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A SEARCH OF A MECHANISM RESPONSIBLE
FOR BREMSSTRAHLUNG ENHANCEMENT
IN HADRONIC REACTIONS
I. SHOCK WAVES AND ESCAPING QUARKS

BALEK. V..')) PISUTOVA, N..') PISUT, J.,") Bratislava
ZINOVIEV, G. M.,}) Kiev

We study three mechanisms which could effectively lead to the enhancement of
bremsstrahlung in hadronic collisions: i) shock waves in the hadron gas formed in the
collision. ii) bremsstrahlung of the “electric™ type emitted by a quark escaping from
the intermediate system formed in such a collision and iii) bremsstrahlung of the
“magnetic” type within this approach.

We come to the conclusion that these mechanisms cannot explain the enhance-
ment of very soft photon production observed in hadronic and hadron-nucleus
collisions.

I. INTRODUCTION

A few years ago Chliapnikov et al. [1] found an enhanced production
of very soft photons in K*p interactions at 70 GeV/c. They observed prompt
photons with p; < 40 MeV/c, concentrated at very low longitudinal photon
momenta in the c.m. system: —0.001 < x < 0.008. The enhancement was con-
sistent with the contribution from hadronic bremsstrahlung, but larger in size
by a factor of about four.

The Helios (NA-34) collaboration at CERN have recently found [2] a similar
very soft photon enhancement in 450 GeV/c p-Be and p-Al interactions. The
excess photons have been observed in the range of 4 MeV/c < pr < 20 MeV/c
aty=yv,,=0.

Asan important additional information concerning the results of Ref. [1] the
Helios collaboration have discovered that very soft photon production depends
steeper than linearly (perhaps quadratically) on the associated charged multi-
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plicity at y ~ 0. The p,.— spectrum of very soft photons is again similar in shape
to the bremsstrahlung from final state hadrons but larger in size by a factor
similar as in Ref. {1].

In this paper we shall refer to photons with p; < 2040 MeV/c as to very
soft photons, in contradistinction to the soft ones corresponding to
100 < p; < 400 MeV/c.

The results of Refs. [1, 2], if taken literally, are a sort of a conundrum. The
faster than linear (perhaps quadratic) dependence on the associated charged
multiplicity indicates that very soft photons might be radiated from the inter-
mediate stage of the collision [3]. On the other hand the Low thecorem [4] (see
also the recent analysis by Andersson et al. [5]) shows that it is very dif-
ficult to produce very soft photons from the intermediate stage. _

In particular the uncertainty relation requires that the time for emitting a
photon with energy w is of the order of t ~ 1/w which makes') ¢t ~ 10 fm/c for
o ~ 20 MeV. In the same way the transverse dimension of the system emitting
a photon with p; ~ 20 MeV/c should be of the order of 10 fm.

In a more quantitative way this uncertainty relation is built into the Landau
Pomeranchuk [7] mechanism (for a good review see [8]) which might be con-
sidered as a classical analogy of the limitations imposed by the Low theorem,
applicable when the particles in the intermediate stage can be treated classically.

Perhaps the conflict between the data and the theoretical expectations only
indicates that there is something wrong with the data. In fact, the Chliapnikov
et al. experiment is challenged by an earlier experiment by Goshaw et al.
[15], where 7™ p collisions at 10.5 GeV/c were studied by the same technique but
no extra very soft photons were found. Moreover, the Chliapnikov et al. result,
as well as the better part of the Helios results (the one coming from the p-Be
experiment) is only about 3.5¢ effect. Consequently, multiplying the theoretical
values by a factor of 2 would be enough to comply with these experiments
essentially within 2o.

Although the data on the enhancement of the production of very soft
photons are not very convincing, there is still the problem of how such an
enhancement could possibly be explained. This question can be dealt with in two
different ways: one can try to improve the approximation of the standard
bremsstrahlung formula by including correlations between charged hadrons in
the final state, or one can go beyond the bremsstrahlung formula and look for

") A possible formation of a very large intermediate parton system in hadronic collision
consisting of very soft partons has been recently proposed by Van Hove [6]. We shall not
discuss here this alternative possibility of understanding very soft photon production in hadronic
reactions.
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new physical mechanisms for the production of extra photons during the
collision or after it. We shall explore the former approach in the following
paper, and here we confine ourselves to the latter.

The purpose of the present paper is to study three possible candidates for
explaining the enhancement of a very soft photon production in hadronic and
hadron-nucleus production, namely:

i) phenomena similar to shock waves in the hadron gas formed in hadronic
collisions,

ii) bremsstrahlung of the “electric” type emitted by a quark escaping from the
intermediate system formed in such a collision and pulled back by the
chromoelectric string [9, 10] between the coloured quark and the rest of the
partonic system,

iii) bremsstrahlung of the “magnetic” type emitted by the quark trying to
escape from the intermediate system in the same scenario.

We are aware that the mechanisms suggested here are not realistic. This is
especially true about the scenarios with escaping quarks requiring the existence
of strings of the length of about 10 fm since before a string is pulled so far it
should break into quarks and antiquarks. The point in investigating these
scenarios is to show that even the unrealistic models of the intermediate state do
not work.

The paper is organized as follows. In Sect. 2 we review the basic formulae for
bremsstrahlung emission. The three candidates for the enhancement of brems-
strahlung are discussed in Sect. 3 and 4. Our (negative) conclusions are sum-
marized in Sect. 5. Some additional material concerning the basic formulae for
bremsstrahlung is given for the sake of completeness in the Appendix A.

II. GENERAL FORMULAE FOR BREMSSTRAHLUNG EMISSION

The standard expression for the number of bremsstrahlung photons radiated
by a classical particle moving along the trajectory r(¢) reads as follows?) [11]
3
;.Qﬁx =0m§.l?l.:_N.@I\ﬂu va
4r? w

dn =2

where dN is the number of radiated photons, k, @ are the momentum and energy
of the photon, n = k/w is the unit vector along the photon momentum, a =
= e*/4r = 1/137. For the case of a single scattering and for @ < 1/At, where At

°) Note that in Ref.[11]. chapter 14, instead of dr x n there is (dr x n) x n. For intensity of
radiation both formulae are equivalent. The amplitude in the latter formula gives also the correct
polarization of the photon.
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is the time interval during which the scattering occurs, we obtain easily from
Eq. (1)

2 13
aZHI&-P _\x:l_\xz m|» @)

A’ *1=v.n 1—v.nl o

Here v is the velocity of the radiating particle before and v’ after the scattering.
Eq. (2) is valid also in relativistic quantum theory, where it can be derived from
the Feynman diagrams (the argument can be found in any textbook on quantum
electrodynamics, see e.g. [14]).

The physics behind Eq. (2) is rather simple. The term (v x n)/(1 — v. n) gives
the amplitude for the photon radiation corresponding to the immediate stop-
ping of the incident particle, whereas the term (v’ x n)/(1 — v . n) determines
the amplitude for the immediate acceleration of the final state particle. The
formula for bremsstrahlung in the collision

this group. Since the magnitude of velocities in this group |v,| ~ 1, one writes,
still for this group,

a + Nv - M ﬁ.:
where a, b are the initial and ¢, the final state particles, can be easily written as

dN

a 1 v.xn v,xn v, x n Pd’%k
== ¥ — 2, — B —
Aae_. ~l<_..: _IS.:

3

b
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where Q,, Q,, O, are charges of the corresponding particles in units of the
elementary charge e.

In order to obtain the cross-section the right-hand side of Eq.(3) has to be
multiplied by the hadronic cross section do/d’p,d*p, ... d°p, and integrated over
momenta of the final state hadrons.

For the situation as in Ref. [2], when one measures the p,-dependence of very
soft photons at y =0, Eq.(3) can be simplified [12]. We shall give here a
simplified derivation of the formula which is perhaps crude but leads to a
qualitatively correct result. One divides particle in the final state into two
groups. The former contains those with y > y, and those with y < —y,, the
latter contains particles “close” to y = 0, that is —y, < y < y,. This division is
admittedly rather arbitrary and the idea is worth checking by Monte Carlo
simulations. Particles with y > —y, and with y < —y, are supposed to be
moving forward or backward (along the beam axis). Since one measures
photons in the direction perpendicular to the beam axis, v;n = 0 for particles in
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this group. Since the magnitude of velocities in this group |v;| ~ 1, one writes,
still for this group,

M\QM vix n -0, -0

; ~IIS.= .—ll—\n.z ,—lﬁ\&.:

~ =V, x n{(Q,— Q) — (@ — CD)}

v, X n v, X n

~

where Q7 (Q}) is the total charge of particles Bo<.5m after the ooE.mmos in the
direction of particle a (b). The prime above M indicates Hrmm the sum ?..ooooam
only over particles with |y| > . Denoting bQC@V =Q,— 0, m:a assuming the
neutrality of particles within —y, <y < ¥, leading to @, — Q; = —AQ(y,), we
obtain

v,x n

yo, 4= 9 _0,-2X " (v, x 240

a b
i l—v.n 1—v,.n 1—v,.n

v,xn

Note that {v, x n| ~ 1. .
The amplitude from particles with —y, <y <, depends very mﬁ.noum_w on their
momenta. Assuming further that contributions of .:..nmu _um:_o_.am are, m.?on
averaging over events, mutually incoherent m:a also incoherent with oo.sﬁ:vc-
tions from particles with {y] > y,, we obtain from Eq.(3) the following ap-
proximate expression

dn.,
%ﬁ L I_» 93&““# < (AQ(yy)) > +4R < Q\<> > B%Wu @
where Ay = y, — (—yo) = 2o and

2
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where Wy, p;) denotes the velocity of the final state particle with y m:a. prand
P(p,) is the properly normalized p,-distribution, { &’p,P(p;) = 1. Taking now
as definite y, = 1/2 we have

g e O L Q\_&,T <(40)Y > +4R < QM’W_ VM. (6)

In practical applications one often assumes that the orﬁmn @msm?n w<$ AM. Yos
yo) is the same as over y = 0. As it follows from the discussion the formula _m_
based on numerous assumptions which mE.ucE better .@o S.mﬁoa by s:Bn:ow
studies. In particular it neglects the correlations of particles in the final state. It
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might be, however, suitable for a qualitative discussion of the influence of
various effects and we shall use it below in this sense.

Riick!’s constant R [12] is estimated as follows. Take the beam direction as
the z axis and the direction of the photon as the x axis. The velocity of the
charged particle becomes v = (p,cos @/E, prsin @/E, p./E), the energy being

E = (p? + m?)'2chy. Then
lvx nff =0+ =@+ p)E’

v.n = prcos Q/E,

where @ is the azimutal angle of vin the (x, y) plane. The expression under the
integral in Eq. (5) then becomes

vxn | , (m’+ pish’y)+ pisin’d )
1—-v.n [(Vm? + pichy — p,cos D
A realistic p; distribution is
P(p;) = P(pr, @) = w_i A’e ™, A =6[GeV/c]" @®)
T

where we integrate over dp,d®. Inserting Egs. (7) and (8) into Eq. (5) we obtain
4R ~ 1.76, which gives R ~ 0.44. The value of R depends on the shape of P(p,).
The distribution in Eq.(8) corresponds to {p;) = 2/4 = 0.33 GeV/c. For
{pr> = 0.4 GeV/cwe have 4 = 5[GeV/c] ' and we get R ~ 0.54. In the original
paper by Riickl [12] the quoted value of R has been 0.35, which is somewhat
lower than our results. A detailed study of this point requires accurate informa-
tion about experimental p,-distributions.

1I. BREMSSTRAHLUNG ENHANCEMENT DUE TO THE SHOCK WAVE
LIKE MECHANISM

The term “‘shock-wave-like mechanism” will be understood in this section in
a very wide sense as any mechanism in which the transverse velocity of final state
particles is rapidly changed during the space-time evolution of the hadronic
collision. As a typical situation we shall consider the following one. Suppose
that when final state hadrons are created some collective mechanism gives to all
of them an additional collective velocity v, (the velocity of the shock wave) in
addition to their individual velocities. The collective mechanism stops at time ¢,
and after that time hadrons have the velocity distribution which is observed in
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the final state. Thus a time dependence of the velocity of a hadron becomes
v(t) = v, for t > 1,

v, + 0, &)

vty =v, = fort < t,.

1+ Dy,
For simplicity we have considered here only a hadron with Y=Yem= 0.

We have now to find a formula for the bremsstrahlung nmm_.m:os ofa ga.ﬂoz
whose velocity rapidly changes during the space-time evolution of a collision.
This is easily done by using Eq. (1). Suppose the hadron is created at 1 = 0 and
denote

A= %saw x pelet =, (10)
0
under the conditions specified by Eq. (9) we easily find*)
A=A+ 4,
A =0 X0 et ) 1)
iw(1 — n.vy)
A= — VXN e - o)

io(l — n.vy)

Even at this stage it is qualitatively obvious that the second term corresponding
to the radiation from the final state particle will dominate. Take a very soft
photon with ® ~0.01 GeV. In that case

fic  0.2GeV fm
@ 001 GeV

v, x n

|4} ~ ~ 20 fm, (12)

1—n.v

where we have taken the term containing v, as being roughly 1. .
In the A4, term for o, (1 — n. v,) < 1 we can expand the exponent to obtain

_.A__I:. va

Unless. the shock-wave-like mechanism acts for surprisingly large times
comparable to 10—20 fm, the term A, will be much smaller than 4, msm .9@
additional radiation due to the shock-wave period will be only a negligible
correction, but certainly not an enhancement by a factor of four. . .
Another trouble is caused by different phases of 4,, A, . A, is purely imagin-

3) The generalization of this expression to situations with a larger number of obrupt changes of
<n_00=< is given in Appendix A.
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ary, whereas A, in the approximation made is real
A=A, +A4,~t, +120fm, (14)

which means that there is no interference term and |A]> = |4,* + |A4,)* with |4,)?
giving a typical bremsstrahlung like contribution and |4,|* being flat at low w.

Quantitative estimates are based on the Eq.(5) with the term |(v x n)/
/(1 — v. n)} being replaced by the corresponding term of the amplitude given
by Eq. (11). The relationship between v, and v, is specified by Eq.(9) and the
final state distribution of v, is given by the function P(py) in the Eq. (8). The
results depend on values of ¢, and v, (see Eq.(9)) but for reasonable values of
t,, say t;, < 3-—4 fm/c and v, of the order of velocity of sound in the free
relativistic gas, v, ~ v, ~ /\a the bremsstrahlung enhancement is not substan-
tial.

To show that numerically we shall simplify the calculations by considering
only bremsstrahlung by a particle with y = 0 when the outgoing photons are
also registered at y = 0. The beam direction is taken as the z-axis and the
direction of the outgoing photon as the x-axis. The azimutal angle of the
radiating particle in the x, y plane is denoted as @. ’

mal” bremsstrahlung of the final state particle
for the shock wave duration a) ¢, = 1 fm/c, b)
t, = 5 fm/c, ¢) 1, = 10 fm/c. The ratio is plotted 0.0E 000
as a function of the photon energy w. Note the
scale on the vertical axis.

- a
nﬂt\ﬂ \Qd. % .34 ™ .1 43% 1‘1‘#

@
o =1 8 o e [n
=3

S o© o
photon energy [Gev]

40E 0014 R
3 4
. '\'
3.0E 001 .,\
= ..\
20€ 001 ,,\
] / b
E / ra
] 2 xd
Fig. 1. The ratio R of the additional bremsstrah- 1.0E 001 \ \\
lung during the shock wave period to the “nor- 3 * Vo
E /S
o

0.0
0

The square of the amplitude 4 in Eq.(11) can be rewritten as follows

1 (v,sin @)
? (1 — v, cos P)?
2v, sin @ ﬁ v, sin @ v,sin @

- _IOOmeN_IgooWS“_m
I —ovcos @ _Icwooanﬁ [on( ! :. (16)

|4? = o

+.
@*(1 — v, cos D)
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where the first term on the right-hand side corresponds to the bremsstrahlung
from the final state particle, whereas the second term is an addition due to the
shock wave. The contribution of both terms is obtained by multiplying |4}’ by
the corresponding v, distribution given again by

P(py, ®)dp,d® = .N_l A*e "dp,do
/4

with 4 = 6 (GeV/c)™! and v, = p;/v/p? + m}. The relationship between v, and
v, is given by Eq. (9). Results of calculations are shown in Fig. 1, where we plot
the ratio of the second term on the r.h.s. of Eq. (16) to the first term in the r.h.s.
of Eq.(16).

The results show that the ratio is increasing with @ and it is rather small. The
fastest increase naturally apprears for the case 7, = 10 fm/c, which is also
expected from the uncertainty relation.

IV. BREMSSTRAHLUNG OF A QUARK TRIYNG TO ESCAPE FROM THE
INTERMEDIATE SYSTEM

In this section we shall study a possible enhancement of bremsstrahlung
emitted by a quark escaping from the intermediate partonic system formed in
hadronic collision and pulied back by the confining force. This mechanism has
been proposed in Ref. [9] as a possible signature of the formation of the
quark-gluon-plasma (QGP). In Ref. {9] the authors have studied the emission of
hard photons, with energies, say above 0.5 GeV. Here we are concerned with
another question: whether this mechanism can lead to the enhancement of very
soft photons. In the original Ref. [9] the authors have used standard formulae
for “magnetic” bremsstrahlung emitted by particles moving in circular ac-
celerators.

These standard formulae are applicable for photon frequencies w > a,,
where @, is the cyclotron frequency, w, ~ ¢/R, where R is the radius of the
charged particle trajectory. Suppose now that the escaping quark moves along
a roughly circular path with R~ 2 fm. Then, #w; ~ fic/R ~ 0.2 GeV fm/
/2 fm ~ 100 MeV.

Standard magnetic bremsstrahlung formulae are therefore not applicable to
very soft photons and we have to start from the very beginning, namely from
Eq.(1).

We shall discuss here first the “electric bremsstrahlung™: a quark escapes
with the kinetic energy FE in the direction perpendicular to the boundary of the
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partonic system and is pulled back by the chromoelectric field (see Fig. 2). The
motion of the quark in Fig. 2 is controlled by the standard equation

d mv
TN 4

where m is the rest mass of the quark and we have assumed that the quark is
pulled back by the constant force given by the string tension o = 1 Qa<\m5 =
=0.2GeV?in units fi = ¢ = 1.

&

Fig. 2. Quark Q is escaping from the intermediate partonic system (IPS) and is pulled back by the
chromoelectric flux tube.

Solving this equation we find that the velocity is roughly constant over the
whole trajectory and rapidly changes sign at the turn-over point, see Fig. 3.

In calculating the very soft photon emission we shall thus assume that for
0 < t < T = E/othe velocity is constant and equal to vy, whereasfor T < 1t < 2T
it is again constant and equal to — v,. The number of emitted very soft photons
is then calculated by using Eq.(1). The result is

&< N
d*,dy - MWN [vo x AP{(4,) + (45}, (18)
ﬂ._.uo

where Q? is the squared quark charge in units of e and

A = llmlﬁooﬂeﬂ: — V.M -1} —
o(l — v,.n)

- |_[~oom [2oT(1 + v,.n)] — cos[wT(1 + v,. M)}  (19a)
ol + v,.n)

1
- i 1 —v,.n) —
A, i = 7o sin [T ( V,. N

1

- {sin[20T(1 + v,. N)] —sin{oT(1 + v,.M]}. (19b)
ol + v;.n)
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Note that for @ — 0 there holds 4, ~ w and A4, ~ @’. This vanishing of both
amplitudes at w — 0 is easy to see directly from Eq.(1). When performing the
integral in Eq. (1) over a closed trajectory at which w(r — n. r(¢)) <€ 1, we obtain

A~ fdrx ne =" (drx n+ [io(t — n.r@)drxn+ ... (20)

The first term gives Ar x n, where Ar=r,— r; is the displacement vector
between the end point r;and the initial point r, of the trajectory. For our simple
case this is equal to zero. The second term is also vanishing because the quark
goes through every point twice with opposite velocities. Only the term propor-
tional to ®? is nonvanishing in our case.
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Fig. 3. The dependence of velocity on time for

an escaping quark with £ =3 GeV. The ap-

proximation used in calculating the bremsstrah-
lung is shown by the dashed line.

Fig. 4. Comparison of the “electric” brems-

strahlung spectrum of a quark escaping and

pulled back with a) E=1GeV,b) £ =3 GeV,

¢} E=5GeV and d) E = 10 GeV with a typical

bremsstrahlung spectrum of a final state pion
with energy of 0.5 GeV.

The experimentally observed [1, 2] excess of direct photons is concentrated
near y =y, . = 0, hence let us assume for the moment that the intermediate
parton system from which the quarks are escaping is formed at y = 0 and that
the quarks are escaping isotropically. The number of bremsstrahled photons is
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obtained from Eq.(18), averaged over all directions of v,. The result is given by
the expression

LN _ 0D [

i sin’v{(4,)’ + (4,)*}dv, (21a)
0

where 4,, 4, are given by Eq. (19) with v;. n replaced by v,cos v and <Q> is a
mean square charge of quarks equal to 2/9. Eq. (21a) is easily integrated numer-
ically. The spectrum of radiation emitted by a quark trying to escape and then
pulled back is compared in Fig. 4 with the spectrum of the bremsstrahlung
radiation of a pion with £ = 0.5 GeV. In both cases we assume a spherically
symmetric source at y = 0. The bremsstrahlung by a pion is calculated as

N H N
e&,\ ui&l% m:_JAlriv %. (21b)
d’k 8rn'w? Jo 1 —vycosv

The results presented in Fig. 4 show clearly that the radiation emitted by an
escaping and pulled back quark has a completely different @ — dependence
from the bremsstrahlung of a freely escaping pion. Because of that the radiation
of escaping and pulled back quark cannot explain the bremsstrahlung enhance-
ment.

This is true even if we do not restrict the length of a chromoelectric string at
all. The contribution of the strings of realistic length to the production of very
soft photons is of course negligible.

We shall now briefly discuss the case of the “magnetic” bremsstrahlung of the
escaping quark. The term denotes a situation when the escaping quark moves
along a more or less rounded trajectory, close to a circular one (see Fig. 5). The
terms “electric” and “magnetic” are not strictly exclusive and the difference
between both types is for some trajectories rather arbitrary. For our present
discussion it is sufficient to refer to the “electric” type trajectories as to those
with small Ar = r,— r, and to “magnetic” ones as those with large Ar.

For magnetic trajectories the expansion in Eq. (20) leads to

I3

Fig. 5. Trajectories of escaping quarks leading

to bremsstrahlung of the “magnetic™ type: IPS

— intermediate partonic system, a), b): two
trajectories as examples.

A~ [drx n+io(—n.r))drx n=
= Ar x n+iwc, + ¢, 0’ + 0(w’). (22)
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The square of the amplitude then behaves as
|4 = (Ar x n + ¢, 0"} + @’¢i + ... (23)

This behaviour is still qualitatively different from the true bremsstrahlung of
free particles in the final state, when the amplitude develops the singularity
~ 1/ due to the infinite integration range in Eq. (1). When the amplitude 4 is
inserted into be Eq. (1) the true bremsstrahlung behaves as

dN
d%k,dy

1
.
y=0 eN

whereas the “magnetic”” bremsstrahlung leads to

dN

o WO ~ 2
&, dy a+ po°.

y=0

Because of this difference already on the qualitative level, we shall not study the
magnetic bremsstrahlung here in more detail.

V. COMMENTS AND CONCLUSIONS

We have studied here three possible candidates for the enhancement of
bremsstrahling: i) the enhancement due to “shock-wave like”” mechanism, ii) the
“electric” type soft photon radiation of the escaping quark and iii) the “‘magnet-
ic” type radiation of the escaping quark. In cases i) and ii) we have presented
also some quantitative results, the item iii) has been discussed only on a qualita-
tive level.

The net result of our study is simple. Neither of the three discussed mechan-
isms can explain the observed enhancement of the bremsstrahlung [1, 2].

In all cases the factor which excluded a given mechanism has been the Low
theorem [4] with the Landau Pomeranchuk type of argument [7] as a quan-
titative expression of limitations imposed by the Low theorem. There are, of
course, also other possible mechanisms which can lead to an enhancement of the
bremsstrahlung from final state hadrons, like: the Bose Einstein correlations,
other correlations of particles in the final state, multiple scattering of pions in
the hadron gas formed during the collision, very soft photon radiation in
interactions of partons in the intermediate parton system, radiative decays of
heavier resonances, etc. As regards a possible relevance of these possibilities a
few comments are in order
__ all correlations of hadrons in the final state have been included into the

analysis of data in Ref.[1] and therefore no correlations can be responsible
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for the discrepancy between the data of Ref.[1] and the bremsstrahlung
calculation of Ref.[l].
— as regards the discrepancy between the data of Ref. [2] and the calculations
based on formulae of the type of Eq. (6) any effect of those mentioned above
can contribute
it is difficult to imagine that a mechanism which would remove the dis-
crepancies between the data and the bremsstrahlung calculations in both
W.mm. [1]and [2] would not include at some stage a system with a typical space
dimension of the order of 10 fm and time intervals of 10 fm/c. Such a
mmosmlo has been proposed recently by Van Hove [6] and it seems that
his model is a most likely candidate for the sought-for mechanism.

e
Another, not yet excluded candidate are radiative decays of heavier resonan-
ces [13] produced at y ~ 0.

P b \n.
- P e a
P i k
Ulr /// //ﬂ/+ k
N ~,
® ®

Fig. 6. Feynman diagram for bremsstrahlung emitted during the scattering of a particle on an
external potential.
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APPENDIX A

5.\0 mrm: give rS.n the expression for the bremsstrahlung from a charged
particle trajectory with the multiple scattering. Eq. (1) can be rewritten as

a dk
dN = —— AP
4’ i (Al)
‘with
A= b.aﬁ X peie =, (A2)
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Succesive scatterings and velocities in between these scatterings can be denoted
as indicated in Fig. 7. On the basis of Eq. (A2) it is easy to show that A can be
decomposed as

A=A +A+..+A.,, (A3)
where
b_ _ mmE:oI:;ﬁov v, X n Hﬂix: —g)1—n.v) :
io(l1 — n.v)

\DN _ Qmi: —-n.r) v, X n _”Omefnl:v: -0 :
io(1 —n.v)

b v, X n TE;‘;L:_ —nv) :
il —n.v,)

b - nixc.»_\:.a.i

A _ wme:‘.la._.:v V, . X n m |:
1= T — .
" io(l—n.v, )

(t,.7)

V. v, -
; \\\\ ~ " Vo4t
{tg) (ty5) {tai)

Fig. 7. Multiple scattering of a charged particle.

Note that the formula has a necessary property that when in some of the
scatterings the velocity is not changed, the scattering can be omitted from Fig.
7 and also from the sum in Eq. (A3). The formula simplifies in a situation when
all the exponents in square brackets are much smaller than 1. In such a situation
we have

A = omeecua.é?\_ x n)(t, — &)

A, = e 1=.€T\~ x n)(t,— )

i1, _ | —n.6,_y)
A =c""! (v, x n)(1, —1,_1)
with A, , , remaining unchanged.
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NOUCK MEXAHHU3IMA OTBETCTBEHHOI'O 3A YCUJEHME
TOPMO3HOI'O M3JNYUYEHHSA B AJAPOHHBIX PEAKHMAX.

1. YAAPHBIE BOJHBI U BbLIJIETAIOIMME KBAPKH

Hccnenyrores Tpu MexaHH3Ma, KOTOPbIe MOTTH 6bl 3eKTHBHO BHI3BATH YCHIICHHE TOPMO3HOTO
U3JIy4eHHUS B CTOJKHOBEHHSAX aIPOHOB: BO-TIEPBBIX, YAAPHLIC BOJIHBI B AJIDOHHOM ra3e cOaiaHHOM
NpPH CTOJIKHOBEHHH, BO BTODBIX, TOPMO3HOE H3JIyYEHHE (JIEKTPHYECKOTO THUNIA» MCHYCKAEMOe
KBAPKOM BBLICTAIOIHAM H3 NMPOMEXKYTOYHON CHCTEMBI, KOTOpas o6pasyeTcs NMPH TaKOM CTOJIK-
HOBEHMM, H B TPETBUX, TOPMO3HOC M3JIYYCHME «MATHHTHOrO THNA» B paMKax 3TOr0 MOAXOMA.
IMoka3biBaeTCA, 4TO 3TH MEXAHH3MHU HE CIIOCOOHBI OOBACHUTE YCHIICHHUE TPOAYKLIMH OYEHbL MATKHX
¢$oTOHOB HaG/I01aEMOE B AZAPOHHBIX M aAPOHHO-SACPHDBIX PEAKLHUSX.
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