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We discuss the present status of experimental information on, and theoretical under-
standing of the production of very soft (p1 < 30 MeV/c¢ or s0) real and virtual photons in
hadronic interactions. We expect that the data will undergo a time evolution towards the
shape required by Low theorem and Landau-Pomeranchuk mechanism. Some recently
suggested proposals for intermediate stage processes leading to enhancement of very soft
photon production are qualitatively analyzed.

PACS numbers: 13.40-f

1. Introduction

The production of very soft (pr < 30 MeV/c or so) photons in hadronic reactions
is expected to be given by bremsstrahlung radiation off incoming and outgoing hadrons
and by the radiation from the intermediate stage of the collision. The bremsstrahlung is
a well understood, essentially classical mechanism and the difference between data and
bremsstrahlung off external legs can bring interesting information about the intermediate
stage formed in collisions, in particular about its space-time dimensions.

The present experimental information is rather controversial. Data on very soft
photon production in ntp interactions at 10.5 GeV/c are consistent with bremsstrahlung
from incoming and outgoing hadrons, whereas similar data obtained in K*p interactions
at 70 GeV/c and in p-Be and p-Al collisions at 450 GeV/c seem to be of the same shape as
expected from bremsstrahlung off initial and final state hadrons, but the magnitude of
very soft photon production is by a factor of 2-4 higher.

*' Presented at the XXIX Cracow School of Theoretical Physics, Zakopane, Poland, June 2-12,
1989.
** On leave of absence from Department of Physics, Comenius University, Bratislava.

(149)



150

This enhancement extending uniformly over the very soft region is believed to contradict
very general statements: Low theorem and Landau-Pomeranchuk mechanism for suppress-
ing very soft photon production from intermediate stages of the collision.

The purpose of the present paper is to review briefly the data and discuss the nature
of the inconsistency of the available data with Low theorem and Landau-Pomeranchuk
mechanism. In making so we shall have to distinguish two cases. In bubble chamber
experiments the complete information on charged hadrons in the final state is available
and the bremsstrahlung from incoming and outgoing hadrons can be calculated accurately.
The discrepancy between very soft photon data and bremsstrahlung calculation is very
well defined.

In electronic experiments only an incomplete information about the final state is
available and the bremsstrahlung contribution has to be calculated by using approximate
formulas. In this situation one has to calculate or estimate various possible corrections,
mostly due to correlations in the final state, and only after that one can estimate the discrep-
ancy between data and bremsstrahlung contributions.

Because of that the rest of the present paper has the following structure:

2. A brief review of data :
3. Bremsstrahlung formula, Low theorem and Landau-Pomeranchuk mechanism
4. Exact and approximate formulas for bremsstrahlung in hadronic collisions
5. Corrections to approximate formulas due to correlations in the final state
5a. Bose-Einstein correlations
5b. ntn— correlations from resonance decays
Sc. The increase of {p;> with dN/dy
5d. Charge transfer dependence on dN_,/dy
6. Models of intermediate stage contribution to very soft photon production
7. Concluding remarks.

2. A brief review of data

In a bubble chamber experiment Goshaw et al. [1] have studied very soft photon
production in 7tp interactions at 10.5 GeV/c. The signal remaining after subtracting decay
photons has been consistent with expectations based on bremsstrahlung from final state
hadrons. The results are shown in Fig. 1. The total number of registred photons has been
840-+166 whereas bremsstrahlung calculation has lead to 671.

Bremsstrahlung calculations have been based on the exact formula

do” a 0 -0:0,p:° Py dohsdr
0 =— d*p,d°p, ... &°p, AN LN - . (1)
d*k 47:2sz P P2 (i k) (k) T &py ... dp,

3

Here k denotes photon four-momentum (I-c', o), p; are four-momenta of final and initial
state hadrons, Q; — charges in units of ¢ and initial state hadrons have an additional
minus sign in the sum over i, j. We shall come back to Eq. (1) later on.

Quatitatively different data has been obtained in another bubble chamber experiment.
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Fig. 1. pr-dependence of direct very soft photons in n*p collisions at 10.5 GeV/c [1]. Solid line denotes
" remsstrahlung calculations
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Fig. 2a. x-dependence of direct very soft photons as obtained in Ref, [2]. Solid line gives bremsstrahlung
expectations; b. pr-dependence of direct very soft photons as obtained by Chliapnikov et al. [2] (private
communication by Y. Goldschmidt-Clermont to V. Hedberg, see Fig. 68 in [3]).

Chliapnikov et al. {2] have studied direct very soft photon production in K+p interactions
at 70 GeV/e. After having subtracted photons coming from all known hadron decays they
found signal similar in shape to bremsstrahlung but larger in size by a factor of about
three. The results of Chliapnikov et al. are shown in Figs. 22 and 2b.

Most recent data on direct. very soft photon production has been obtained in an
electronic experiment in p-Be and p-Al interactions at 450 GeV/c by the NA-34 collabora-
tion [4] at CERN. The result on p;-dependence of direct very soft photons are presented in
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Fig. 3a. pr-dependence of direct very soft photons at y ~ 0 in p-Be collisions at 450 GeV/c. Solid line

denotes bremsstrahlung calculations based on the approximate formula Eq. (2); b. pr-dependence of

direct very soft photons at y ~ 0 in p-Al collisions at 450 GeV/c. Solid line — bremsstrahlung calculations

based on the approximate formula Eq. (2); c. Multiplicity dependence of very soft photons at y ~ 0 with

4 < pr < 20 MeV/c. The symbol N3, denotes multiplicity of charged hadrons with 2.9 <9 < 5.0 (n ~ 3.5
corresponding to c¢.m.s. rapidity y ~ 0)

Figs. 3a and 3b (Fig. 6.3 in Ref. [5]). The NA-34 group have also studied multiplicity
dependence of direct very soft photons. It seems that [4, 5] production of these photons
increases faster than linear, perhaps quadratically, with the rapidity density of hadrons
at rapidities close to that of the photon. Results are shown in Fig. 3c (Ref. {4] and Fig. 5.4
in Ref. [5)).

It has to be stressed, however, that the data by NA-34 collaboration are preliminary
and one has still to wait some time for final results. The statistics of the NA-34 data will
be also significantly increased in the 1989 run.

In making comparison with bremsstrahlung calculations the NA-34 collaboration
have used an approximate formula

do" o
W g =
&’k 7’k2

2
[(AQ’) +0.35 Nen +0.05 (dN °") ] ot ®
dy dy
Here, ky is the transverse momentum of photon at y ~ 0, {(4Q3) is the average charge
transfer squared, over y ~ 0 and dN,_,/dy is the rapidity density of charged hadrons at
¥ ~ 0, e.g. at the same rapidity as the one of the photon. We shall come back to this formula
later on.

Suppose now, for the moment, that all the data are correct. This, taken at face value,
would indicate that at 10 GeV/c very soft photons are produced only by bremsstrahlung
off initial and final state hadrons. At higher energies, starting at least with 70 GeV/c there
appears some new mechanism, (presumably connected with what happens in the inter-
mediate stage of the collision), which produces very soft photons of about the same shape
as the bremsstrahlung but of a size by a factor of about 2-3 larger. In what follows we
shall argue that this is very unlikely.
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3. Bremsstrahlung formula, Low theorem and Landau-Pomeranchuk mechanism

Bremsstrahlung off incoming and outgoing hadrons is essentially a classical mechanism
and it is not surprising that both classical and Feynman diagram-based arguments lead
to the same result.

The classical formula for the number of photons emitted by a charged particle moving
along trajectory 7(t) is given as follows [6]

2d3k

dN = =
T 4n? ()

, 3

j dF x né@—ED

where w, % is the photon energy and momentum and the rest of the notation is selfexplana-
tory. Note that Jackson [6] writes 7 x (dF x n) instead of dr x 1 in Eq. (3) but so far as we
are not interested in polarizations of photons, both formulae are equivalent.

In a special case when the velocity changes abruptly at ¢ = 0 from ? to ¢’ the integral
in Eq. (3) can easily be calculated (constributions from ¢t = + oo are neglected because of
w + ie conventions) and we obtain

k3 v'xn oxn
dN = - I - .
Hio(l—n-v") io(l—n

C))

In fact, this is the whole entry ticket to bremsstrahlung calculations. The former term in
Eq. (4) corresponds to an abrupt acceleration of a particle from rest to velocity ¢/, the latter
term corresponds to an abrupt stopping of a particle with velocity v. Eq. (4) is easily general-
ized to the case of scattering of a charged particle on a scattering center, the result being

da’ wra @ | O'xR oxn | )
CPr = 4n? lio(1=n )  io(l—n )|
A little exercise shows also that Eq. (5) is equivalent to
do"’
dsk o.hadr4 3 ("aya”)¢ (63)
where
_ pn Pll (6b)

WPk TR
where p’, p are four-momenta of the charged particle after and before the scattering and
k is photon four-momentum.

For a multiparticle production the formula Eq. {6) is simply modified by adding
to the amplitude g, the term Q(p;),/(p; * k) for any outgoing particle with charge @, (in
units of the elementary charge e) and the term — Q«(p),/(p; * k) for any incoming particle.
With this modification Eq. (6) reduces to Eq. (1) given above.

For the sake of completeness the standard derivation of Eq. (6) from Feynman dia-
grams is sketched in Appendix A.
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Low theorem

In a simplified version Low theorem [7, 8] essentially says that at very low photon
momentum (k, - 0) the amplitude for photon production is dominated by the
bremsstrahlung radiation off incoming and outgoing charged particles.

To see the point let as consider a scattering of a charged particle on a neutral one.
The scattering without radiation is shown in Fig. 4. The photon leg can be attached either
to external (Figs. 5a, b) or to the internal charged leg (Fig. 5c). When the photon line

p p!

a) 'y

Fig. 5a. Photon line attached to the incoming charged particle; b. Photon leg attached to the outgoing
charged particle; c. Photon leg attached to the internal charged particle line
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is attached to the incoming line, there appears the charged particle propagator with the
denominator (p—k)>*—~m? = p>*—m?—2p -k+k>. Since the incoming particle is on the
mass shell p?2—m? = 0 and since the photon is real k2 = 0. Because of that the denominator
reduces to —2p - k and the amplitude corresponding to Fig. 5a beécomes proportional to
1/p «.k developing a singularity at £ — 0. The same happens with the photon line attached
to the external charged particle in Fig. 5b. The virtual charged particle in Fig. 5¢ is not on
the mass shell and the amplitude corresponding to Fig. 5c is therefore not singular for
k — 0. For k — 0 the whole amplitude is' dominated by diagrams in Fig. 5a and 5b. The
singularity is essentially connected with the.infinite time of the propagation of a particle
which is strictly on the mass shell. This is seen also from the classical expression in Eq. (3).
The integral in Eq. (3) develops a singularity for @ — 0 (see Eq. (4)) only because of an
infinite region of integration.

An interesting question, of course, is: at what photon energy w the contribution
of the amplitude in Fig. 5¢ can be comparable with those in Figs. 5a and 5b. The answer
is intuitively obvious: the amplitude in Fig. 5¢ may be comparable to those in Fig. 5a and
5b for @ > 1/4t where At is the time of the collision.

The statement can be qualitatively substantiated by what is usually referred to as the
Landau-Pomeranchuk: effect {9] or photon formation time (for a good exposition see e.g.
Ref, [10]).

Landau-‘Pomeranchuk effect

The point is best seen in a case of a double scattering of a classical charged particle
shown in Fig. 6. The corresponding amplitude entering Eq. (3) is defined as

A= jd? x nel@-¥D )
and a trivial calculation gives

- I
v Xn v,Xn

2 — eiw(u —;'-;1) -
io(1—n D)

+ eim(ez—u)(i—;.’-?)’,)_l =
[ ] io(l—n-vy)
— glottz—nTy) v3Xn . ®
io(1—n-v;)

Up to phase factors the first and the third term in the r.h.s. correspond to what we find
in Eq. (4). The second term represents a contribution due to radiation from the motion
of charged particle between (75, #,) and (r,, t,). It is the classical analogon of the photon

line attached to the internal leg of a Feynman didagram in Fig. Sc.

(!2,?2)
(t,,F,} -~ £}

-

Y
Fig. 6. Double scattering of a classical charged particle
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The first and the third term in Eq. (8) have the singularity 1/w whereas the second
term goes to a constant (f,—?;) (b, x 1) for @ — 0. The second term is comparable with
the other ones when the exponent in the square bracket is of the order of 1, that means
for w(ty—t,)(1—n*0,)~ 1, that means certainly for wd? > 1, where At = t,—t,.

" Note that the exponent in the second term can be also written as (¢,—1,)/f, with
t; = lo(1—7 + 3,) being the so called formation time of the photon [9, 10]. A little nu-
merical exercise is very instructive.

The following table gives formation times 4¢ and corresponding frequencies wq,. For
w < w, the formation of photons is suppressed.

5 fm/c
40 MeV

At
Do

1 fm/c
200 MeV

10 fmjc | 20fmjc | 40 fm/c
20MeV | 10MeV | 5MeV

®

The Table shows, for instance that in order to produce very soft photons with & ~ 10 MeV
from internal legs in an amount comparable to photons from external legs we need forma-
tion times of the order of 20 fm/c or larger.

4. Exact and approximate formulas for bremmstrahlung in hadronic collisions

The exact formula for bremsstrahlung emission in hadronic collision Eq. (1) has
been derived in arguments below Eq. (6). In a non-relativistic notation the formula reads

as follows
do" 1 do™*
0)——:— == —a—z -5 T T d3p1 dap,,
d’k 4r° o d&’py...d°p,

- - - - - - 2
vy xn v,xn Dy x 1t
Qi - = a-u - =3 =3 I (10)
1- 1—-v,'n .
i

X

v;°n

Here a and b refer to particles in the initial state and subscript i refers to final state particles.

As pointed out by Cahn [11] and Riickl [12] the exact formula Eq. (12) can be approxi-
mated by a more simple expression. Suppose we are interested in production of photons
at y, m. ~ 0. Most of final state particles are moving with velocities |y,] ~ 1 either forward
or backward. The photon is moving roughly perpendicularly to these particles so v;* 1t
~ U, 1l ~ Uy 1 ~ 0. Denoting the total charge of forward (backward) moving particles
as Q.(Q;) the term within the symbol of the absolute value in Eq. (10) becomes

— By X 1(Q,— QL) — b, X 11(Q,— 03)

since v, = —v, and assuming . Q,— Q. = —(Q,— Q) we have with IZ,_I ~ 1

do” a1 2
(wﬂ )n = B LLCI 02 (11)
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This contribution should include only particles: moving with rapidity larger than some

reasonable value, say |y| > yo ~ 0.5 and consequently the average charge transfer <4Q?)

should be understood also as‘a charge transfer over the interval (—yq, yo).
Contribution of different hadrons within (—y,, y,) is assumed to be incoherent.

One hadron contributes
da’ a 1
(w ~——) = —5 — OpaadR,

&Pk), 41’ w
where
' ) 2
o(y, xn
4R = — dy f dpy f VLU a2).
~ = 1=y, p) -
_‘,o ;

and the total bremsstrahlung becomes

da‘y adr x 2

where 4y = 2y,. In performing the averaging over py and ¢ we have used a phenomenologi-
cally motivated distribution

P(pr, ¢) = A’pre™ 7", (14)

with 4 = 6 [GeV/c]-*. Typical values of parameters are <4 0*> ~1 and R~ 0.44 for
Yo ~ 0.5.

In Eq. (13) we have neglected all correlations between final state hadrons. The effects
of correlations will be discussed in the next Section.

3. Corrections ta approximate formulas due to correlations in the final state

Correlations between forward (backward) going particles are irrelevant since only
the total forward (backward) charge contributes to {4 0?>. We shall be therefore interested
only in correlations between particles within —y, < y < yo which will modify the second
term in the r.h.s. of Eq. (13). The exact formula for bremsstrahlung radiation can be.

written as
a,hadr
d3 3
d3 T an? : l,_[ Py - p,,: :Q'ai

- -
v;Xn

Tia(l—p; my

) (15a)

where

(15b)
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The quadratic term in Eq. (15a) in-an explicite form gives

¥ Qal* = ¥ 14> +2 L 20, Re (a; - af). (16)
If all correlations are neglected the second term vanishes, as can be easily checked. Eq. (16)

shows also that only two-particle correlations count.

5.1. Bose-Einstein correlations

Consider a hadronic collision with N, positive and N_ negative pions within —0.5
< y < 0.5 in the final state. The choice of this interval is not quite arbitrary. Due to its
denominator the bremsstrahlung amplitude v x affic(1—n + )] is concentrated in a cone
and one can show that to photons at y ~ 0 only pions within the rapidity interval —0.5
< y < 0.5 will give a significant contribution. Bose-Einstein correlations between pions
of the same sign can be described by a joint probability distribution

Py(P1» P2) = P(p)P(5;)C(p1, P2), an

with C(p,, p,) being given by a phenoménological expression
- —-» 2
C(@1, p2) = ¢ [1 +aexp [— (51-2—(%)—]] ; (18)

with ¢~ 1, a~ 1 and o ~ 100 MeV/c.
The contribution of the second term in Eq. (18) to the bremsstrahlung is given via
Eq. (16) and (15) as

do} o
© 5 = 3o O G NN =D +E NN -~ D, (19)

where

(P1—p2)*\ vy xn Dy X7
S5 )i 101 i S - L TL D)

I, =ca f P(p)P(p,) exp(

To estimate the r.hs. in Eq. (19) we first put Ny = N_ = N,/2, ¢~ a~ 1 and evalute
I,, in a simplified situation when both pions have y = 0 and constant velocity
v = {pr)[KE). In this situation we have

1 J J‘ v? sin ¢, sin @,
I, = 2_ do,
o

(1—-vcos ¢y)(1—=vcos ¢;)
0

x exp [—-2(1—cos (¢, "¢2))/Az]’ (21)
where 4 = \/20/p ~ /2 100 MeV/400 MeV ~ 0.35.
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A simple numerical integration then gives I,, ~ 0.17 which leads to

do} «
(D-‘;é% = W Nch(Nch—2)0.17. (22)
The comparison with Eq. (13) shows that
bremsstrahlung enhancement due to BE Nen 03
bremsstrahlung without BE T4 (23)

The enhancement due to Bose-Einstein correlations depends quadratically on N, = dN,,/dy
but it cannot explain the enhancement of bremsstrahlung by a factor of about three. For
instance, for rather large rapidity density of N, ~ 6 the Bose-Einstein correlations will
give an increase of less than 159%.

5.2. nta~ correlations from resonance decays

We shall show here that back-to-back n*n~ correlations expected from ¢° decay lead
to the enhancement of bremsstrahlung relative to the case of uncorrelated ntn-. For
a rough estimate consider a simplified situation. Suppose that we are observing photon
at y = 0 in the direction perpendicular to the beam. The cross section for bremsstrahlung
by 7+ and 7~ both at y = 0and produced with the same velocity v = {p)/({pr)*+m?)'* is

de’ « 1|0 Dy % v_xn |?
» =™ S5 2 ] 24
&k 4n* *|1-7, I—v_+n (24)

If n+n- are uncorrelated the cross-section should be averaged over directions of pions

in the plane perpendicular to the beam axis. In this way we obtain
do” a0
W5 = 2“3 5 Yno-corrs
d’k 4n° w?
sin ¢ sing’ |?

Ino-col‘r = (2 )ZJ‘ ¢ ¢ ll UCOS¢ I—vcos ¢'

()

Simple calculation gives I, .o, = (2/v*) (y—1). For the case of back-to-back correlation
the cross-section is again given by Eq. (25) with 7, ., replaced by

2=

1 sin ¢ sin(¢+n) T
Tore = oy Jd¢ [I—UCOS¢ B 1—vcos (¢+7l)] . @9
0o

The calculation gives I, = 2y. The ratio R = I /I, .ore = (7+1)/y depends on a single
parameter {p;). This dependence is shown in Fig. 7. For realistic values of (p;) ~ 0.4 GeV
the ratio is about 1.3. Note that our simplified model probably overestimates the effect
and one can expect 10-209; of bremsstrahlung enhancement due to back-to-back correla-
tions due to resonance decays. A quantitative estimate of the effect can be obtained only
by Monte .Carlo’ simulations of multiparticle production including- resonance decays.
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Fig. 7. The dependence of the ratio R = I.qee/lno-corr On the mean transverse momentum <{pr)

5.3. The increase of {py> with dN,/dy

The amount of bremsstrahlung by a particle accelerated abruptly to velocity v increases
with ». Because of that an increase of {py) of final state hadrons leads to an increase in
bremsstrahlung emission. The data [13] give evidence of the increase of {py) with charged
multiplicity. For the sake of simplicity we shall roughly estimate the effect by considering
radiation emitted at y = O by a charged pion at y = 0. The bremsstrahlung emission is

given as
dN x oxn |* «
o= — \ = I , 2
(o] &k Arle? < 1~U'nl > At (pr>) vx))
with
i - fdp  opp)sin® §
I = Az AP‘I‘d b i 28
e f e or I 2 [1—v(py) cos ¢1* (28)

1] o

where A = 2/(py) and v = p/(pi+mZ) 2.
In Fig. 8 we present the dépendence of I({py>) on {py). The shape of I({p¢)) is practi-
cally linear. The cross-section for bremsstrahlung emission

.do? o

dN,
= . ghedrg, Tk 29
@ 3k 41z2w20 1y dy IKpr) (29)

increases somewhat faster than linearly with dN_,/dy but at 70 GeV/c and 450 GeV/c the
increase is rather small, the effect being larger only at the highest ISR and Spp$S energies.
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Fig. 8. Dependence of bremsstrahlung emission on <{pr) of radiating pions at y = 0

5.4, Charge transfer dependence on dN_,/dy

The Cahn-Riickl formula Eq. (13) contains as an essential parameter (4 Q). Charge
transfer across y, , = 0 has been studied in bubble chamber experiments and analyzed
in cluster and parton models. The data show that at fixed s, (4Q?) increases linearly [14]
with total charged multiplicity. The data [14, 15, 16, 17] seem to suggest a linear increase
of <40Q?) with (dN4/dy),-, and the same conclusion seems to follow also from neutral
cluster [18, 19, 20] and parton models [21, 22]. It seems therefore that the term with <4 Q%)
in Eq. (13) leads to linear dependence of bremsstrahlung emission on (dN/dy),-, but
the issue deserves more detailed experimental and theoretical study.

The discussion of effects of correlations on bremsstrahlung emission can be summarized
rather simply: the effects can increase the bremsstrahlung but not more than by about
50% and much faster than linear dependence (like quadratic), cannot be obtained in this
way.

6. Models of intermediate stage contribution to very soft photon production

In this Section we shall consider a few models trying to obtain an increase of very
§oft photon production.

Shock-wave-like mechanism

The term shock-wave-like will be understood here in a broad 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 follow-
ing 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)
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in addition to their individual velocities. The collective mechanism stops at time #; and
after that time hadrons have the velocity distribution observed in the final state. Time
dependence of the velocity of a hadron becomes

o()=v, for t>1t,

Uy+0,
=0
2%

for t;>t>0.

For simplicity we consider only hadron with y = 0.
For the number of emitted photons we obtain from Eq. (3)

d3k _
dN = ym |A1+A2|2 - 31)
where
vy xn Loty (1~mo1)
A, = T ST ! -1 ’
Y jo(l—n 7)) Le ]
532 x h’ _
A, = joty(1 nv;) 32
2 la)(l Uz) [e ] (32)

when no shock-wave is present the amplitude corresponding to 4, vanishes and in 4, we
have to put 7, = 0.

ot

R
[
03}
0.2
]
o1+
a
1 e t—T—T 1T 1 1 |g
0.02 0.04 Qo6 . 008 a1 OJZ
‘wlGeV]

Flg 9. The ratio of the additional bremsstrahlung during the shock-wave period to the brem5strahlung

emifted when no shock-wave is present. The three curves correspond to shock-wave duration of a — I fm/e,

b — 5 fm/e and ¢ — 10 fm{¢. The ratio is plotted as a function of photon energy . Noté the scale on the
vertical axis
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‘As before we average over py and ¢ by using P(py; ¢) as given in Eq. (14). For definite-
ness we put o, = /1[3.
" In Fig. 9 we plot the ratio of the additional bremsstrahlung in the presence of a shock-
-wave to the bremsstrahlung emitted without the shock-wave. :
The additional bremsstrahlung is rather small below w = 20 MeV/c even for shock-
-wave duration of 20 fm/c, which is completely unrealistic for hadron-hadron collision.
The reason is obvnous it is the effect of the photon formation time discussed below Eq. (8).

Bremsstrahlung off a quark trying to escape from the intermediate system

The model is based on Refs. [23, 24]. It is assumed that during the hadronic, hadron-
-nucleus or nuclear collision an intermediate partonic system is formed. A quark is then
trying to escape from the system but it is pulled back by chromoelectric flux tube. The
situation is shown in Fig. 10. The bremsstrahlung emitted by the escaping quark depends

-Fig. 10. Quark Q is escaping from the Intermediate Partonic System (IPS) and pulled back by the chromo-
electric flux tube

on the time spent by the quark outside of the system and this, in turn, depends on the energy

of the quark. Detailed calculations [25] show that the situation is very similar to the pre-
vious model. Even for a quark escaping with energy of 10 GeV, the emitted radiation
is. by a facto’ri of ten smaller at photon energy of 20 MeV. Any realistic distribution of

- energies of escaping quarks leads to very soft photon spectrum of a shape substantially
different from that of bremsstrahlung.

Van Hove’s Cold. Quark-Gluon Plasma

On the basis of studies of multiparticle production by a QCD showering mechanism
[26, 27] Van Hove [28] has suggested that an intermediate parton system composed of
Cold Quark-Gluon Plasma (CQGP) may be formed in hadronic collisions. The time-scale
of the system is expected to be Af ~ 7 fm/c. Characteristic rest-frame momenta of partons
in a glob of CQGP may be as low as 20-30 MeV/c.

Van ‘Hove’s CQGP would emit very soft photons either by bremsstrahlung due to
current fluctuations or in processes like Q+Q — y+g or g+Q — 9+ Q. In both cases
one expects suppression of very soft photons below wq ~ 20 MeV. In the case of brems-
sttahlung this is due to the finite formation time of photon in the case of partomc sub-
processes the maximum of photon emission is expected to be around the average parton
momentum of 20-30 MeV.
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A very nice feature of Van Hove’s scenario‘is a possibility to understand in a single
picture various very soft phenomena, like intermittency fluctuations, peaks in inclusive
hadron spectra at p; — 0 and peaks at low |P1 — P, | in correlations of identical pions. The
quantitative predictions for very soft photon production from Van Hove’s model are not
yet available.

‘Shuryak’s dense pion gas {29]

A dense pion gas formed in heavy ion collisions and .debatably also in K+p, p-Be
and p-Al collision would also radiate very soft photons either by current fluctuations or by
ntn- annihilations. It is however difficult to imagine that the spectrum would have the same
shape as that of bremsstrahlung, the problems being similar to but still amplified in compari-
son with CQGP.

Charge oscillations in the intermediate partonic system

Bremsstrahlung production in a large system of oscillating charges is given by a straight-
-forward generalization of Eq. (3)
dN? o
- = —
d*k  4an?

2

o YL e
Jn X — j(r, )03 dy| | (33)
e

The oscillations in a pre-equilibrium QGP has been studied by Biatas and Czyz [30] and
by Bialas and Blaizot [31] and suggested as a possible source of bremsstrahlung enhance-
ment by Emelyanov [32]. No detailed calculations are so far available and it is not at all
clear how one can obtain' very soft photon spectrum of a similar shape as the
bremsstrahlung.

7. Concluding remarks

-As seen from various attempts discussed above it is very difficult and probably
impossible to obtain very soft photon spectrum of the bremsstrahlung shape from the
intermediate stage mechanism (in a specific model this has been already pointed out by the
Lund group [33]). The whole problem is clearly seen from the numbers in Eq. (9). In order
to enhance very soft photon production at w ~ 20 MeV an intermediate stage extending
in time over 47 = 10 fm/c is required and for w ~ 10 MeV one needs 4¢ = 20 fm/c what
is certamly not realistic in hadronic or hadron-nucleus collisions.

An acceptable scenario would therefore require something of the form shown in Fig. 11.
Very soft photon spectrum should be roughly consistent with bremsstrahlung expecta-
tions for @ < g, with w, > 20 MeV and rising above these expectations for @ > w,.
The value of w, would thus give a valuable information about the size of the intermediate
system.

It is also very difficult to obtain much faster than linear dependence of very soft
‘photon production with dN, ./dy. One would rather expect a linear dependence plus a small
admixture of a quadratlc one.

To sum up: there are essentlally two possibilities for the evolution of the field in the
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Fig. 11. Expected shape of very soft photon spectrum in hadronic cellisions, dashed line — expectations
from bremsstrahlung, w, — photon energy at which significant deviations from bremsstrahlung calculations
begin to be visible

near future. In the former one, the present indications given by the data (partly preliminary)
will be confirmed and very soft photon production will become a real c,:onundr.um with
data running against all expectations based on Low theorem and the concept of the forma-
tion time. Since these expectations are rooted rather deeply in quantum mechanics — in
fact not very far from the principle of indeterminacy — this perspective is not very attractive.
In the latter one more accurate data, to be obtained soon, will be consistent with brems-
strahlung expectations for w — 0 and the deviations at larger @ will bring very interesting
information.

The authors are indebted to V. Cerny, C. Fabjan, J. Fta¢nik, U. Goerlach, V. Hedberg,
D. Jackson, K. Kajantie, P. Lichard, O. Pavlenko, J. Schukraft, L. Van Hove and W. Willis
for comments and discussions. One of the authors (J. P.) would like to thank C. Cronstrom,
K. Kajantie and M. Roos for the hospitality at Helsinki University where this work has
been finished.

APPENDIX A

We shall sketch here, for the sake of completeness, the standard derivation [34] of the
bremsstrahlung formula from Feynman diagrams and then present the covariant expression
for bremsstrahlung in multiparticle production. The amplitude of Feynman diagram in
Fig. 5a is (notation of Ref. [34])

p—k+
)

Using pe* = 2pe*—&*p and pu(p) = mu(p) and neglecting £ in the numerator we
obtain '

M, =e /i a(p)M®

M, = —e Jan a(p )M“” u(p)

@k
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The notation used is standard and M® is the scattering amplitude without the photon
emission. Making the same for the diagram in Fig. 5b we find

) D g* . g¥
M = M,+M, = @(p)Mu(p) \/4ne(1;,.k - ;.k> (A1)
and
Lok . g* |2 d3k
do" = deOana |5 _ P A2
AT T k| G20 (A2)
summing over polarizations we find
d’k
de? = doV4na(—a”a W) —— e )32(0 (A3)
where
_ P _ P
al‘ - pl . k p- k ¢

‘Expressing (A2) in terms of velocities of the outgoing and ingoing partlcles photon energy
and direction we obtain

P oxh P
—| dwdQ (A4)
—v'n

;;I

o X
- =
-v'-n  1-

do’ = de'®

47’0 |1

which is equivalent to Eq. (5) used above. Bremsstrahlung emitted in a collision of two
particles with charges e, e; and momenta p,, p, leading to particles with charges Q; and
momenta ¢; is still given by the expression (A3) only the amplitude a, has to be expressed as

(ql)[l _ (pl) b(p2)n

This is' equivalent to Eq. (6) in the text.
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