it is unique to within this gauge
transformation. It will be assumed, for the moment,
that all processes not forbidden by the additive con-
servation laws do occur. Multiplicative conservation
laws will be discussed later.

It is clear that if the process intrinsic parities are
completely arbitrary one can never find a set of particle
intrinsic parities. Specifically, if the particles occurring
in some process are the sum of the particles occurring
in a set of other processes, then the intrinsic parity of
the first process must be the product of the intrinsic
parities of the processes of the set. Otherwise one would
obtain from (6.1) an immediate contradiction. However,
it is a basic assumption of S-matrix theory (the de-
composition law ansatz) that the R functions contain
terms that are products of the R functions for the
various separate processes that can occur. This implies
the following composition requirement for process
intrinsic parities: The intrinsic parity of a process must
equal the product of the intrinsic parities of any set of
processes that, combined, have the same set of initial
and final particles, since the R function for the former
contains a term that is a product of the R functions of
the latter. This compoesition requirement also guarantees
the consistency of the assignments of process intrinsic
parities with the unitarity relations.

The mathematical problem may now be framed. The
processes allowed by the conservation laws can be

1 See 51, Appendix 1.

(6.4)
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cHaracterized by

C with
Cyy giving the number of g#tic}es of type { occurring
ine the process. Initial particles will be represented by

negative numbers, The conservation law reguirement
is, then,

2iCod =0 forall p,g. (6.5)
For every C, there is a given intrinsic parity ¢,. These
arg subject to the composition requirement: If there
isja set of integers b, such that

¥, 5,Cp=0 forall
Hﬂph=1.
b

(6.6a)
(6.6b)

then

Tt’le positive b, represent the number of times the
corresponding processes p occurs in one set of processes,
arid the negative J, represent the number of times
processes ¢ occur in another set. If the two sets combine
to give the same set of particles, then the products of
the two sets of intrinsic parities must be equal. In
capstructing this formulation of the composition re-
quirement the fact is used that the process intrinsic
parity must be unchanged if the same particle is added
bqth initially and finally. This is a part of the com-
position requirement that follows from the positiveness
of the intrinsic parity of the no-scattering parts of
scattering functions. A single C, actually represents

= whole class of processes generated from one by
adding the same sets of initial and final particles, The

problem is to show the existence of a set of w; satisfying
! ITwSr=e, forall p, (6.7)
i
i
and the uniqueness of this solution to within the gauge
transformation
' o/ =y exp(2ri Lo Ausag). ©.8)

This algebraic problem may be solved as follows,
Note first that it is not necessary to stick to the original
conserved quantities. Linear combinations of conserved
quantities are also conserved, and one can choose any
set of IV, linearly independent ones. It is possible to
choose the conserved quantities in such a way that for
each conserved quantity g there is a particular linear
combination of particles, specified by integer coefficients
My, such that this combination carries one unit of this
conserved quantity and zero units of all the others,
(The proof of this statement will be deferred until the
end of the argument.) The intrinsic parity of this group
of particles, defined by

1 !IEH wl"‘ll {6-9}
" ]
is transformed by the gauge transformation into
¢ L".t- 1-.[ (”I,}M"- € m(z'ﬂ: p M,;A I:ﬂe‘}
‘ (6.10)

= ¢, exp(2ria,),
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where the last line follows from the property of M,
e Mpd p=byp. (6.11)

According to (6.10) the ¢, can be fixed arbitrarily by
means of the gauge transformations. Conversely, the
specification of the e, completely removes the ambiguity
in the , associated with the gauge transformation,
since the a, and the 4,, in (6.4) are both integers.

For every particle there is an allowed process in-
volving only this particle and the multiples of the groups
of particles constructed above. In particular, for a
particle of type s the process represented by

Cu=bu—2s AisM (6.12)
will be an allowed process, since, by virtue of (6.11),

El Cﬂflw--‘iu_ﬂ q-=ﬂ-

(4 and M are generally nonsquare.) Thus, there will
be an equation from the set (6.7) that reads

E;=II ﬂha"
¥

=, T o el (6.14)

=, [T ¢4,
v

which can be solved to give

W= &y H E““. {6‘15}

This shows that if a solution exists it is unique, aside
from the ambiguity given by the gauge transformation.

To show that the solution exists one must confirm
that the solution of the particular equations from (6.7)
used above will also satisfy the remaining infinite
number of equations in (6.7). Also, one must show that
the solution (6.15) for the w, is consistent with the
values of the ¢, which are products of w,.

To verify the consistency of (6.15) with (6.9) one
must show that

IT[e H egrdor' [Marem g, (6.16)

In virtue of (6.11) this is equivalent to the condition
I1 e Mer=1, (6.47)

which is a special case of (6.6}, with the C,; given by
(6.12). The self-consistency is thus demonstrated.

To show that this solution will satisfy all the equa-
tions (6.7), consider an arbitrary process, represented
by Cpe. The left-hand side of (6.7) is

Il wCrt=T] e IT €54 3%, (6.18)

i
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: which in virtue of (6.5) becomes

Z IO =TI . (6.19)
i [

! The C,, can be written as
Cpl'= Zl Cp rcrt;: (ﬁm}

where C,;’ is the particular set of C’s given by (6.12),
and (§.5) is used again. Thus Eq. (6.6) can be invoked

to give
&=]] &, (6.21)

&

which, when combined with (6.19), gives the desired
(6.7). Thus, the solution of the system of

f

{ the particle intrinsic parities will be real,
Tt remains to be demonsf.mta that one can choose
1 the conserved quantities in such a way that for each
Imnae:wed quantity, labeled by g, there is a linear
combination of particles, with integer coefficients M,
! that carries one unit of the conserved quantity g and
zero units of the other conserved quantities.
' The original conservation laws are represented by
* the matrix 4. Factors common to all elements of a
) column can be divided out. Consider the first column.
¢ It is possible to find & linear combination, with integral
- coefficients, of the particle types such that this com-
; bination bears one unit of the first conserved quantity.
' Starting with any two elements of the first column of
A one can find, as is well known,® integral coefficients
such that the corresponding linear combination of
' these two elements is the greatest factor common to
i them, This combination may then be combined with
; any other element, using integral coefficients, to give
. the- greatest factor common to these, And one can
i continue. Since the greatest common factor of all the
! elements of the first column is unity, the procedure
+ must produce after a finite number of steps a linear
combination of rows corresponding to a single unit of
the first conserved quantity, The remaining conserved
! quantities can now be changed by subtracting off
t appropriate integer multiples of the first conserved
quantity so that this particular combination bears
zero units of all other conserved quantities. Considering
, these operations as matrix operations on 4, this matrix
is now transformed to a form with one in, say, the first
{ row of the first column, and zeros in the rest of the first
{ row. Common factors may again be divided out and
i the procedure applied to the second column. The
greatest common factor, unity, can be moved to the
second row and appropriate multiples of the second
. column subtracted from all other columns. Repeated
*application of the procedure gives the desired result.

i "See, for instance, A. A. Albert, Iniroduction to Algebraic
o Th;rﬁﬁaﬂhtmﬁty of Chicago Press, Chicago, Illinois, 1941),
PP ¥, 1ia,

o

-
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The linear independence of the original columns of 4

. J'_ ensures that these operations never lead to a column

>

of zeros. §
It is possible to take intrinsic parities of all particles
lus i

i minus unity, and th

intrinsic parities to complex values. One could con-
template aladmg a certain gauge transformation for
each of the conservation laws. If the various «, were
taken to be incommensurate with each other and with
unity, then the absolute physical requirement that the
intrinsic parity of all processes be real would, by itself,
entail the existence of all the conservation laws. One
might try, therefore, to claim that the conservation
laws were a consequence of invariance under spatial
inversion. Such a terminology must be regarded as
illogical. The question of whether invariance under
spatial reflection is maintained or mot is simply the
question of whether |R(K,)| equals |R(K)|. Any
restriction more stringent than this is not an expression
of invariance under spatial inversion alone.

To get a simple picture of the freedom available in

do_otherwise. ‘Starting from the originally real set: a ys
gauge transformation would generally take t ngu e, fepresent

The discussion, so far, has been based on the simpli-
fying assumption that all processes not forbidden by
additive conservation laws actually occur. Of course,

selection rules may als ressed by multiplicative
nscrvation law uwe:;;%?&umuﬁlly_m

affect the analyvsis. As mentioned before, the processes
y any C, constitute a whole class of
processes that differ from one another by arbitrary
numbers of particles occurring both initially and finally.
Multiplicative conservation laws generally forbid only
certain of these. But the occurrence of any one is I
sufficient for the analysis, since the corresponding ¢
is then physically determined.

There is one type of multiplicative law that does'*" \
forbid the occurrence of all processes of classes repre-
sented by certain C,’'s. These are multiplicative con-
dervation laws that can be represented by an additive
conservation law that is valid to within multiples of
some modulus.

The selection rule forbiddi rocesses involving an
odd number of fermions is a multiplicative law of this

_fype. In actual practice this Erttmiar law is evidently

hot needed, since the selection ruleis already %a.ranteed
the assignment of intrinsic parities, it is helpful to use _by the additive conservation laws o a?:c_:n and lepton

the notion of a null group._A set of particles will be number, but it wou

called a null group if it carriers zero units of all constants
of the motion. Emﬁmg to the above analysis, the
product of the intrinsic parities of the particles of a
null group is specified uniquely, since it is invariant
with respect to the gauge transformations. This product
will be called the intrinsic parity of the null group.
Since all processes not forbidden by the conservation
laws are assumed to occur, one can consider for every
occurring process A a related occurring process 4, that
differs from A by the presence of the null group » of
final particles. The intrinsic parity of the null group is

then
en=e(4,)/e(4), (6.22)

the quotient of the two observable process intrinsic
parities. That this quotient is independent of 4 is
ensured by the above analysis. It can also be seen
directly from the composition requirement, which
implies that

e(An)e(B)=e(Ba)e(4), (6.23)

since the sum of the initial and final particles of the
set of A, and B and of B, and A are the same, [Recall
that ¢(T) is unity.] Null groups of four or more
particles are associated with occurring processes; one
can switch certain of the final particles to initial anti-
particles. The relationship between the intrinsic parities
of the null group and the various associated’ processes
obtained in this way is fixed by the results of Sec. V.
Particle-antiparticle pairs are sim ull grou

g DECEs if, for instance
there were self-conjugate fermions, SC, |
" To extend the analysis to include Jadditive “quasi- </
conservation” laws, that are valid, ¥y, modulo m, a

type of hctitious momentumless particle carrying m

units of the quasi-conserved quantity, can be intro-

duced. These fictitious particles can be considered to

lupply the missing units of the quasi-conserved q:LL""
quantity, which can then be considered exactly con-

served. The previous analysis is then applicables The

intrinsic pari

e results are, therefore, the same as before except

that the gaiige transformation will introduce multiples
Ef jwilﬂ' into the intrinsic Eu&a of the physical
articles, w; being the origin Intninsic parity of
he fictitious particle. If w; is minus one the new
intrinsic parities of the real particles may no longer be
real. An alternative procedure would be to keep the
intrinsic parities real, but simply add the negative unit
of intrinsic parity for each missing m units of the
quasi-conserved quantity. This second procedure de-
parts somewhat from the original program, but it is
just as useful a method for cataloging the angular
momentum selection rules.
i If one uses the original procedure, in which _the

m
rocess intrinsic parities are factorized into contri-
butions from the participating particles, the intrinsic
arity of a seli-conjugate ierrmon 15 Iom to be purel
imagimary. 'This Tollows immediately Irom the resﬂlt

. since the intrinsic parity of i

Pg;;icles is minus one. Indeed, if the only selection rule

were the one requiring the total number of fermions—

initial plus final—to be even, then the intrinsic parities



INTRINSIC PARITY FROM T:HE S-MATRIX VIEWPOINT

. of bosons would necessarily be purely réal and those of
fermions purely imaginary. As this selection rule
follows from the basic requirement of Lorentz in-
variance, whereas the baryonic and leptonic and the
other conservation laws are not required by our general

postulates, it may be sensible to choose the intrinsic the one adopted in the

1969

kidered as transforming into themselves, not their
antiparticles, under spatial inversion, this being a
convention that distinguishes a “parity’ operation
from its product with antiparticle conjugation.
 Divergences between this conventional attitude and
esent paper may be noted:

First, the existence of particle intrinsic_parities is

parity assignments consistent with the possibility that

the former is the only absolute conservation law—to assumed right a

r The

take the intrinsic parities of bosons either plus or minus  transformation on each feld will contain 2 possible

unity and the intrinsic parities of fermions either plus

or minus the imaginary unit. The intrinsic parities of

each particle would then
its antiparticle, and self-conjugate combinations would

phase factor and the states constructed using these
operators will, under the transformation, be multiplied
by these factors, which are, then, essentially the particle
intrinsic parities. These quantities are thercfore intro-

have well-defined intrinsic parities._This condition = duced at the outset; their existence is never in question.
removes most of the ambi £u1tv associated with the In the present approach the starting point is a pogsible

auge transformations, and is perhaps to _be preferred

invariance of jrapsilion  probabilifies ‘I.l.n_d|§£ ﬂgﬂiﬂ

over the arbitrary convention that the intrinsic parities

e chosen real, si = £ ibilit
of self-conjugate fermions. That it is possible to choose
the particle intrinsic parities in this way follows from
the above analysis, provided the restriction to even
numbers of fermions is the only selection rule repre-
sented by a nonadditive conservation law that forbids
ge occurrence of all the pmcessei/represented by any

-

VII. COMPARISON WITH OTHER TREATMENTS

The point of view regarding intrinsic parities de-
veloped here grows naturally out of an S-matrix phi-
losophy, but is presumably not restricted to this
approach. It is, in fact, essentially the view that has
always been favored by the author. It differs somewhat,
however, from what seems to be the prevailing view.

The standard approach® is to start with the idea that
there may be a certain transformation on the field
operators that can be called the parity operation. This
operation must express the field operators at each point
in space-time in terms of the field operators at the
point cbtained by inversion through the origin in space,
with time unchanged. If this operator takes all ob-
servable quantities into observable quantities, and if
the transformation of these observables is consistent
with the classical physical meaning of spatial inversion,
then the operation may be called a possible parity
operation. It is specified that particles are to be con-

*G. C. Wick, A. 5. Wightman, and E. Wigner, Phys. Rev, 58,
101 (1952}, This reference will be taken as the standard in the
field. Some elaboration of what these authors say has been made,
however, so the reader should go to the reference for an exact
staternent of their position,

inversion, The notion of a particle intrinsic parity
emerges only after analysis, by a construction based
dn observable quantities; the discussion is not predi-
cated on the supposition that the physically observed
invariance is a manifestation of some corresponding
symmetry operation, of a-particular Fotm, on the fie
operators of an abstragt Hilbert Space. = ,a

A second difference revplves about the question of
what quantities are observables. For Wick, Wightman,
and Wigner® this rather abstruse question is the key
to the entire situation. Since the parity operation is
required, from their point of view, to give well-defined
and physically permissible values to all observable
quantities, the question of what quantities are ob-
servable becomes an essential one. This leads to the
question whether one can measure the relative phases
Hetween states corresponding to different wvalues of
good quantum numbers. For z components of angulaf
momentum the relative phases of the various eigen-
states are clearly observable. But for different charge
states the question is unresolved. Yet questions re-
garding intrinsic parities devolve to this perhaps
insoluble problem of whether such phases are, or are
niot, measurable,

;I“ the S-matrix approach developed here particle
intrinsic _parities are nothing more or less than a

factorization of the observable “angular momentum
%ﬁtx defect” (—1)*. Questions like whether or mot
all observables are properly transformed under some
formal operation do not enter; particle intrinsic parities

are merely a convenient device for cataloging the
angular momentum_selection _rules implied by an
invariance of transition probabilities under spatial

InVersion.
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sclion upon Space Inversion, Time Reversal, and Other Discrete Symmetries in
perhaps even Local Field Theories*
T. D. Leg avn G. C., Wick
Depariment of Plysics, Columbia Udiversily, New Fork, New York
(Received 28 February 1966)
l ly treats the *
i form factor The general algebraic relatlons between space inversion, time reversal, and the internal symmetry group
LeryY BEriOus are aoplyzed within the framework of a Lorentz-invariant local field theory. The problem of unitary repre-
 ause the pos- sentations of the {ull Poincaré group including the .-.pncl::nnd time reflection operators has been studied by
laree range Wigner, and the representations are classified into 4 . It is shown that, with the added assumption of
ArEe It g " the local feld theary, Wigner's cases 2, 3, and 4 eitHer do.not not occur or can be reduced to his case 1, The
suld result in concept of minimal group extension is introduced and the related mathematical analysis is given, The gym-
ripensate for metry properties under space inversion, time reversal, and other discrete operntors such as charge conjuga-
Foew if it i3 tion are analyzed separately for each of the three known'interactions: strong, electromagnetic, and weak,
form factors
\ 1:::[;1!11&!:0 for L INTRODUCTION alHamiltonian containing terms which do not commute
times the . ith P, CP or T, etc. This is the same as saying, how
vun is below UR views of discrete symmetries such as spage ' *! o 5 SAYINg,
", . ; " . ever, that these operators do not satisfy exactly the
At u-pair pro- inversion P, time reversal T, and charge conju- s e e : .
= . ; multiplication laws of the coordinate transformations
iring more  gation C have undergone great changes in recent years. they are alleged to represent within the full Poincaré
bosoms, Since 1957, it has been well established! that both P 4 arege preses

spestions of
wkson, Pro
“n We
:mlpoup.
- 1wout the ex-
. . Shaw,
veral helplul
Ponahue for
> p+p pro-
Scherer, who
.

uf Ref, 12 Lut
iong of mucheon
“prullished),

I-l‘ ]S —

and C symmetries are only approximately valid. Rather

neturally, this discovery led immediately to specu-

litions as to the possible need of o profound revision

of some of our concepts. Until the recent discovery? of

the x*r~ decay mode of the long-lived K4 meson,

however, it was possible to retain intact the structure

of the full Poincaré group and in particular to believe

in the essential symmetry between left and right by
1 wing CP, instead of P. From a fundamental point of
\ view, therefore, the strong evidence now existing of a
' £F violation in K decay, and the concurrent indirect
conclusion that T is also not an exact symmetry, are a
more decisive blow to our notions on geometric sym-
metry principles than earlier results,

Strictly speaking, since the very existence of sym-
metry operators such as T and P, or OF, is deduced
from the alleged equivalence of certain reference
systems, the presence of phenomena viclating that
equivalence implies that the operators themselves can-
not be exnctly defined. The language employed most
often in describing the situation is in fact somewhat
inconsistent. One says: there is a P or CP, etc., operator
and in specific theories one often proceeds to give exact
definitions of these operators ; subsequently one assumes

*This reseasch was supperted in part by the U, 5. Atomic
En Commission.

l‘.ﬁ?; first experiment that conclusively established the approxi-
' mate nature of P and C symmetries was made on § decay by C. 5,
Wy, E. Ambler, R. W, Hayward, D, D. Hoppes, and R. P. Hudson,
Phys. Tev. 105, 1413 (1957). This was immediately followed by
the observation of the same noninvariance properties in r, o
decays by R. L. Garwin, L. M. Lederman, and M. Weinrich, Phys.
Rev. 105, 1415 (1957} and by [_Il J. Friedman and V, L. Telegdi,
U'ays. Rev. 105, 1631 (1957). The possibility that P, C, and T are
ml{-xnpprnxlmm: symmetries was sugpested theorctically by
T.D. Lee and C. M. Yang, Phys. Rev, 104, 254 (1956) and further
discussed bg T, I. Lee, R, Ochme, and C.N. Yang, Phys, Rev.
106, 340 {1957). .

!]. H. Christenson, J. W, Cronin, V. L. Fitch, and R. Turl:;,
Thys. Rev. Letters 13, 135 {1964). See also A. Abashian & s
Ihys. Rev, Letters 13, 243 (1964).
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group. More explicitly, the transformation
. r—,—r, {— -+,

cdrresponding to P or CP, should commute with a time
translation, represented infinitesimally by H, and the
transformation

r—4r, I— —{,

1

corresponding to T, transforms the time translation
{— it into {— {—r which, because .of the anti-
unitary nature’ of T, again implies commutativity of
the corresponding operators. Thus the “exact” defi-
nition of the symmetry operators is a purely formal
convention, that in fact does rot satisfy” the basic
gegmetrical requirements. One can similarly think of
otfer possibilities of “exact” definitions. For example,
one might start with the #lvsical single-particle state
[kM), and define P and T to be, respectively, the
unjtary and anti-unitary upcra.tnrslr}mt satisfy

i PlkAy=np] =k, =1, (1.1)
and !

U T|k))=nr|~k, 4+}), (1.2)

where k and A are, respectively, the momentum and
the helicity of the particle, and nr and npe are phase
factors which may depend on M. (Helicity is defined to
be fe spin component along the direction of k.)

equations such as (L.1) and (1.2), the states
tk,0) and =k, =)} refer to the same physical particle.
Th equations, however, have an unambiguous meaning
only for an exactly stable particle. The state vector of
an unstable particle must sooner or later develop com-
ponients corresponding to the 'decay products, No satis-

factory generalization of (1.1} or (1.2) exists for such
R Wl

*E. P. Wigner, Gtt. Nach, Math, Naturw. KL, p. 546 (1932).

For a gencral discussion of enti-unitary operators see, e, E. P,

Wigner, Gron {Academic PPress Tne., Now York, 19539},
-'4?-
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_Lee and Wick _ - - = . n .U i~ opotatomict F

. 1. Hy‘mggi_.vatio_n for reading this : jI'_-:-ll@f- uses certain mysterious phases in his.

paper on signature and TCP. These phases involve the operators P and TCP which

Toller calls s and t. Eg, on page 316 Toller notes that t° = 8° = (<1)° and st = ts(-1)2Y.
I want to know: is this just some convention (which MS do not use) or is there some —
significance to these phases.

- - —_— - - - - -

- —— — — m—— i - " - - — —_ —_

_ 1. Intruduction. _With the discovery of T vioclation = CP violation, you find that you
" can no longer "rescus" parity by combining it with C. Therefore, the very existence
of -operators P and T is brought into question. Maybe they only exist for some
unpurturbed-Hamiltonian. Maybe different intractions have their:own P, ¢,’'T operators?
- 'T_?in‘ie.tion' G = internal a:,mmetr:.r group like isospin, alpmant.a are S. OPerator
—-—— - T-and-ST-are-equivalenb—"time-reversal operators™ so genkral T ‘operator called T, -
a representative. . I think ‘the idea 'here is this: if you turn off your weaks and E&M,  _
then can't tell p and n apart, 80 you cant tell uhat.erh theee is an isospin mixer in
~— - your chosen T operators- —- -

This paper will operate in a field theory context. I am not. yet sure what -
T is gaing tﬂ be.

- . .cancluaions-..aft.er, playing with the single-particle--states-of Jaceb-and Wicky-and -— ——
ignoring  field theory altogether, I am able to.make a phse choiee so as to completely
- duplicate the equations of Lee Wick. However, theee is nothing-at all -magic about — -
.. this business. The only definite convention-free results I get are these: T - (-1-)23
— and--f.Iﬂlﬁ,n. [-1)25.. It seems that you canrlot change these results by changing — - - —
- conventions. In the special case of-field theory with--spinor particles, these two .-
—_— equations. are-in fact-botn ocut. But- J--have shown-them generally. -The value-of-F° -~ —
- however .is a convention; eg, Martin -and- Spearman .differ from Toller. This convention-
~ determines whether or.not P and T will .commute.- By allowing fermions-to-have imaginary- -
——— ~——partiy, you.start-on.a path which. leads. to the..lee. Wick conditions.-

s . - -k - ——




In my notes in QED binder, last section, I'have an old page which shows the effects
of P,C+T, -and TCP-on field-operators: 1 suspectithat -Lee-Wiek, algebra just- derives - -

from, these rules, I will try_some examples:

ONES = i, &= e

_edHd = 1% ()

- - - -
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I write this for ganeral sbin field, hut have only shown it in one case. Tha reason

you get a minus sign for spinor field is that doing these uperatlnns in reverse

order causes gamma matrices to appear-in reverse order and they anticommutes -
50, I can derive all these little equaticns from field thar;r, vbut I dont

know their content, as Halpern used to 1ie 1'{0 say. Why should you expect to get

minus signs for fermions? Why dont-Lee and-Wick give & simple- reasor -for-this, -if

thre is such a simple reason. Otherwise it is just convention.




What is the evidence pro and con for LeeWick phase having relevant sigaificance?

1) Howhere in their paper do I Tind any intérpretation, of the interesting facts
they claim:. Te, you-find cértain minus sign for .spinor field, and this .
appears in_all half-integer spin fields because.you. can Eﬂke these out of !
spinor fields. Nowhere do they associate this phase (-1)“° with any particular
meaning/.

2) For my standard hadronic single particle states, 1 have:

GT \ pyy = 2 Y \pom)y

Se (‘Q,?'\g)h-= + 4 M-BM:U’J-LL
- aﬁ,n»iou'm

"

-
= @) e = T Ly

Qlee: ) - C :
Flmon= NV Ry (07 ey g s

b
-y ?—_ J{-'!L‘ 1, ]

‘:“m«“ﬂ-—\‘ T o) s's ("‘f$ Ry @) 1y

S

= GV T g () e

LaxTws~=1s L =
- (:-\\ = T = (;-\\

Now that is strange. It seems that this magic spin-dependent phase may have to pop
up semewhere or -other. With my choise of phases I seem to gdt this:

"a 2s N
=\ CRT =T o =\ 2s
- is L M
T =0 ETY =\ DT = v (oY) - c~t3u
- v _' [¥] T LI = I _(?T‘}? =-1,' I? (“F-‘r.vap (‘*l}
I dOoEnt il v «~ & =& gl o1 ] 3 LI
This is very much yhat Lee Wick claim: How did this happen? I was not expecting it?
Is it just accjdent? . 1y - . 2
~ i . oL " ¢ ‘“.'.
o= - =1 oot ] G - ] 4 ' E -

ir? R TR '

£
L
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) — ¥
parity at the pp vertex pred)ictsAa ~ sin 18, Ay ~sin o,

polarization observables will be suppresse

'x,
(46) then would require C,,., to vanish as sin2}@. Thus, the suppression l I
i
|

6.4. ptp + ALX with beam polarized

For lrhis reaclim! in general, there are 20 amplitudes. However, with the farget hhe
unpolarized, only six combinations of amplitudes.can
fragmentation region, the amplitudes combinations th

to the amplitudes in ptr - ATX, (537). Wi
relevant amplitude combinations are

Owens [ Pularization

d further,

_ +, + - =
?Dg’fﬁ-i-"gﬁg = bE{Dgiﬁ-l-:I]bk thib‘+,;E}+J ’

‘?Jﬂgw—,ﬂ:: = %:{-’fﬂﬂ%f.?;,__

+Dglyt) ),

?Dhg.ﬁgb: = bziiﬂgiﬁgi,f - "'DEE-E’;,'#?--]-

w{iich is nnaltlxgous to (57). The relationships betweén these definite
plitude combinations and the single and double polarization observa
same form as in (58), except for the sum over

2tural parity dominance in (59) should be

priate for the target fragmentation region

dlg 1
P =l . R = (f,+,+ i
G ey £, 0 4% [Dx+5‘+,+£+ +0glp T,

FA=41m ? (g% Dy + 0311

FP =4 im @ g3+l T,

D, =4 ? (P35 7) - +Dgl3 ) g,

+h+, -

FDy: =4 25 D850 2)s + D51

the, =

be measured. In the beam ey

at are measurable are una]ugm;&'
th particle b the unpolarized target, the. - :’“ i

b. Hence the predictions based on
the same for this reactio
In the target fragmentation regiop the Ais associated witheth
"""‘"pfﬁt‘én and @ different decomposition into definite naturality amplitudes is appro- ..%
priate. This is done by noting that the beamn particle (2) now appears at the lower
vertex and the target particle (b) appears at the upper vertices in fig. 2. Then the 3
observables can be written in terms of pairs of definite naturality amplitudes appro- ot

af unnaturals.

Cop ™ sin210 and all other

-

(62), -
sy
naturality am- by

-

bles are of the Lt

L]
n. b4
esunpolarized targse™=*~

‘i‘.‘r' -

-

7

"

r ot

By -
o {1

"

£
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108350 + Del )l

oy =4 ;lﬂxi‘}s{f - +D-g£-b":.ﬂ=]—] '

3
i

FD;; 4 [D!5-+b ‘:,.'l-_b)+. + DEEE':'&:L ] L] {63]

= bf\-j =+

where the superscripts now refer to the naturality coupling at the unpolarized

p = A(c) vertex, the A(c") = unpolarized p vertex, and the polarized p(a) =+ polarized
p(a") verfex, respectively. For natural parity dominance at the polarized proton ver-
tex, Dy, Dyy, D,y and Dy, will all be small. The angular constraints (51) on the ob-
servables in the target fragmentation region (cos ;0 small) along with this natural
paiity dominance, then require that Dry - ccsziﬂ (De.p —, — p+ Must be evasive).
Hence, for this hypothesis, all the polarization observables will be small in the 1arget

fragmentation region.
7. Conclusion
The formalism presented herein provides a convenient framework, both from the

experimental and theoretical point of view, in which the spin dependence of inclu-
sive reaclions may be studied. The constraints due to conservation of parity and an-

_gular momentum copservation hgve been discussed and.dheir cffect.on.dhe ¥arious e =t

inclusive observables has been shown to be of importance. In particular, the collinear
constraints provide a substantial suppression of these observables over a significant
portion of the relevant kinematic regions. The three-body amplitude naturality de-
compusition relevant for triple-Regge model analyses has been presented. This, to-
gether with the above constraints, allows a number of interesting predictions to be
made.

Appendix WP Bins ( ﬁ,“lﬁ\

Definite namerality three-body amplitudes

Extending the procedure used to write the angular momentum decomposition of
the three-body amplitudes, we can form linear combinations of amplitudes to which
reggeon exchanges of definite naturality contribute in the fragmentation and triple-
Regge kinematic regions of the Regge-Mueller model. This procedure is a generaliza-
livn of the work of Salin and Soffer [6]. :

Consider the amnplitude for abc — abe continued into the physical region for
a+T = (bb") + (a'c") (see fig. 2). We will form definite anguJar momentum states
for the (at), (bb'). (a'E") systems, combine these to obtain definite parity combina-
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o1 o
‘ where 1, and nz are the intrinsic parities of a and €, S, and §_ are their spins, and
= =0 forJ an‘integer but ! for J a half-integer. These states have deinite naturality
3 t (1Y ~". Inserting these states into (A1), with :
bt .
i Vaz)=+/1|Vao, + Vacr_] ,
Wi #
"5;%~ and observing that
R d{\—n‘,a-—Em}z{'_”E _adi.-.l.’,-mE{E]
+
A J}"" 1o leading order in cos § {which is proportional 1o s,l’Hi], we obtain the amplitudes
-ﬁ for naturality £(—1Y ~¥ of the ac system
- - I = ’ ' -
Fig. 2. Triple-Regge diagram showing thé notation used for the naturali . ‘:\ﬂ:', -+ - . S tS.-v-ate
‘ ion u or the naturality decomposition. _1.?.:; {Eb'l{d'?},ﬂ.: = F{Eb'][d'E.J,ﬂ'E -'EE:IE}_”
tions of the (ac) system to leadin er i i -y
g order in the cosine of the relevant scattering an- .
gle, am_:[ tflcn cross back to the three-body physical region. g an- zg 1 xF GbVNaTy, ~a T s {A.3)
Begin in the (ac) center-of-mass frame in which p, = ~pz =p are the incoming 3 . . ) . N
:lulm.enla and Q = g + g= ~q,— g are the outgoing momenta. The {wo body > f 10 leading order incos 8. dpea ol WMML LU VIS 3’;-—-! o
elicity state 65" can be decomposed into states of angular momentum S L We next cross into the three-body forward scattering regiof.
{Eb'lz S . TR e # = v b i 5 '
gﬂnfﬁ-b (6. 'if"q} (SABE|, %q g’*a“‘b""r_—-" Aghphe § di:.‘,-{xa]ﬂ’ib..;.'(xb}dh;? EXE}
here 6 prd el
where 6, and ¢, orient the single . -~ ’ i
q particle momentum g~ with respect t ichis 7= 3 i
_ taken albng the polar axis Sindnly . — .- . pect to @ which s <1
- - -— - ——— - - - . #S- --MS - - -l e - L K L e ——— e -
- : X a3 (0 )0, (e ) 2 OCIF =y et = (A.4)
lar =EDS:* Il ’ igd g 1._1 ?ﬁaﬂ a lhﬁ' b -\_cx.: IS !rl'cl
1= & Dty 0 8) S'Na'Cl, o g Ya').e
L . L where the x's are the relevant crossing angles. Using the properties of the d functions, -
where 0, and gy orient g, with respect to ¢, and it follows that
lag) = 25 UMac ¥y e I Syt Se-atc v
in d::f.n—E- (8YIMac) | - 84'b'e ab =& pe abe + ”aﬂ',g'[ 1)@ 8 ab'E —ab-F ' (A5)

where 8 is the scattering angle cos 8 = R ) i Tias (aC) coupling only to states of definite naturality (=1 =", to leading order in
. =p-QflpllQ|. Then the a + € = (bb' e 5 : : -
amplitude can be written cate~(@b)+(ac) . “i sfME. -,

x The $ame procedure could have been applied to the amplitude fora +c =(b.b)
+(a, ¢), so that an analogous conclusion is that ) ’

F. . o _= *
(b yia"c"y 0 JEAS'A" dlf'ﬁ'-ﬁr.ﬂ—F{ﬂ)Dilh_b(Bﬂ‘ ¢q] e s -
A s@,e) = + _pyfatSemare v
o5 _ 8 e ~Eave,abe © el v’ gy e MO
X D5, (0., §,WSABY; S'Na'E' 1T Vs .
Na-zVa Py ¢’ 177 Vac). (A1) ¢ has (a'c") coupling only to states of definite naturality #(—1) =¥ to lcading order in
W2 Fi ; i i +b a)+(a'c’
Now form the states J i{fus\:ﬂ: :Ezltr:"r* consideration of the reaction b + b’ = (¢3) + (a'c’) leads to the con-
_ 3
Var)t= \/TEU”F} + (=1)Se+Se—v - H b0 b—b"
3 (- V-a-21, (A.2) I Al T Gl -t By _ b a-bE (A7)
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has (b, b") coupling only to states of definite naturality #(~1) to leading orderin <.

M2, <
Given the amplitudes for definite naturality of any of the pairs that couple to ?—;‘

Regge poles in the triple-Regge limit it is then possible to form c inatj i |

definite natutality at all three vertices (see

fig. 2) by applying relations (A.5), (A.8),

S
and {A.7) simultancously. Let be the naturality (+1 or —1) that couples ¥
to the (ac), (ac’), (bb") vertices, respectively. Then definite triple naturality ampli- %
tudes (to leading order in M2 and s/M2) will be % i

_ &
(Fia bz da) _ - S, +5. —v—a+r - 1
oy, ape =~ 80 FE $283)(8, 0 Lpr ¥ S1man(—1)727 ¢ b&:
o )
S *S —v—a'+e’ .,el
X &bz, bz g n.(=1) 8 a'b'E", abE e
Y
R ~ +4
- - -t \ o
+§3( I)ﬂ g’__a,b._{—.,r_nb_s ¥ # (ﬁl-s} -* =“
\ ]
where parity conservation relation i
thitt (due to parity conservation ression to
be non-zero. Hence, naturalily combinations thal are odd will not oceur at all, -
The inverse relations will be of use in the ecompaosition of observables into de- = |
finite triple naturality amplitudes in the text . i
(4 4) 4 (-4, -) ) w1
R +, =, =) -, — (=, =+
ga'.’h'?.ah? _'EA +gﬁi +gA +gh » ‘r:‘,
- SatSe—vta T e )y ol (D . e R
SRR PPN el . G D SR T e
—
_gi. ' J'] ,

. =
8y +S‘:—- v+a —¢

E o' e, ave ='1".';Ti'¢|:'—]} ]:?.'5:" A 3{:' =) "‘H,F-: v+em)

- g, )
C (1) AT [ h ) _ ) (i), ooy
R i e e e B |

where A = a'b'c’, abZ. Note that if only one particular set of naturalities, ({y, &y, &)
contributes, the collinearity constraints (21 in the 0 = 0 limit will force some o
the amplitudes Lo have additional powers of sin 18 (1.c. some amplitudes will evade.)
if several sets of naluralities contribute, there will be the possibility uf conspiracy.
Note also, that for single factorizable reggeon contributions to definite natural-

ity amplitudes, the resulting amplitude will be proportional to the product of residue
functions

(1 f2. 1)
EobE obe ©

B EP (8RN 0) .

=@
£f
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Then the collinear constraints (21) for ¢ = 0 (sin } = 0) will be satiﬁ!leld (e;asively}
since By, (f) ~ (sin §8)™ —#!. For factorizable reggeon amplitudes this implies
A

Fifada
a'b'c’ abc

i All
« §j,:(sin J@)fa i+ ey (A.11)

which immediately requires that the (bb") vertex cannot involve hc%uc:i; Tha
s just the result first shown by Abarbanel and Gross [9] for facloriza le poles,
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The idea of this little appendix is to c?nstruct 6-point functions of definite
triple-haturality. We know of course how to do this for a L-point function. The
thing begins by doing a White-like partial wave analysis in a physical 2 to 4 channel.
You recombine all your two-body states sq that each system has a definite parity.
Then you @iddle around as in (A.3) to geb the entire amplitude to have a
definite parity with respect to the initieh channél only. Then using the helicity
crossing d-functions you convert to some useful Mueller region from your chosen
2-to-l channsl.

Having done a1l this wrt a particular 2-body intial channel, you repeat for
the other two channels to get (A.6) and (h.?}. Each amplifude involves naturality
in a particular channel. Fihally, you combine everything to get amplitudes of
definite naturality in all channels, see {A.8). It is claimed that the product
of the naturdlities must be 1 or else the;thing vanishes due to parity. I'm notm
sure this is exact or asymptotic claim. Asymptotics were used in step top p 169.

H

For more details, see their ref's 6 and 9.

By the way, when I do this stuff I hate begen using Toller so have not had to
do crossing. Something maybe to wonder about, iten # 53,67L.
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,/ PCT and g_ll tl_:a_t._. (:"Nn.\n\lns.%(\ QED aand. WAJ#AJB
“
' I. This first section is a discuseion of how time reversed, parity inverted,
and charge conjugated wavefunctions must be related to the unmanipulated

wavefunction such that the Dirac Equation either remains invariant (P and T)
or stays the .same except for a charge change. (C) In each subsection below
we inwestigate several aspects:
must the transformation operator contain complex conjugation?
2 how must the Dirasc Hamiltonlan transform under the transformation
operator (which acts in the Dirac 4xl space)?
3) what happens to Dirac's ALPHA and BETA matrices under xform?
L) what is the energy of the transformed wavefunction if the
untransformed one is in ap energy eigenstate?
5) How should the external electromagnetic potential be treated
under the various transformations?
6) Do all analyses using both ALPHA and GAMMA forms of the Dirac equation.
7) Special section on PCT all at once.
Here is a list of contents: .

Ty

1. TRI and the Dirac Equation  _ Y |
2, External Potentials o . S
3, CCI and the Dirac Equation T vy
L+ PI and theDirac Equation |, ~ ) é

5. PCT invariance ) 2

-—— - ——— i

6. typed comments un
II. A miscelleny selection of unrkin& papers. |
. 1. Behavior of the spinors ufp,s) etc under P,C and T~ _ 1
2. What is time reversal? 5
3. Verify that Mott is TRI. L i I
Ls Mott and the "Commins Teble® T 7
5. Reverse spins and momenta but not i and f. °
6. The TR confradiction and resolution "

" a. Commins M, M* and M' -
b. Hermiticity has two senses
c. photon absorption &s ex of TRI
7. Typed comments y « &
a. when do you know a current is Hermitian? ’
b. why are em proton form factors real?
c¢. "Hermiticity™ in weaks: T = Tt

IITI. Invarlances of Billnear forms.

i. Recap sheets for P,C,T,H _ % o ™
a. specific PCTH transformed bilinears
b. table of transformations
c. direct effect of PC,T on spinors
d. two statements of invariances
2. When is a Bilinear TRI? Whén is it PI? When is it CCI? _ %
3. H&rmit-initﬁr Invariance N
i« Example of how Hermiticity forces real form factr::-rs. 30

(] Rt covarad ars ! y
. aadk. Lonae o@.,l.n.a-“r"«-h . s
2. S-madiRae and PCT, '
3. -ﬁhﬂlmﬂwm Py
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Commentg on F,C, and T, . oo _

1.

2.

4.

6.

There is an sssential differepce in aur'handling of T and P as

compared With Ci T and P involve spacetime and observers O and 0';

We spoke about the relations between the external electromagnetic
potentiale " ae sesn from diffarant frames, the primed and the
unprimed.” There; we were observing the same electron from two
different reference frames. In both frames, the electron seen

had the same energy, the same charge

Charge conjugation is very different. We never "go to a charge
conjugated reference frame." There is only one frame in our consideration
of C. But, there are two different electrons. Psi is an electron,
Pai, is something else. If Psi were a negative energy electron, then
Pei, would be a regular positron of positive energy. S5So, the two
objecte involved here, and observed in the same referential, have
equal and opposite charges and energies. Since there is only one
referential, we never ask quesiione like: " What happene tc A under
charge conjugation?" In fact, in treating C, it is best to just
suppress the spacetime indices.

i
We have new shown that the Dirac equation is separately "invariant"
under P ¢ and T, For P and T (or PT together) this means that in
either frame, the Dirac equation lookes the same, For C, this means
that Psi_ satisfies the pame equation as does Pei, except charge
is reversed. That is, C invariance says that the anti-electiron acts
exactly as an electron with. reversed charge.

This, we are not surprised to find that the Dirac theory also has
combined PCT invariance. The interesting facts are:

a) the “PGT wavefunction" satisfies almost the same Dirac eguation
as the "original wavefunction". However, energy, spacetime, and
charge are all reversed in the P@T equation, relative to the
original equation.

b) the fact that g C wavefunction has reversed energy is only clear
if you loock at an energy eigenstate equation.

¢) fact a) motivates the idea used in paropagator theory which
saye that a positron ie a negative energy electron moving
backwards in space time.!'By "positron" we mean the PCT wf,

Also interesting is the fact that outpide the realm of Dirac theory
and QED, the product PCT is etill supposed to be an inmariance of
the exact theory, even though the separate pisce are known to be
violated. The PCT theorem has been proven in axiomatic FT and SMT.

Note that in this whole busines®s we have given up on the idea of
glving a meaning to the action,of some operator P,C or T on the
external potential. We simply do not coneider one of these operators
as acting on a funétion. Then only act in the Dirac space.

i
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It would give you the same amplit.ude you started uith, exceEt. for the
possibility of polariaatians perpendilt:ular to the reaction plane.
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Towards a Resolution,

. I have read page *¢ 86 of Commins and learn, much to my surprise, that
M' is not the TR of process M. Instead, it 1s the TR of process M*. So, when
he says to compare M* =?= M', he meanb to compare a process directly with
its TR, no stars involved. This is supposed to line op the spinors for
comparison. I

Well, for me it does line up the spinors. So now it seems that
everything is in order sgain.

However, now we see that-E.!. ir;f not time reversal invariance which
requires that the coupling constnats be real. Instead, they are real because 4§

Re—-arecussed—oariie e—biiirear—forme-musi—be-sueh—that—thematrixeiement-
“o-roalvrv—well—whet—l -mean-is thiss.
: » .
W= GITEY = <lThedt= <Lty = My Yhg T-0p A
i _ \——? l K.
TOF Ul x TN CuE) D R Fa® xR 6 w@yy
= e Fa@| = [2eYFluE] P, & ek
. So, the hermiticity of the T-operator (see other sheet why) implies that

these two objects must have the samd magnitude:

R Fwld SV YRR WEIRTAN] BN IRV VN
T ¥ B, wl)

Notice that this involves the complelicomjugate of F, whereas the time reversal

relation, to follow, only involves the transpose. Time reversal invariance

says these two must be equal in magnitude:
FLOLNCY
T(e) §, T FT Y, u)

ug) T ===
= ‘i'{m a number, so in the 4x4 matrix sense, taking a hermitian conjugate is exactly

the same as complex conjugaténg. Ie, it you transpose a number as a 1xl matrix
nothing happens. - 1
HOWEVER, when you thing of M gs the matrix element of the T-operator
fin the usuel quantum mechanical Hilbert space, then My, = (b/T/a). With
respect to this "states Hilbert space"' there is a different meaning to the
. Hermitian conjugate. Ie, although Hbalis a 1x1 matrix in the Dirac space,
it is a2 NxN matrix in the QM Hilbert illpace (egy a is a matrix subscript in

this sense). 50, when you demand t.hata; M be Hermitian in the QMHS sense,

you get: =|“.# - M =fmtb il ' MUWU\.”‘
M =M e~ hanmaddy
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Time Reversal Contradiction.

- [}

i
. Suppose we have an amplitude or bilinear M = besea o What is the
amplitude MIR? I seem to have two. contradictory answers to this question.

First, it seems reasonable to ‘say:

W= TELF Pl = M= TERDF a Y
Now, if we use Gene's page 366 .claim,' then

+
Mre = Bu@slGF3 umy) = @WEs)KTHETR W)
Now if we reverse the direction of action of the first K operator, we have
to star the whole thing,

o= [ (R K TGLETE w@ ] = TE@TET ate)]’
Thus, with this deﬂniticn of HTR I find thats

M = % (&) F w () M. = R (@) T F*T uls)

= M= ROETFTGWE@ /v

Now these equations disagree violently with Commins

‘l’ to usa(ﬁTR*

my spinors already &
t 1 as follows:

M=w@F Fuy =

The difference is that
Commins has the roles

g-igree, whereas

grae without the *. s method for

of a and b reversed from-the abovefs Thus, in the end he get
M =
%
I'\!H"L'l‘nl.. b
~ O
Whi = El{ﬂﬁ‘ﬂ;T'F'T fhlmﬂhb ' \\\\“un
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Comments on Time Reversal, Weak Interactions, and Reality of form factors.

-. l. First; a comment on the hermit.icit:;.r of currents. The electromagnetic current
is, at zero momentum transfer, an cbservable thing. The current operator
corresponds to a physical cbservable, so the expectetion value must be
reals Ly ¥ w0y]’ = w0y Yuutr)

If we were to concoct some kind of electromagnetic current operator, say
using Dirac fields, then we might expect that operator to be Hermitian

(at least the normal ordered current ought to be Hermitian.) It is Hermitian
operators which have real expectation values, always.

Similarly, the V-A current cr.'l'i weak interactions is real at zero
momentum transfer. To check this, we just look at the last column in
Commins' table. In general, we would expect the weak leptonic current
operator to be Hermitian.

|
2. In GED field theory, the Lagrangia;l is an operator L = J.,A . The vector
potential A may or may not be an c-i:erator. If it is not, then it is real.
If it is, then it is Hermitian hac{auaa photons are neutral. The electron

. current Jy is also hermitian, and normal ordered. Thus, the lagrangian
density operator is also Hermitian.

However, in fleld theory the i.agrangian is glways Hermitian because
the 5 operator is unitary. Thus, the Hermiticity of L is really a starting
point. We should not think of it as arising from the hermiticity of some
current. In fact, in weak interactions there are charged currents , and
these are not Hermitian.(You always have to add the piece of opposite
charge to get a Hermitian current.}

3. How do we know that the form factors of the proton for deep inelastic are
real? At zero transfer we know they are both real because they are both
observables ( charge and anomolous moment), . But why couldn't they go
complex as you leave the forward di!.r&ctic&n? Well, there is this idea
that even at q°f O this current cofiples to A® . Again, L = J.A, and the
Hermiticity of L, together with thd reality of A, implies the Hermiticity
of J, so the form factors must maintain zero relative phase.

}
|
}
|
|
’.
i
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. L.. In the study of weak interactions, i:hawever. we often encounter currents
with various form factors, which currents are not Hermitian. Of course
these currents are combined by hand. in a way which makes the phenomenological
L Hermitian. The question now is: how to we show that these form factors

are real ?
Well, the answer is as follows: you know that these form factors

are going to show up in matrix elements of the T-operator. Now, if you

could show that the T-operator were Hermitian, dpdA¥\fefidedute \tine
nfyévBel \ituariuley then you can show that the form factors are real.s)
W= T
Mg = T = &

5. It remains only to justify the ideh that the T-operator is Hermitian, Usually
it is not so, because the differente is TT*, according to unitarity. But,
in weak interactions it is fair to'set all higher order graphs = O since
. G is 50 small. This means that Tl‘"'i- 0 end T = T*. Another way to look at
it is this: If you consider only first order, then T = integral dbx Lag.
Since the Lagrangian is Hermitian, so is T.

5
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Here is our first crispy example of how it is that Hermiticity is what forces
coupling constants to be rea}, not TRI.
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le —-functions

. 1. First, I quote the helicity amplitude result from MS. See Self-notes in S-matrix
‘binder for one page review. Crossing says: : ’
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_ I would like to know how this eguality appeairs in Tollet M-function .notat
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. ~ 7 Bat I would not say these genéral objects ‘are equal wileSs you puf in the right
- WX transformations ag. THesé &re sUppqSed to B8 hélicity ampIitudés, so ~ ~~
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The group rotations g and g' are presumably determined
by the above -equations. - ~ -

— = —— - - — —

—-—=- = 2 Comment: with these values of-the ‘ai"E we reatly want—to say that “the—two— — ——-—
.= - = ——_Toller M-functions are sgapl, They are equal when evaluated at two different. . .
point in the huge space ‘A . However, these two points are not connected by
. any a € AT ~To see~this, you just realize that such an "a" would either have to

oo include TCP or not include it, in either case you cannot generate the right TCE
factors. Thus: '

—_ = = - The Toller M—functions include- TCP,-but..they.do-not include crossing .!.
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3, Let me try to redtate this in other words:

L L

We know that there are many amplitudes related to the same analytic function.
If you negleét Dalitz decays, then usually there.are’é amplitudes to bé '.

considered. . - i

The Toller formalism including TCP "incorporates" TCP invariance., Ie, two
reactions Hﬂich-éra related by TCP are simply related beeasue the TCP operator
is just an element of the invariance group. In other words, the comparison
of a reagtion to its TCP reaction is as trivial as comparing a reaction in one
Loretnz -frame to the same reaction in another Lorentz frame.

However, there is no such simple connection between the s-channel amplitude
and the t-channel amplitude. In other words, the Toller formalism does not

include analyticity as one of its assumetptions.

Téller nevertheless dpes want bo-include all, 6 reactipns into.his one fungtion,
reaall equation {h.?-j in signature paper, where he allows for all reactions to
be "present". Howevery; this is of course a doctoring' up of the Hilbert Spaces
by adding their conjugate spaces, and then letting the doubled Moussa Stora
wavefunction: select out the reaction of interest.

Still, there is no analytic connection between the various.reactions, except

the TCP connection as already noted.
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! quicic review of MS on crossing. - ERCRY

r

1. I had trouble reconstructing the argument,. so this time T will record the
arguemtn in more detail. Open MS to page 329. Examine the equations on that
page. We are going to prove that equation ) (7/14) is true, ie, we will
prove this:
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We are clairrﬂ.ng that :l.j.’ you t.ake t.{m rmrmal &nchanm:l hai.icity amplitude and
anal:,rt.:tcall:.r continue it. *t.o a point {s,t) which is in the t~channel physical

’ reg:l.cn. then you will end up Hlt.h sumething ‘which is numerically equal to the

t-channel helicity ampl:n.t.uda. an-k at the right thing above. This cannot of
course be a physical a—channel process because t is positive and s is negative.
Another way to say this is: *t.n* of the mmenta whlch shnuld be future apre past
timelike. Thus, t.h:.a s-channel amplit.uie is nnt beipg “evaluated" in the s-channel

physical ragion.

m
i a

2..Huw. let A be a resl Lpre:lltz t.ramst:lmat.icn (not a complex one) which connects
tw® frames in the t-channel physical reg:inn. Then the t-channel amplitude shown
ebove on tt}e l;f'l:. must transfom exactly as shown inm Eq‘l.mtinn (7. 17) where R ‘ﬁw
is the proper Wigner rctation, ie, R = R(h T )} for mach particlﬂ. Note of 'i
course that at both ends of this Lnnmta transfnrmatinn, the t-channel amplitude
is physical, ie, is avaluat.ed in the t-channel physical region. (g‘)
Now, apply this same Lorentz transformation to the object on the right,above,
ie, on the continuation of the s—channel amplitude to the t-channel physical
region, You will get, equation {? 21), althnugh MS use the p. as shown in (7.16).
The Wigner anglas here are RU‘; '14,} rqr part.ir.le Cy t.hu same Wigner rotation
appearing in (7. 17} BUT, what is R(M , —qd} ? Ie, you !nust face up to this
minus sign. B )



If the vector -qq is defined in terms of g4 according to (7.23), then you
can calculate the rotation R(A , -g3) and you get the result shown on top

of page 332, ie, ‘ . ; . . . '

i&(r\ m)] - ’""“ %ka_ﬂ(hﬂlﬂ

This allows you to write the transformation of the (continued) s-channel
amplitude as in (7.26). Comparing (7.26) to (7.17) then shows that the
two objects given on top of last page (back of this pag;) transform in the
same way under real Lorentz transformations. '

If they transform the same way, it is reasonable to_pnncluda that they are

squal. Thie is the g&at of the M5 proof.

3. The story almost ends here but not quite. In equality (*) we could choose

a t—chﬂﬂnel cms frame if we liked.- Wﬁ would theﬁlba qu§tiqg{a t-channel amplitude
evaluated in %ke a t-channel cms frame) with {a s—channel amplitude continued

to the t-channel cms frame).

Now a careful distinction is needed. A t-channel amplitude evaluated in
a special t-channel cms :E‘rame may be identified Hith the "t.-charmal cms .
amplitude” (t}(s,t) 'You can’ continie this #t-channel cms amplitude”
into the s—channml phyaical region, eg, to the a-channel ems frame, but it
is still the "trchannel cms’ amplitude" .

Now consider equation (7. 31) This shows a relatinn between the s-channel
amplitude evaluated in the s-channel cus frame, and some other frame. The
s-channel amplitude evaluefied in the s-channel cms frame is identified with
the "s—chinnel cam ‘amplitude®, which as noted above you could if you liked |
continue anywhere you like in s and t, but it is still the" s—ch&nnel cms amplltude.

Now so far, equation (7.3kx 311 links the s-channel amplitude at two points
in the s-channel ph;rsical regi-in. ‘(hete 5pacialiéd]tn case where' the IT is a

“z bodst). The trick is now to continiie the entire equation, includeing the

wignet rotations, to the t—channel megion, in p;iticular to the t-channel

cms frame, " Then the Gbject’ on the right of (7.31) is the s-channel amplitude
continued to the t-channel cms frame, and is therefore exactly the object on

the right of {*) and via (*) may be iduntifiea with the foexivkonek  ¢-channel
cms amplitudé, as noted above. This we get (7.34). '

' Equation (7.34) then relates the t-channél cms smplitide in the t.—channol '
cms frame, to the s-channel cms amplitudé cunﬁinuﬁd to the t-channel cms frame.
More generally, {5.3#} ‘Pelates thé {tmchhnnel cms amplitudé) to the (s-channel
cmis amplitude) in any frame. The frame is denoted rﬂqghly by values of s and t.
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