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Abstract.

The possgibility of achieving relatively high inten;
sity anti-proton beams has prompted some considerations on
the rather rare annihilation channels of the proton—-anti-
proton system. We propose (i) to gtudy the itwo elsctron
mode as a means of investigating the electromagnetic struc
ture of the proton for time-like momeniunm transfers; (ii)
to study the *two muon mode and comparc with the two elecé
tron mode to invegtigate whether the muon behaves like a
heavy electron for large time—like momcnitum transfers;
(iii) to investigate the existence of woak vector bGSOQS‘
by the modes P+ P—>B + Band p + P~—> B + 7w, Although
no precise theoretical predictions can be made, crude oc-
stimates indicate that the crosgs—section for these four

channels could be roughly of the samce order of magnitudec.

(°) ~ CERN < Geneva - Switzerland,
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The elecctronagnot

¢ annihilation p+p —>ct+e™, p+D ~—>p +ut,

One of Ihc significant programnces in high-energry phy-
sics has been thc systematic study of the elcctromagnotic
structure of nucleons carried ou’v by Hofstadtcrj) and co~

2) and co-workera. The itheoretical

-workers, and by Wilson
explanation of these exporiments has bocen one of the outs—
tanding problems in the theory of strong interactions and
has led to many new and intecresting igcaSB). These cxpori-
mnents moasﬁro the form factors of tho nuclecn for spacc-li
ko nmomentun itransfers wherce the form Ffactors are ycocal and
apparently docreasing with increasing nmomontum transfows up
to highest valucs thus far measured of order ngs 2(M)2
(M = nuclcon mass).

The advont of antiproton beams of relatively high in-
tensity ( 8 10% particles per pulse) allows the possibili-
ty of furtacr investigation of the clecctromagnetic structy

re of the proton in a region thus Far completecly unexzplorod.

Thisg is accomplished by the study of tho reaction

+ p—> ¢~ + ot, (1)

L&}

Reaction (1} is the inverse of proton anti-proton pair

4)

production from c¢lectron-poeitron clashing beans
Figurcs (1a) and (1b) show thc diagrans for proton—cleg

tron scattering and protom~antiprovon annihilaticn into an

o
L
2lecctron pair respecitively in the onc—nhoton channel,

For +thn proton—-electron scattering experiment the Tour

nomentum carricd by the photon is purcly spacc~like,

Qg

i.o.q2>09 whoreas in the annihilation the photon four mo=
mentum is purcly timelike, q2 < - +E2. This is clearly dg
nmonstrated in tho c.h. of target and projeotile; in which
case the four-nomentum transfor has only space componcnis
for the scattoring experiment and only a time componont

fer the annihilation.
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The momentum transfer for process (1) is determined
uniquely by tho antiproton energy é? in the laboratory
system, q2 = - 2&(&5 + M). Beginning at q2 = - 4M2, when
the antiproton is at rest, the momentum transfer conti-
nues to as negative a value of qz as can be achioved with
the highest possible antiproton cnergy.

At the presont time there cexist no reliable theories
for the bchaviour of the form facters for timc=~like momentum
transfers. Nevertheleoss we would like to proposce the study
of reaction (1). This programme will allow the investigation
(just as in the space-likc experiments) of whether the pro;
ton has a corc-l1like sitructure for large nmomentum transfers,
or whether it hds a broad and complex structure.

Whereas in the spacc-like experiments the form factors
arc given the physical intcrpretation of the Tourier tranF
sforms of the spacial charge and magnetic structure of the
proton, the timo¥1ike momentun transfers yicld information

2 < 0 the

about the frequoncy structure of the proton. T'or q
'cloud! around the proton could have various kinds of resp
nance sitructure such as the p and w?® mesons. It would be

of greét intercst tc explore this region to sce if this kind
of structure is simplo, i.e. one or itwo rcsonanceswith a
morc or less constant continuum, or whether nmore structy

re appears as the nomentun transfer continues to larger ng

gative valucs.



4.
I% appoars that wiith oxisting machincs suoﬂés the P.S.
at CERN an antiproton beam of 3 GeV/c can be roadily achie
ved, With an anitiproton bhecam of this momentum it 18 possi-
hble to leock at momentum <transfers as'negativa as (=~8.7 Mz)
which is nuch larger in abgolute value than presantly pos-—
sible in the sbace—like cxperiments. An exporimental inve-—
" stigation in these directions is being undertaken at Cern5).

T"horo is also the process

T+ p—>p” + pt (2)

which occurs with the same differential cross-scction, in
the cnc-photon channel, as the electron pair, providing we
néglooﬁ Sorms of order (h, E)z, (M“/M)z and trsat the nmuon
simply as a heavy electron. An accurate neasurement of the
ratio of nmuon pairs to elcetron pairs would give information
on either the muon or eleocitrodynamics in a fegion which has
never boon coxplored by any kind of muon experincent.

The gencral form for the matrix clement of one photon
interacting with a proten and an antiproton is written in
the usuval manner as

_ g .
"{'{'7\ / (J;a' 6’\/14.1/ 7))/ Z
where the form factors arc functions of the momentum tran~-
sfer q_2, and where 6oy = 2{ b” &, ¥ )/2 .,‘Z;/,]) =
€/U}= € Ak, 3 and g = Poo+ P ? _four-—momentuml .

f T P -
In the *time~like region both Iy, and Fp can become complex,
wherecas they are real for space-like momentum transfcrs.
With the above expressiocn for the pp matrix element the
differontial cross-section for the two-~clectron annihila-—

tion channcl can be written in the one-photon exchange ap-

proximatieon in the following forms:
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where & = antiproton lab. encrgy, ¢ = antiproton lab.

oM.y and

” A/
5 = clecetron energy =
Ce Tty / Em
7- Eon f*”f) 7- &'ﬁ)

=/ j '7/"7/54/b)}¢f4 &,
/- /; + /M - fﬂ{a\?/ﬂ']z

The angles ©, and & are shown in fig, (2).
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¢) Total cross—section
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where & = antiproton lab. cnergy.
In the above cxpression for the cross-—-scction terms
] "',ﬁ'f 4 ‘?/\. i ":‘7 : .
of the orqormfxfymu gt gy have boon neglected., For the
muon pair channol we give the exact expression (not negleg

ting the nuon mass) which in the c.m, system takes the form

(6)

AE(pB 4L ¢ o2y 2
A Lo ) T gem 2 /e

(7)

where E and P are the c¢.m. ocnergy and nomentum of the an-
tlproton and /{Aw is the velocity of the muon in the c.m.

system. "For /4k 1 (7) reduces to (3)



The total cross=—scction from (7)
7
B (PB =t ) = i /-?Mé (pE>ee) o

We sce fromn this equation that

st @yt o

Glpoee)

and that no terms of order ME appear in the total cross—
section. Weo nave neglected in eg. (7) and (8) the radia®i
ve corrcctions which could be appreciablce in this case be
cause of the large momentum transfers involved.

By plotting the differential crogs—-scction as a func-

. »261/‘, o

tion of cof #/: we seeo by eq (4) that one does not do-
tormine the complex form factors Fy and Fp scparately but

only the combinations

, . Z 28 .
,;?-_,*'I,f-;r'-;?:/‘ 2unAd /E/zgg““““‘—"//;—/ /"L /

The fact that the form factors arc complex introducocs
an azimuthal dopendcnce in the difforontial cross—section

for polarlch psroton target or for polarized antiproton

beam. If P is %thoe polarization vector of the proton for

polarizecd target, or anti-proton for polarized beam, and

i
-0

: = | . .
n  a unit vecctor in the direction ﬁ'x.e* the difforential

cross section takcs the form in the c.n. systenm

oL r dee 7 , E P Z . / >
d(&'"ﬁ " /ﬂé{//-) 9 )—‘{ivﬂpa/ - 7‘-:( [ “/ 72//5&4?& /(/P;?) (9)

where the upper sign is for polarizcd antiprotons and the
lower sign for polarized target protons.

A nunorical estimasc of the cross—scction depends vo-
ry sensitively on the values of the fornm factors Fy and Foe
Sincc thore cxists no reliable theory of thesc guantitics
in the timc—lilkec reogion, w2 can only give a very rough idea

of what the cross—-scction might be. For example, we nigh

choose the valuc



i) point proton
Fyo= e Fop = 1.79 e
ii) extrapolation of resonance fits of sgpace-like experi¥

ments to time~like region7)
2

35 =/?- “E A = ’L//? “—iL_~ZL~ )’e

am,- G2+ 3omy;

In thesc oxamples wo have assumed Ty and Fp real.
Since the poak of the pion resonance fits to the spaco—liko
Torm factors occurs far from the region of interest in
this exporimont, thoe imaginary parts in choice ii) give
vory small contributions. On the other hand, it is not
known whether there arc cther resonanccs for larger tince-
likc momentum transfors than the two=-pion resonance, say,

2 _ 6172

near g° = 511 Should this be the casé, there could be
very large contributions to tho cross—scction from both
the real and the imaginary parts of the form factors.

If thoe form factors decrease fairly rapidly in the ti-~
me~like region, then, just as in the space-like region, 1%
is possible that the two-photon exchange might becomec impor
tant. Howcver, if the form factors do not decereasc rapidly
for time~likc momentum transfer, then the one—ppoton OX~
change would be dominant.

If the clcctron and the positron arc dctected in a
manner which does not distinguish charge and which is sym¥
metric undcr the interchange of positren and electron, then
the interfcrence term between the once and the two photon
channcl will not contribute to the differential crogs-—sco-
tion>8). This symmeiry betwéon et and ¢~ ¢an then be usecd
either to climinate or detect the influcnce of the two phg
ton exchanszc on the nucleon electromagnetic structurc.

Figurc 3 shows how the total cross-—section varics
with antiproton enagy for the above two assumptions for the

form factors,
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9.

We emphasize that this graph is not a theoretical pre=-
diction but a very crude guess for thec cross-section which
in fact could very well be ten tines bigger or ten timos
smaller than the estimate given heroc.

An cxperiment on tho annihilation at rest would invol
vé the branching ratio for the electromagnetic modes to the
total annihilation ratec. In order %o go from this oxporiQ
nmental number to the evaluation of the form factors cithor
the atomic physics of the éapture nust be eliminated or a
separate cxpceriment to detecrmine the complex s=-wave phasc
shiftg in pp elastic scattering nust be performed., Noto
that\2e (or 2p) annihilation through +thc¢ one=-photon Chan—r
nel can only occur, in general, from 384 and 3D1. In view
of these difficulties it appcars that tho results of +the
in=-flight cxperiment can be interpretced in a much nore
unambiguous nanncr.

However, for the detcrmination of the 2 p to 2e¢ ratio,
and the consequent exploration of the validity of elecﬁroF

dynamics, formula (8) alsc applies to annihilation at rest.

The annihilation intc intermediastc ¥Yeoetor bosons.

In this scction we consider the pessibility of dotec~

H

ting the intcrmediate veetor meson of woalk interactions from
proton—antiproton annihilation, Vector mesons with scmiweak
coupling have boen suggested as intcrmediate agents of wcak
intoractions9>1ﬂ). Production of such mesons from high cncr
gy neutrino boans11), from pion boams12), from photon
beams13), and by electromagnetic pairzr production14) has boon.
recently considered. Intermediate voctor mesons will dccay
through their somi-weak coupling in a time ~ 10717 sce.

We shall first discuss the annihilation mode of a proton=-
~antiproton system into a pair of such intermediate vcctor
mesons (that we donote by B)

p+P—> B+ E . (10)

Figure (4) shows the diagram for (10) in the lowest order
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of electromagnectic coupling

The most gencral form of the clectrcmagnetic vertex

for a spin onc boson 1s, en invariance grounds,

TG EE) (Gl £5) [[25),

~(EG)E ]+ EG i igs 2,5 @
N TN AR )

where /f is the differsnce of the final four-momenta of

B and B, 5, and 53 are the polarization vectors of B and
%, mp is the nass of By, p + éf is a possible anomalous ma-

gnctic moment of B and 2&; a possible anomalous elcetric

quadrupcle momecnt. The form factors G, Gp and G3 depend

on the squaiod moncntun transfor q2.

We also define the bilinear combinations

/ L) & e
R = ZV/ /f%;§27kéﬁ%//({_;m

The general cxpression for the cross soction of (10)

is then given in c.m. by
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arc exactly the samce conhinations of the nucleon form

factors that dotermine the angular distribution of

Similarly, 2A + B in (6) also deternincs the total

cross—scction for p + P —> et 4+ o”. Onc thus finds for

the ratio of BB annihilation to ete™ annihilation

& (pp =23 3 '
4= = e 4 2R S) (7
bt = ete) / A ’ 47

Bg. (14) holds in the most gencral case, ond is still
valid if the antiprotons are at rest.

If B has no ancmalous noments and constant form fac
tors b is simply érﬁﬁ/z/é, +\/€/m,3‘)i7 . In fig. (5) this
branching ratis is rcported versus-E/mB. Of course E must
always be largor than the nucleon mass. Onc sces that anni-~
hilation into a pair of intermediate mesons is favored with
respeet to annihilation inte ete™ or u™p~ alrcady for c.m.
cnergy larger than 1.5 mp, provided B has no anomalous elcg
tromagnetic preportics, In fig. (5) we have also reported
b for p = + 1 and p = -1, & = 0 and constant from fac;

tors.
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Once B is produced according to (10) it will decay =na
ridly (in about 10~ 17 scc) into its disintecgration products
(2my 3m, @ + ¥, p +¥, ¢ +V, etc.). The annihilation e-
vents will ‘exhibit dofinite angular correlations and in

some cases they will be of the kind

PP 2> B 8T (u s0) (T )
— )+ (e ¥)
BN (/{J_,‘]/—.ﬁ/_"_ (/f';‘“'_’b//‘-o/)

— efc.

ﬁhich should allow tho idontification of B. Branching ratios
among the various decay modes of B have rccently boen dié
gcussed by Bernstein and Foinberg15}.

We conclud§ this scection with the observation that

vector mesons can also be produced by the rcactions

—_ X — . ~7* -
prp 2 BTwnT B By, B AT, ete (15)

e

/4-»/7 - 2% 5

7, 2+ B% k7, ete (16)

These reactiong occur through the semiwcak couplirng
of the vector meson and on dimensional grounds should hg

Vve a cross—-secivion

) o 0.4 xto Fem® (17)

where G is the weal coupling constant. A more refined o=
gtimate than (17) would involve the complications of
strong interao%ions at rather high encrgies., If the vcctor
weak current is_consorved9) the vector part of the amplity

des for Ep-—» Br and pn —> Bm are related to the isovector

anplitudes for

j§+ﬁ:—a Fo+¢k
/3‘+n - F T+
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with the Bf off-nass=shell w the gaﬂﬂ

B(pf = 81) 6, (pp = 87) &my, P
Clpjs = xm) ~ Clpp—=k5)  4ilz FF

=077 7x /0% f(’mg )Z

(72)

where oy is the contribution from the weoak vector current
(that cannot interfere with the axial contributiocn in the
fate) and x is a number that differs from unity for two rca
sonss: because the corresﬁondonce only holds With the B’
off-shell, and also it only holds for the iso-vector clec—
tromagnetic amplitudo; From anéulér nementum, parity, and
chargo conjugation onc can show that p + D —> Bf + ®° from

S states only goes through vector coupling, so that the >
n thig Lase

in (18) becomes an ecquality signk Furthermore in the
schizon's theory of Lee and Yang )GZﬁﬁ3»£$fja @Cﬁb-ﬂé%{L
In conclusion wc would like to stress the fact that
even though the study of thcese rare annihilation modes are
very difficult cxperincnts, definitive rosults weculd be of
grecat importancce in the understanding of strong, electirong

znotic and wcecalk intoeractionse.

o}

We would likc %o thank prof. S.D. Drell for informa-

tive discussions.
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Caption to fig. 3

in units of 0.75 x “IO—31 cmz.

Upper curve (1) is for point-like proton with pp=1.79,
lower curve (2) is obitained by extrapolating ine form fac~

tors of reference (7),

<t

anivion to fig. 5

., P+ F-— B 4+ B , , ,
Ratio — T — for different choices of the
P+ Pe-=e + e

ancnalous magnetic moment of the B mesone, and constant

form factors.
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