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I, INTRODUCTION

-
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Several cosmic-ray experiments involving the exposure of photographi

O

emulsions at high altitudes have shown the existence of high energy wmulti-

T : )
gamma-ray events. These events could not be accounted for by conventional
electromagnetic showers originating from a single high energy gamma.
Rather they appear to be a result of a large number of gammas produced
simultaneously from a single interaction. These events remained a mystery

. . . 2

for a number of years until recently when Ruderman and Zwanziger put
forward a plausible explanation which attributes these high energy multi-
gammas as due to the creation and subsequent annihilation process of magnetic

monopole pairs. The important point, which has been. emphasized by Ruderman

3
and Zwanziger and also by Teller,

,  is that when a pair of monopo

. . ; . -22
produced they will rapidly annihilate (t ~ 10 "“sec) due to the very strong
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coulomb attraction and will leave behind remnant photons. The multiplicity
of these photons is expected to be large {~ 1/¢). Therefore, with energies
available at ISR; the production ofbfree monopole pairs would be less probable
than the characteristic annihilation processes, either veal or virtual. Very

A .
recently, T. D. Lee suggested that another possible process which involves
the creation of pairs of highly charged leptons (Z > 10) can also be respon-
sible for these multigamma events discussed above. In fact, any charged
particle with a very strong electromagnetic coupling would yield such events.

In the event obtained by deBenedetti, there were 14 gammas with a total

energy of > 40 CeV.

The primary objective of the present proposal is to search for high
energy multigamma events at the ISR and to study the characteristics and
nature of these multigammas in order to gain a better understanding of the
érigin of such processes. We would also try to ascertain whether or not

magnetic monopoles or high Z leptons are responsible for them.

A secondary objective is to simultaneously search for individual mono-
poles that might be created by the colliding beams. Even if none of
these not yet confirmed processes takes place in nature at ISR energies,
the amount of experimental information that would be collected, especially
o . o _c . . . ers
the 11 production and m , ™ correlation data, would constitute a signifi-

cant return for the effort invested in this research.

A detailed discussion of the various possibilities for multigamma pro-
duction in p-p collisions is presented in the accompanying document ,"A Few Con-
siderations Concerning the Search for Multigamma Rays Events Produced in

Proton-Proton Collisions.'" 1In the following discussicn a short summary is

_presented. ‘ .
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A possible mechanism for the production of high multiplicity y-ray

events in proton=-proton collisions is the following process:

Py -+ Py = hadrons + y'

s

Y - ny .
In Eq. 1), Pq> p2 are colliding protons and y' is a time~like virtual
photon with momentum q which subsequently decays into ny. A possible

. !l . .
Feynman diagram for y' is shown in Fig. 1.

The particle, g, propagating around the loop in Fig. 1 is presumed to
have a very strong interaction with the photon field (gz/hc ~ 1/a) so that
the photon multiplicity which is proportional to gz/hg is large. It is
important to note that this effect can be felt even below threshold for g,
‘g production. ?he most obvious candida?e for g is the Dirac magnetic
monopole which has béen shown by Dirac to have a coupling strength of

1 n2 . . . . .
= 2~ where n is an integer. However, as mentioned previously, a highly

o b

charged lepton or any particle with a similar very strong electromagnetic

interaction will yield a multigamma. event.

(1

1’
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The expected average energy and angular distribution of the ny's is
derived by assuming that the photons are isotropic and of equal energy
in the rest frame of the virtual photon. Transforming to the center of
mass of the colliding protons (which is essentially the lab frame for ISR)
yields the laboratory energy and angular distribution of the photons for
. 2 . . 2
various values of q . We will examine large -q~. However, we do not
. . 2 2 . . ' ' — ;
necessarily require ~q = 4m"g which is the threshold for g, g production
. 2 2 . -
since the effect can be felt for -q < 4m"g and in fact the transition
from below threshold to above threshold may only involve a cusp effect in
the ny cross section and would not necessarily imply a significant en-
hancement of the ny cross section. The expected energies of the photons
will be from a few hundred MeV to a few GeV. These photons will be
distributed over a significant part of the available 4m geometry. In
R . ’ . 2 . . . . .
particular, at the maximum g~ they will be distributed isotropically.
For lower values of q2, some collimation about one of the protons is
expected with half the photons in a narrow cone (tanf ~ 1/yp where B is
the velocity of the q = 0 frame and vy the corresponding Lorentz factor),
. . . 2
and. the rest in a diffuse cone. It is clear that for large -q°, these

cones cover a large solid angle. We would expect these cones are appre-

ciably larger than the cones for pion production.

If these mqltigamma events are seen, then the question arises as to
whether they are induced by magnetic monopoles or by particles such as
leptons with high Z. The angular distribution could be an important factor
in answering this question since the parity of a éhoton emitted by a mono-
pole is opposite to that of a photon emitted by a particle with an electric

charge. Therefore the photon propagator between the proton and the
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monopole in the lcop will lead to pseudoscalar terms in the differential
cross section. This should lead to a different angular distribution of
multigammas induced by moncpoles than for multigammas induced by high Z

%eptonsas

There is no way of reliably estimating the cross section for the process
under investigation. The process (}) has been studied theoretically and

. . _ i . 2 . 6-9
experimentally, though not at the energies and q  values available at ISR.
For (1') there is no way of obtaining a reliable estimate because of the large

coupling. Therefore, for}the purposes of estimation, it is simplest to

assume that:

2 2
do —=(q”, E) ~ K do + =-(q°, E) (2)
& ©(real, virtual) —_ B
2 2
dq _ dq

where K is a constant. Equation (2) takes into account the hadronic struc-
' . . - + -
ture and the constant K is the ratio of the coupling [ (v’ - gg)/(y' -~y u )Jz.
If we interpret these couplings as dissociation pfébébilities as suggeéted by

Goto,lOthen the maximum value of K is 1/y. Therefore, the total cross section

34

for ny production would be 10~ cm2 for -q2 > 16(GeV)2, The same scheme has been

worked out in more detail by N.Cabibbo and M.Testa, who start with process (1)
plus (1’) and uses for K the upper limit derived in the accompanying docu-
ment (A Few Considerations Concerning the Search for Multigamma Rays Events
Produced in Proton-Proton Collisions) and extrapolates the Lederman data

) -12 ,
from Elab. = 29 GeV to the ISR energy (Elab°~'l.8 x 10 gV) by using a

simplified formula derived by Altarelli-et alf’which fits satisfactorily

\
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the experimental data
do k- 1107 e - M%. 5,
d% W o < s < 1 4—“§H > < 1 - "§£'> cm” /GeV
, My - o '
: H b

) - 2
wvhere }&%ﬂ-“ J‘q

z

The main difference between this estimate and the first one is that in the
latter one assumes dcp+ﬁ_/dM . to be weakly dependent on s,7’8 For M /s <1,
T i

while Eq. (3) contains a factor of s which leads to a value of dc_gg/dq2 about

40 times higher.

An estimate based on the Weizsacker-Williams approach in which multi-
gammas are produced by collisions of the coulomb-field of the colliding

photon yields a much larger cross section (10-28cm2).

IJ1. EXPERIMENTAL PROCEDURE

a) Detection of Multicamma Events

The basic requirement of our detection system is the capability to dis-
tinguish between a multigamma event and conventional high energy showers
such as those from the decay of multiple n°'s. The former is charaﬁterized
by the simultaneous appearance of a large number of energetic showers, while
the latter is characterized by showers accompanied by a number of charged

. . o]
particles. Furthermore, in the case of showers from 11 '

s, the average pion
transverse momentum is restricted, therefore, the angular distribution of
these showers can be quite different from that of the multigamma events. Our

detection system is designed to recrrd the development of each shower by

measuring the encrgy deposition during its development.
A sketch of our detector system showing both the plan view and the side
view is shown in Fig. 2. The sketch is approximately in scale and the dimen-

. . oS
cione of the detector unite are indicated. A cross-sectional view of the
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detector unit is shown in Pig. 3. The detector unit is designed to make

sure that the showers due to incident photons are developed in the lead glass.
The first two layers of the detector unit are thin scintillation and Cerenkov
écuntérs. The main portion of the detector unit consists of wire proportional
chambers interspersed with 1ead-glas§ hodoscope elements (2% x 4" x 20" or

4" x 4" x 20") with the exception that wc and Wt are chambers operated in

the saturated mode. The total thickness of each detector unit is ~ 20" pro-
viding a total of 16 radiation lengths of lead glass. The detector arrange-

ment shown in Fio. 2 consists of ten such units, which covers 60% of total
bl

solid angle.

The occurrence of multigamma events is established by the requirement that
at least 24 wires among the chambers Wt in all units fire (equivalent to ~ 24
or more simultaneous gamma rays). Chambers.wc identify the number of charged
Qgrticles and veto the system when there are more than several charged par-
ticles. The normal o background events are rejected by wc, because they always
are accompanied by charged particles (sce Appendix ). Wire chambers determine
thé positions of the showers, whereas the lead-glass counter hodoscopes together
with wire chambers determine the cnergy of each shower. The scintillation
counter S and wire chamber WC monitor the incident chargéd particles. A biock
diagram of the logic system is shown in Fig. 4, Chambers WC and Wt in coincidence
give an event signal to trigger the system. The number of charged pgrticles
and gammas are registered in shift registers. Pulse height and position in-
formation from counters and chambers are obtained with sample-and-hold units,

.

analogue multiplexer and analogue-to-digital converter.

A high multiplicity 70 event could be confused with a monopole induced

‘multigamma event. This background can be reduced by restricting the charge
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multiplicity to as cwall a value as possible while at the same time setting
the threshold for v multiplicity to a high value such as 24 {(actually the ex-
pected multiplicity jig ~ 1/o). We assume the hadron multiplicities obey
. o 4+ - ,

Poisson distributions. The average T , T 5, ¥ multiplicity is approximately

: . . L - . o
6 at ISR energies. The probability for producing the average number of T 's

. . ] =4
and no charged particles is down by a factor of 10 = from the prebability for
producing the average number of charged particles. In addition, the probability
; o . -3 . : oy .
of producing 12m is 10 7 times the average. This provides a total factor of
-7 . -33 2 . . .
10 or a cross section of 3 x 10 cm®. Of course, this cross section is
rapidly reduced even more than when multiplicities greater than 12 are considered.
A detailed discussion of this matter is given in the Appendix. In addition,
we shall observe mostly large angle high multiplicity vy events. Since the
average pion transverse momentum is restricted, the selection of large angle
events reduces the background by an additional estimated two orders of magni-
. . , 9 . . .

tude. Therefore, a rejection ratio of 10° should be readily obtainable. This
is the case assuming a significant percentage of the monopole induced y's

occur at large angles. 1In a careful data analysis, additional background

rejection can be obtained. ‘ .

o . .

The number of 1 background events 1s expected to decrease rapidly as the
o . ‘ .

number of T 's increases. An enhancement at a large number of simultaneous

showers (> 24) would be a strong indication of the existence of multiganma

eventse.

The cross section for pp interactions is ~ 30 X 10-27cm2. Therefore,

. 5 . o .
the average event rate 1s 10" /sec. Since the time resolution of our syster

is ~ 10 nsec, the probability of having several pp interactions within this
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time resolution is very small. (The probability of having even two pp inter-
actions within the time resolution is down by a factor of 107.) The trigger
conditions mentioned earlier will reduce this probability by an additional
o 9 i . . . .
factor of 10°. Background cvents due to gas scattering are estimated to be

o
lower than the 11 background and also these gammas are of very low energy.

Particles incident from directions other than that of the interaction
region could be rejected by monitoring anticounters positioned around the

detector.

b) Free Monopoles

It is less prébable to produce free monopoles than a monopole pair which
annihilates immediately. However, if a free monopole is produced with suffi~
cient momentum and if thin windows can be provided it can pass through the
ﬁacuum chamber and give a large signal in the thin scintillation and Cerenkov

counters. The ratio of these two signals is different for a monopole and

high Z particle.1

JITI. EXPRCTED EVENT RATES

With the design luminosity of 4 X 1030cm—zsec-1, the number of multigamma

events per day is
35
N = Lot = 3.5 x 10770 )

where o is the total cross section for multigamma production and t is the

time in seconds.

' . - L o=34 2 .
Tf one assumes a production cross section of 10 cm”, which we feel is
) } . e i . ~-28 -34 2 .
conservative (in fact the estimated range is 10 - 10 “"em”), then with a

collection efficiency of 75% one would expect to obtain 3000 events in 100 days.
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IV, CONCLUSION

The proposed experiment will enable us to obtain quantitative information
on the production of energetic multigamma events in p-p collisions in an
energy region attainable previously only in cosmic radiation. The meager data
obtained in cosmic ray experiments shows the existence of anomalous energetic
multigamma rays which can be attributed to the creation and subsequent annihi-
lation of magnetic monopole pairs or high Z lepton pairs. In fact, as recently
suggested by T. D. Lee, it is even possible that these anomalous multigamma
events could be attributed to a hadronic reaction in which a particle excited
to an extraordinarily high angular momentum state is produced and subsequently
decays stepwise with the emission of many gamma raySe Cértainly this domain
is completely unexplored and it would be very important to have quantitative
information on multigamma events in p-p collisions. Furthermore, the necessity
éf understanding the background produced by the decay of multiple mots will

provide us with information concerning the correlation mechanism in pion

production.12
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APPENDIX

" (o} oy T -
THE 17 PACRCROUND PROBIEM

Because of the fact that the multi~y production rate in p~p collisions
could be quite small (o ~ 10“3&cm2), it is necessary to estimate the
production rate of high multiplicity ﬁo:events because of their prompt
aecay into 2 y-rays they could be confused with monopole induced multi-vy
events. We first must choose a reasonable model for pion production in
p-p collisions since there is at present very 1ittle reliable data on
high multiplicity n° events. In general, if there is some simple dynam=
jcal mechanism operating in the production of pions (as we would certainly
expect), then there would be strong correlations between the number of
ﬂo and ﬂ+, 1 mesons in a p-p collision. For example, if pions were
produced via emission and decay of p mesons, there would be no way of
producing a large number of ml's with no accompanying charged pions.
Therefore, to cut down the number of high multiplicity n° events, the
total charge of the collision process should be restricted to as low a
‘value as possible (e.g. 2e). We next discuss the reduction in ﬂo back-

.ground which ensues.

Recently, the multiperipheral model has had considerable successes
. . . ey st . . . 13 .
in predicting multiplicities of pion production reaction. This model
predicts a Poisson distribution for pion multiplicities. A logical

. . . ' . 12
extension of this model, constructed by Caneschi and Schwimmer, is to
o + - ' . .

correlate m 4 and ™ , T multiplicities by assuming the pions are produced

by the decay of p mesons and ¢ mesons emanating from the multiperipheral
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chain. The production of p's and o's follows the Poisson distribution
: . ) . o}
1aw. Under these assumptions, the cross section for producing N 1T mesons

with no accompanying charged mesons is given by

N/2 - N/Z —
1 N ~3N/2
% < 3 > '< > ©

T a

In Bq. (&), o, is the total inelastic cross section (~ 30 mb), N is

the average 0 pultiplicity (which is ~ 6 at ISR energies) and N is the
number of ﬂo mesons produced in a specific event. Equation (A) is

essentially the production cross section for N/2 ¢ mesons via the multi-
peripheral model multiplied by the probability for each of these ¢'s to

' J
decay into omte [~'(1/3)k/2]

. In Table I the ratio GN/OO is calculated
o ey aas ..
for several m multiplicities. It is important to note that the numbers
in Table I decrease very rapidly with increasing N . They can be reduced
. o
further by looking for wide angle y's since the m mesons should be
_ -2, /2,° . .
collimated due to expected factors of the form e L'+ in the differen-
s . o . .
tial cross section for m production where P, is the transverse momenta
o . .
and P, ~ 150 MeV. 1f the monopole-induced multigamma events are produced

~34 10-36cm2 it would seem that a

with a cross section in the range 10
.multiplicity distribution, peaking somewhere around N ~ 100, should clearly
be visible above the - v background. (See Fig. 5.) Here the broken

. o i
line shows the total m - v background,whereas the dotted line shows the

o o .
m = vy background for angles greater than 20 with respect to the proton

direction.
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TABLE T

- N

% (No. of ﬁo's)
1.7 x 107/ 12
3.0 x 10710 16
3.3 x 10772 20
2.5 x 1074 24
1.37 x 107%° 28
5.7 x 1077 32
1.9 x 1072 36
5.0 x 1072 40
1.1 x 107%° i
2.0 x 1072 48

x 10722 52

3.1
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1. Introducticn

The present report is a preliminary attempt to summarize some of the
physical considerations constituting the background of the proposal presented
. . o
recently to the 18R Committee of CERN~ for an experiment aiming to a search

for events in which a large number of gamra rays is produced in a single
proton~proton collision. Processes of this type can have different origins

some of which are discussed below. . .

The experimental setup quoted above is designed to alléw a rather com-
pléte study of the gamma rays produced through usual processes (essentially
neutral pion decays) in proton-proton collisions at c.m.energies of about
50 GeV: the number and angular distribution of charged particles and gamma
rays can be determined for each event, with good angular resolution and
high efficiency (ﬂc = 100%, ﬂY=> 90%) over a 1arge solid angle (about 60%
of 4m) together with a rough estimate of the energy of each shower generated

by the gamma rays detected.

Thus, even if none of the not yet confirmed processes discussed below

1

take place in nature at the ISR energies, the amount of experimental
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formation that would be collected,especially the @ production, and 11 ,

ind
c . L2 5. 1 el an - Il 1 2
- correlation data would constitute a reasonable return for the effort

invested in this research.

- It is possible, however, that superimposed on this background of normal
type, some anomalous multigamma ray events will be observed., These could
originate from different processes, three of which are discussed in the

following.

. . . 2 . .
The first one, proposed by Ruderman and Zwanziger, consists in the

production and subsequent annihilation of pairs of Dirac magnetic poles.

The sccond consisting in the preduction and immediate annihilation
of a pair of leptons of high Z, was suggested to us by T. D. Lee and the
third is the production of heavy particles of high total angular mementum

J.

. The last process was also suggested to us by T. D. Lee and only later
we became aware that it had been previously considered and discussed in more

detail by K. Winter.4

Sections 2 to 5 refer to various aspects of the first of these three
processes, while the second is mentioned, only very briefly, at the end of
Section 2. Finally the third process is briefly considered in Section 6

which contains what we knew about it before we learned of Winter's paper.
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vis process hag been suggested in 1969 by Ruderman and Zwanzilger

in order to explain a few high energy ol C1 gamns

ray events observed in

pliotographic emulsions exposed at high altitudes. These events could

1

not be accounted for by conventional electromagnetic showers originating

from a sing1e>higb energy gamma. They rather appear to be pure photon
showers characterized by a very energebtic naryow cone of some tens of
gamma rays without incident or accompanying charged particles. The radial
spread of photons in the plate suggests a comvelocity corresponding to

13 ; -
> 10~ . When transformed back to thecam. system many OI the photon ener-

~ 7

v
gies are orders of magnitude to0O low to be produced in the decay of neutral
pions. In addition to multiplicity, another peculiar characteristic is, in
some cases, that there exists a large gap, comparable to a radiation length,
before any gamma ray conversion is seen. If not a remarkable fluctuation,

this can be understood only if a narrow photon cone were produced in the

emulsions itself,

As pointed out by Ruderman and Zwanziger a possible explanation of these
events could be the creation and subsequent annihilation of a pair of Dirac

magnetic poles.

The important point, mentioned also be previous authors,5 but fully
used by Ruderman and Zwanziger, is that when a pair of monopoles is produced,
. et . -22
they will probably annihilate in about 10 sec due to the very strong

electromagnetic interaction and will leave behind remanent photons.
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The Rudeirman and Zwan:

At sufficient large distances and low velocities the interaction

javs
>

between a pole-antipole pair is given by the couilomb law
k Iy I & J

nZ
LN B i
. V() = o (2.1)
where
he \ 137
g = mg; = m ( % e } =m Ty e - (2.2)
. .

is the magnetic charge and m is an integer which, according to Dirac, can
. . , 6 .
have any value = 1, while, according to Schwinger, should be at least Z,
and possibly 4. If one takes m = 2 the coulomb interaction is larger by
A

a factor ~ 2 % 10 than the electron-positron interaction. Vacuum polavi-
zation corrections can only alter the potential energy at any distance 1,

while the form factor of the poles, together with possible exchange of

strongly interacting mesons would modify the potential cnly for

<

) r<r = . 10-13cm s , (2.3)

corresponding to the Compton wave length of the lightest hadron.

Therefore, in order for the vacuum to be stable against spontaneous
production of pole pairs at distances down to r ~ ros the mass mg of the

poles should satisfy the condition

2 2
ng c2 - f* = ng 22 - %; : mﬂc2 =0, (2.4)
o
from which it follows
1 EE ﬂE 2 137 x m 2 m2
P e = L L e ° G == . 4-'
mg > zcz ] 5 e W 4 5 4 X 9 é eV 4 10 GeV (2.5)
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Rocause of this very large value of w ihe rave of a Dirac
g
pole is smaller than that of the pien by the factor
T 2 .
o _m 137 (2.6)
= 2.6
T 42 A
o
o
gnd the classical picture provides a rough but adequate description of the

relative motion of the poie-antipole pair at distances 1 2 o while it wouild

completely fail if applied to elect pOSlthn pairs for distances of

N
ot

ne

order of the classical radius of the electrom (v 2 ro)o

b. In order that the pole-antipole pair can be separated once they have
been produced at a distance ~ T, their relative kinetic energy should be

orecater than

2

2
Boo Ut 20 GeV o, (2.7)
o)

even if the cmission of radiation is ignored. This means that the kinetic

energy of their relative motion hoqu satisfy the inequality

. 2
[: Lo - R P (2.8a)
Jl : g 4 T
which can also be written in the form
&2 2
y-1zEts (2.85)
omc
g

Therefore, unless mg exceeds considerably the lower limit (2.5), the pole and

antipole can be separated only if their relative velocity at v = r is rela-

P .
tivistics But the Dirac poles are very strongly coupled to photons

2 2 W2

2 .
g_=.9_<g _m .
he hc \ e > 4 137 . (2.9)




are one can expect (sce point ¢) that in

large frdection of the he residual

kinetic energy of the two poles wmay nct be sufficient for their separation.

1

c¢. DNobody knows how to calculate the spectrum of the radiated photons
. : .
or simply the energy they carry away. The following argument shows, however,
that a large energy loss should take place by emission of soft photons; and

this can be estimated by classical COHSquTOthﬂu, at least for soft photons

belonging to certain spectral regions.

The first assertion is justified by consider the probability that a
pole pair is suddenly emitted with velocity v = c, without an energy loss

exceeding AE to any dipole photon. This is given approximately by the ex-

pression

2
2 m,c mec ..
8 1 o . 2 9 o |
- e e e ool e ~ , - e a2 £ T [ - SRS [
exp [ 30 ho An oo ] exp [ e 137 Ln =2 |

cbtained by replacing g with e in a standard expression used for computing

radiative corrections. This expression should hold when the energy fw given

to any one photon is less than

where T = ro/c is the "acceleration time.' Taking for m? the lowest value

D

(2.5) and for AE the value (2.11), the probabilityA(2.10) turns out to be

negligibly small.

Tn order to estimate the energy loss by classical arguments Ruderman

and Zwanziger distinguish two emission regions: r & ro and r > ro° Such

IS

a division at r ~ Ty is adequate only for soft photons of wavelength not

(2.11)
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lavyge with respect to v Tor the first emission vegion (v € r(} they use
2 ] - 3

I SRR PR e d o] o v PO BT S A AP T e e
the expression of the emittad by exireme vclativistic poles as
L

synchrotron radiation in a fraction of tura of radius L

The justification of this wmodel, not given by the authors, has becn clari-
fied to us by Bruno Touschek who notices that the pole pair is most probably
created in states of large angular momentum so that, for r < r, they describe

arcs of circle of vadius of the order of T (Appendix A). From (2.12) it
3

follows that the fast poles should leave the region r < o with & kinetic

cenergy much smaller than that of the emitted soft photons.

In the second region (r > ro) the coulomb interaction (2.1} will mainly
affect the radial velocity of the poles giving rise to a further loss of the
following order of magnitude
e r r

2 , max 2 . max 2 2
2 g | =2 z [ ( 2 \ dr g om 2
N, ~ = 1t ~ =7 - > —= o~ — mc . .13
Wy ~373 ) |vl™ ¢ 3, 2 c o (2.13)

c Ur c r T
o o 8 g

BL__

&hé emission of hard photons depends upon the dynamical details of monopole
creation.. Since these are completely unknown, Ruderman and Zwanziger sug-
geét to use a statistical model in which an equipartition of energy between
the monopoles and many hard photons takes place at the very high temperature

2 ' e R
kT ~ m ¢~ necessary for relativistic emission.

In conclusion all these considerations suggest that the energy in the

2 . .
cau. should exceed 2 mgc enormously in order to create a free pole~antipole

pair.

. 2,
For energies Ec larger but not too much larger than 2 mgc it appears very

o i

likely that a bound pair of monopoles be produced in a Keplerian orbit whose
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1ifetime for subscouent annibilation into photons depends on the time for

The maximum distance to which the pole-antipole will be carried is
I

19
~ L4

expected to be of the order of 10 cm and the duration before return-

Y -9
22 10 21

ng T tor & T, cshould be of the order of 10 -1 séc. Finally

the number of photons emitted is expected to be very roughly of the order

;

of the coupling constant, i.e. of

?2 2
2 °1 m
N YT Ge T o (2.14)

This general picture not only provides a very reasonable explanation
of the anomalous gamma ray showers observed in cosmic rays, that have been
mentioned above, but would also explain why until now no experimental
evidence has been found for the existence of isolated Dirac poles, even ii

9,10

they would actually exist.

It may finally be pointed out that pairs of bound poles could be pro-
duced in virtual states and give rise to multigamma events even below their

energy threshold.

A completely different mechanism of production of multigamma rays has
been suggested by T. D. Lee, who envisages the creation of pairs of highly
charged leptons (Z » 10). 1In fact, any charged particle with a very strong

electromagnetic coupling would yield such events.

Once multigamma events were observed the question would arise as to
whether they are induced by magnetic monopoles or by particles such as leptons
of high Z. The angular distribution and the polarization of the photons

could be important factors in answering this question.
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n Ly Par -~
and Zwanziger

According to the picture sug

It

marized in the previcus section, at c.m.energies greater, but nct too much

. 2 . Ca . . ;
orcater than 2 m_¢”, the pole-antipole pailrs cshould be produced in geneval

]

ocbiject X, that, for the sake of

in bound states, constituting an eophe

o
rt
Fla
“
L2
o]
—
o

brevity, will be called di-~polium. The production of the pole-a

pairs would become the dominating process only at much higher energies.

Tn view of experiments aiming to observe the production either of
di-polium or of free pairs, it would be desirable to dispose even of a
very crude estimate of the ratio of di-polium to free pair production at

c.m. energies above 2 mgc o

An attempt in this direction has been made by Trefil,_11 who considers
the collision of two particles of momenta Py and Pys in which @ certain
ﬁgmber of hadrons, of total momentum Py and a free pole-antipole pair,
with momenta a4 and q,, are produced. The problem is that of relating
thg amplitude A(pl,pz,pB,ql,qz) of this process, computed neglecting the
pole-antipole interaction in the final state, to the amplitude C(plp2p3q1q2Q)

of a similar process in which the di-polium is produced with momentum Q.

The computation is made by Trefil under two assumptions: (1) in the
first reaction the poles can be treated as free particles (on the energy

shell) which are created, travel awhile and then interact, so that one can
3> 3

write

= A(p.p .
. C(pyP,P4214,Q = A(P;P,Py99,) B(49,Q) (3.1)

wvhere B represents the amplitude which describes the final pele~antipole

interaction. (2) The poles move slowly so that the amplitude B can be
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where for ¥V {y) one
— . i B :
i r) = () Yy (x 3.3)
Hn&m< ) A e O ) (3.3,
Here L is a Laguerre polynomial,
?%2
a = =73 (3.4)
mm gL
&
is the Bohr radius, and
21
W= . (3.5
na . )

As pointed out by Trefil this model is very crude for various reasons:

(a) the interaction between the poles of a pair is so strong that to treat

.

ified;

o

hood

them as free in an intermedizte state [assumption (1)7] is not jus
(b) the lifetimes of the di-polium states are so short, that the use of
gtationary wave functions is also not justified. To these one can add

two more comments; (c) the computation is not relativistic and ignores
the coupling to the electromagnetic fields (Lamb shift); and finally (d)
the pole-antipole interaction is assumed to be coulombian down to r == 0,
while we know that, for r A'fo, the unknown structure of the poles can not
be ignored. On this last point we will come back at the end of this’

section.

With all these reservations in mind one can proceed to compute the

ratio Rn of the-.probability of producing the di-polium in the quantum
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The calculation of this expression is mac vres and with
L :

some computational approximations -- much less dmportant than the physical

Yoot

schematizations -~ gives

3
R_~ 6U'L]%L““ o
n

V4
nint)
From this formula one obtains

7 5 1
R, = 5 X 107, Ry = 1x 107, Ry = 5x 10%, .., R, = 2 X 107 5.

so that one is tempted to conclude that the production of di~-polium in its

lower states is much more likely than that of frec pole-antipole pairs.

One has, however, to keep in mind that the use in Eq. (3.2) of the
coulomb interaction (2.1) and of the corresponding wave functions (3.3),
be not too incorrect for states only extending mainly in the region r > Tt

now one has

_a 2 ) -
<> Ty [3n L+ 1]

where a is the Bohr radius (3.4); which, according to (2.4) and (2.5), can

be expressed in the form

o2 1 1 1 s 1

a=m 22 2137)<m - 2 4 Yo

m (137/2) (137/2) e (137) m

2

Introducing (3.9) into (3.8) and requiring that

. <r> =T
* nd, o

2N
R
-
[

—t

3.8

(3.9)




or

n= .. =

For these values of n, Eqg. {3.7) gives neglipgible values of R_. It wou ld
n

be, however, too hasty to conclude that di-polium is never produced; what

can be concluded, from this order of magnitude estimate, is only

those di-polium states for which the procecure sitetched above makes sense;

[94]

the ratio Rn is always negligible. TFor these states the orbit picture is

valid with good epproximation {correspondence principle) since one has

x/ <’ - <>’ 1 1 1
<r> 2n + 1 V28m‘ 1 5.3 *m '

The corresponding eigenvalues, in the same crude approximation, are given

by

2
2 2mc ny3 m_ ¢ 6
. g 370" 6 _m .. o
E ( 2 > 5= S m = = 710 7 Gev
4n 2 ,

n n

For the minimum value of n defined by (3.10), onc obtains

E = = m2 3.6 GeV
n

where m > 1 according to Dirac, m = 2,0or possibly 4 according. to Schwinger.

For the states with n < noin the situation is probably in some
way similar to that encountered in mesic atoms of high 2: for r & ry

the unknown structure of the poles plays an essential role. The electro-

magnetic interaction between the two pcles does not follow the coulomb

(3.10)
(3.11)

(3.12)




a finite v of v = 0. At
euergy, Che wave O3
the states with b n . are pushel towards lavgey values of 1, so that
min
it is quite possible (but not certain or ewpected) that the production
1 k) i
1
of di-polivm in low lying states takes place w th considerable probability.

The only certain cenclusion of this section is that

moment, the best guess of what way happen is still obtained from the

classical considerations of Ruderman and ger which, at least, try

to take into account, in a qualitative way, the strong couplin

69
o
s
-
o

poles to the e
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Under the assumption that the general plcture suggested by Ruderma

Zwanzigey 1s bacically correct, one can proceed to examine this particul

a9

mulii~gamma production under various conditions. This has been made by

2 7

authors, in particular by M. Cabibbo and M. Testa who have prepaved an

lished "iemo" the content of which is reported in this and in the following

section

This section regards the limits on the amplitude of the production of di~

o
noana

iar

various

unpub-

polium (X) by a single photon which can be obtained from the present experi-

mental limits on Q.E.D. breakdown.

For this scope two sets of experimental data are used: the results
at Adone on the production of pailrs of muons, and the results of the (g
experiment.

L Cabibbo and Testa start by considering the process

+ -
e +te - Y +ny 7 Ny

in which a total number N of photons is emitted, n of which may be called

prompt photons. Such a process could arise from diagrams in which a number

4 of photons is attached to the e+e- line (Fig. 1). The simplest model
the black boxes is given by the poles loop (Fig. 2).

Not much can be said on this process, excépt general "theorems"

1) There is no interference among diagrams with even and odd 4

(C-conservation):

for

+
2) Neglecting dlagxamo in which real photons come from the e e lines,

the amplitude of process (4.1) goes to zero if the momentum of

of the outgoing photons vanishes (Appendix B).

any

9]

(4.1)



comnbined with

woevent all the photons

space considerations, ind

tend to have the s¢

o]
2, .\ Y R S A |
) 4E = SR T = + a 172 .0
P-4 < H ) ' Z: = }‘e . N\/ 4] OX >.J X l ’ (:/“ o '2>
\ == Lok,
N =1 Vol

+

vhere the first term originates from all diagrams with photons attached to the

L_4

+ - . . \ v . . .
e e line (Fig. 1) and o, 172 is the interference term between graphs with

I S
&1 and &2 photons attached to the e e line.
The limit that can be stated from Q.E.D. refers only to Ox {(4E7): it

cannot, in any rigorous or semirigorous way, be related to a limit on c since

. . 1
.the interference terms could make ¢ greater or smaller than C by an unknown
- x ° X

factor. Thus this limit is only indicative.

. - . 1,20 . \
In order to obtain such a limit one notices that a, (4E") is connected

to the absorpltive part of the photon self-energy by the relation

t 1
m (t) = —=— o_(t
Im w, (£) === o (L) “.3)
where the subscript X indicates that this is the contribution of the state X

to the absorptive part. One can then compute the correction to the photon

propagator at momentum transfer t as

.

1
o

[1 - ()] | (4.4)

Py

et fe-

where
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(4#*5}
and z"\“‘, as a congtant given by
1 1,
1 1 o o, (c;) 1 O G}' (L)
el e ds = dE e -
2 7o) de s 7 B (4.6)
A Zx-’ﬁ o 00 Z'H’LC: ¢]
From the ensemble of all Adone results Cabibbo assumes tentatively the
- . - -2
following limit on A "t:
to ) 2
= < 0.1 where t, = (2 GeV) .7
A
. . . s . + - + -
which correspond to a 20% deviation in the e e ~— p p  cross section.
Since, however, one has
(s) _ (2E) 4 012 '
o+ - = 0 4 - + - = = S (4.8)
VAT ete” 2 3 .2
4LE
one obtains from (4.5) and 4.7),
to o -1
5 = 3 [ GIJ:-‘LM“ (2 Gev)]) .
b
One finally hds
o re ds
— == < 0.1
3 S




or =
i da
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At this point Cabibbc

1 ) ,
o, (%) ¢ constant for B > L
O 4 (1) *i‘ 0 for E < 'E[C
f J

U

which means, according to Eq. (4.8), that both cross sections behave 1ik

for s > s (<2805
S I0r S8 S(_) Luo .

The the integral appearing in (4.9) becomes

_ 1 <
j ds Oleﬁ) _ j ds % (s) 9 iy, - (8)
s o -+ (2 GeV s 0 4 -(8) O 4+ ~(2 GeV
ph€ ) Tt AT<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>