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Il. CORRELATIONS IN THE FINAL STATE
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Followi i
T o:w_ %m_“~MWMMMMQMm paper we mE&‘rQn the possible effects of correlations
diseuse: ) tho e a rons on Em.oS;m._‘oz of bremsstrahlung. In particular we
a2 ) anvonam:o_:mﬁm_z correlations, ii) short range correlations between 7+
Sererdene mcpenid :nﬂo _A.wwv on n:mnm.ma multiplicity and iv) charge transfer
lnear denengrms om.u:ﬂ 1 w n cases i) and :._V mrn correlations lead to a faster than
et o Bop o ¢ bremsstrahlung emission on multiplicity. Neither of these
s o an e excess of very mon photons in K*p interactions at 70 GeV/e
correlations have been taken into account. The effects are also too small :w

explain the enhanced producti i
plan the p ction of very soft photons in 450 GeV/c pBe and pAl

I. INTRODUCTION

Th . . .
as 1) M%MMMMM_MN@Q% a continuation of our study [1] (in the sequel referred to
Tons msno anism OmunJ\ soft photon production in hadronic reac-
o 0 me\\ocﬁ Mmzwﬁm%m ‘very mom::v:oﬂosm with c.m.s. momenta of the
order of 100 Mey o ntradistinction of “soft™ photons with momenta of the
" /MQMWO%H:M:MS:_ an:o.coz in hadronic collisions has been studied in Refs.
=w<a,moc.sa :z:m.m: Hm+ ovBan.mR not yet understood. Goshaw et al. [2]
Shelars s I 7" p interactions at 10.5 GeV/c the production of very soft
T ot oo con: H_.mﬁm:ﬂ with the bremsstrahlung emission by final state hadrons.
Py >_o:m Mm the EQBM&EE:.:W production they have used general
S um:mo_ovng r_x A in 1) taking into account all correlations between
At arte M In the final state. As the input information on the charged
e utions the authors have taken their own data in the same experi-
. lapnikov et al. [3] have observed very soft photons in K*p in-

i
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teractions at 70 GeV/c. Their analysis proceeded in the same way in Ref. [2].
Their bremsstrahlung calculations from final state hadrons are also based on
general formulas, taking into account all correlations, and as input the authors
have also taken their own data on charge particle distributions obtained in the
same experiment. Still, in contradistinction of Ref. [2] Chliapnikov et al
have observed a very soft photon signal, similar in shape to the bremsstrahlung
contribution, but with a magnitude about 4 times larger.

If both experimental results [2] and [3] are correct, there should exist some
threshold between 10.5 GeV/c and 70 GeV/c above which a new mechanism
responsible for very soft photon production is operative.

The most recent information on very soft photon production in hadronic
collisions comes from the NA-34 collaboration at CERN SPS [4]. Very soft
photons observed in pAl and pBe collisions at 450 GeV/c are again similar in
shape to the bremsstrahlung emission and again larger in magnitude by a factor
of 4. The information about charged hadrons in the final state in this experiment
is rather incomplete and instead of general formulae taking into account all
correlations one has to be satisfied with approximative ones (see, €.g., Eq. 4)
in I). The data on very soft photons in Ref. [4] are larger by a factor of 4 than
the results based on these approximative formulae.

The NA-34 collaboration have discovered [4] that very soft photon produc-
tion at y ~ 0 increases faster than linearly with dN,,/dy at y ~ 0. This fact is
probably closely correlated with the quadratic dependence of low mass ete”
production in pp collisions at /\m — 63 GeV found by the AFS collaboration at
CERN ISR [5].

If the interpretation of the K*p experiment at 70 GeV/c is correct, 1t is most
likely that the correlations of the final state hadrons play no essential role in the
bremsstrahlung enhancement. If, on the other hand the interpretation were
wrong, it would be that the correlations in the final state might possibly be
responsible for at least a part of the enhancement observed by the NA-34
collaboration.

The purpose of the present paper is to examine the latter option.

The paper is organized as follows. In Sect. 11. we analyse the effect of the
Bose — Einstein (or the Hanbury — Brown and Twiss) correlations on the brems-
strahlung emission. Section III. deals with the 7~ correlations, like those
expected from the o° decay on the bremsstrahlung enhancement. The effect of
the {p,y increase with dN,/dy on the bremsstrahlung emission is discussed in
Sect. IV. The effect is interesting since it leads to a faster than linear dependence
of the bremsstrahlung on dN,,/dy. The dependence of the charge transfer over
y =0, {(AQ)» on dN,,/dy and its effect on the bremsstrahlung is analysed in
Sect. V.

Comments and conclusions are presented in Sect. VI.
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IL. THE BOSE EINSTEIN CORRELATIONS
AND THE BREMSSTRAHLUNG ENHANCEMENT

mmowjm:n M:ﬂmmmo: wm very soft photons with wave lengths larger than the dimen-
Ton wo t M radiating system (for @ = 20 MeV the wave length is 2 ~ 27x
m ~ 63 fm) can be described by classical formulae. The bremsstrahlung of
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where dN is the number of radi
‘here : lated photons, @ — the photon
direction of the radiated photon, @ = 1/137 and d*k = euﬂeab .QMMnm% e
tum space volume of the photon. o e momen:
The bremsstrahlung emission in a hadronic collision is then given as
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Oﬂsmm. (2) .:“m index j mmmmnm to the final state pions (we are forgetting now about
ouhe Zmrm:_o .m@, g, (N H?J 1S .:5 inelastic hadronic cross-section for produc-
pon positive and N negative pions and P+, P,- are probability distribu-
e zozdm:Nna to 1l .mmma Integration over the corresponding momenta. Eq. (2)
nom:m\ nSMMMM a.oi: in a form assuming no correlation between negative and
, since we a i i instei i
oLy re dealing here with the Bose — Einstein correlations
OQWMoaMoc_mmma n more detail in Eq. (4) in I, the total bremsstrahlung at y ~ 0
el mmzwrmmmmﬁ _Um:_%_mm can be approximately divided into two parts. The
Ipole radiation of the forward and backw i :
! ard moving particles
proportional to the charge transfer AQ» % ,
; across y = 0 and the latter is d
pro 1 er is due
o %Mnmqmm_ Mﬂwﬁm particles E:.: ¥ ~ 0. The Bose Einstein correlations between
oo mM ackward) moving particles are unimportant, so we shall discuss
ore nly the effect Om the BE correlations among particles with y ~ 0. The width
M t ma_..o_n<m5 rapidity interval can be estimated as follows.
ccording to Eq. (1) the radiation off an outgoing particle is proportional to
2
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where $is the angle between vand n. To find the maximum of the radiation (the
dimension of the cone) we put x = cos & and find the maximum of the ex-
pression v (1 — x)*/(1 — vx)?. It turns out that x,,,, = v, which means cos 9,,,, =
= p. The bremsstrahlung goes therefore predominantly into the angles 1 —
— $/2 > v, which implies 3 < /1 — v? = 1/y. If we detect radiation at y = 0,
a substantial contribution will come only from particles with y < 1/y. Thisis due
to 9~ tg 3= p/p; = mshy/p; ~ shy ~ y (note that 3is the angle between the
direction of the photon and the velocity of the radiating particle). For a pion
with E ~ 0.3-—0.4 GeV we have y ~ 2—3. For the sake of definiteness we shall
take as the central region (dominantly contributing to the bremsstrahlung at
y ~ 0) the rapidity interval —1/2 <y < 1/2.
The bremsstrahlung of particles from this interval is given as

do? a 2
o ——=—0,(N*, Zlv%_MQMQN Pu(py, ... py+) P (qy, .. qn-)*

d*k 47
* :&uﬁm d’ di> 3)
where
a=—221 )

“ie(l - v.n)
and in contradistinction to Eq. (2) we consider now an event with N positive
and N_ negative particles in the rapidity interval (—1/2, 1/2), other particles

being irrelevant for the argument.
The square of the amplitude entering Eq. (3) is

= M _n.._N + 2 M Q%Q\.Wo@\@&. 5)

i<j
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Suppose now that there are no correlations between particles in the final state.
In that situation the probablities P,+ and P,- in Eq. (3) factorize. After averaging
over the events (over P+ and P,-) we obtain

i<y

) =Y dal>+23 0,0, Re((a)<a). ©)

AA M Qa;
i
Since {a;) = 0, the second term vanishes and we are left with the result
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Here Ay = | : as ion i
P =1 and the last expression in the r.h.s. has been evaluated in I as

5
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As a final result for no correlations we have
w0
Qu\ﬂ AVNNNSN O.}AZ * 2 vzﬁ.b_.\wu AOV

where N, = (dN,,/dy) Ay.

In the situati i i
ation with correlations the amplitude averaged over events becomes

(z0a )=T1al +2 5 0,0, Recaa, (10)

i<j

where

Reda,a®) = [d’p,d’p,a(p) a*(p) P,(p,, py) an

and
P(p, p) = %%Ab: Py, ... pydip,dip, ... d’py
for both P+ and P

Eq. (11

: %3 M_mﬂwowwom”ﬂw Mﬂmw the c.&ﬂmmqw:_:sm is influenced only by two — body

correla m:wo::m:.o:mo m:wom:m:o om:.Sme can be obtained by taking the experi-

M o v e n the Bose — m._:ﬁo_: correlations. The experimental 7+ 7+
mstein correlation functions can be roughly described as

P(p,, p) = H.AU_VEAUNVQAU: p,), (12)

Cp, p) = mﬁ_ + anU_HICU_ — UNVNH:
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with

(13)

withec~1,a~1and g~ 100 MeV/c.

The first t i .

e USE%M mﬂ the rh.s. of Eq. (9) is not affected by correlations and leads t

bremsstrah] ung production given by Eq. (9). The second term gi o
ahlung enhancement due to the Bose — Einstein correlations gives the

SQO.MmI a 1
Tk ag W 2;@ NoW, ~D+in (v - :Y_N (14)
where 2 ,
N_NHmm.qﬁﬁb_vavaoxﬁAfQu_ EUNVNvA vV, X n v,xn ,
20° _l_\_.zvpl_\u.:vah_%ww.
(15)
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To estimate the r.h.s. in Eq. (14) we firstput N, = N_ =N, /2, ¢ ~a~ 1 and
evaluate roughly Eq. (15) in a simplified situation when both pions have y =0
and a constant velocity equal to v = {p;>/{E). In such a simplified estimate we

have

L= Pﬁhge_ ﬁaaeu v’sin & sin @, .
2n 2r 0 (1 — vcos @) (1 — vcos Py)
#*[—2(1 — cos (P, — @,))[ A
with A = /\mq\ﬁ ~ /\m 100 MeV/400 MeV ~ 0.35. A simple numerical esti-
mate gives I,, ~ 0.17, which leads to

(16)

doi: a 1
© =———0,(N., N.) = N,(N,, — 2)0.17. 17
= N N N (Ve =) (17)
The comparison with Eq. (9) shows that the ratio

bremsstrahlung enhancement due to BE 0.1 N, (18)

bremsstrahlung without BE 4

which shows that the BE correlations cannot explain the factor of 4—5 of the
soft photon enhancement (3, 4].

Because of that, the quadratic dependence of the bremsstrahlung enhance-
ment on dN,,/dy cannot be responsible for the experimentally observed steeper
than linear dependence of very soft photons on dN,,/dy.

Il. 7' CORRELATIONS

The Bose — Einstein correlations concern only 7% 7* and 7~ 7~ pairs. Be-
cause of that Eq. (3) contained no n* 7~ correlations. But such correlations are
present in the data and they are rather strong. Their presence is not surprising
either one expects for instance that 7”7~ coming from the ¢° decay will have
strong back-to-back correlations. .

The purpose of the present section is to show that such back-to-back correla-
tions of z* 7~ lead to the enhancement of the bremsstrahlung relative to the case
of the uncorelated 7+ 7. The effect is easy to understand. In the case of
uncorrelated pions, 7+ and 7~ can have sometimes similar momenta p_, p_ and
because of opposite charges, their bremsstrahlung is suppressed. For a back-to-
-back correlation this destructive interference never happens.

In order to obtain a rough idea of the magnitude of the effect we shall
consider a very simplified situation. Suppose that we are observing a brems-
strahlung photon at y = 0 in a direction perpendicular to the beam. The cross-
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-section for the bremsstrahlun * -
gof n* and n~ both at y = 0 and i
the same p = v, | = A.Bﬂv\AAhﬂvu + EﬁWV:N i < produced with
Eafnmuqo a 110, vyxn
d3k 47 @’ |1 — v, . n

Q0 —v.-xnj’
l~v,-.n

+

(19)

If w%
7 are uncorrelated, the cross-section

. : ) shoul :
tions of pions in the plane perpendicular to t Quld be e vt et the dires:

he beam axis. In this way we obtain
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For the case of a comp]
. ete back-to- ; o
again by Eq. (20) s:%N ack-to-back correlation the cross-section is given
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The ratio R = I,,,,/1,,., = | + ¥ ' depends on a single parameter v = {pryl
[({ps>? + m?)'™. This dependence as a function of {p;) is shown in Fig. I. For
realistic values of {(p;> ~ 400 MeV the ratio is about 1.3. In general the ratio is
decreasing with increasing {p;>. Note that our simplified model probably
overestimates the effect.

In realistic situation one could thus expect about 20% of the bremsstrahlung
enhancement due to the back-to-back correlations of z* 7~ (and of other
charged particles) caused by the resonance decays. A more detailed study of this
mechanism could be made by using the Monte Carlo models of multiparticle
production with the possibility of having pions produced either directly or via
decays of neutral resonances.

IV. THE INCREASE OF (p;> WITH dN,/dy

The amount of the bremsstrahlung by a particle accelerated abruptly to
velocity v (created with velocity v) increases with v. Because of this an increase
of {p;> of secondary particles in hadronic collisions leads also to an increase in
the bremsstrahlung emission. The available experimental data [7] give evidence
of the increase of {p,;» with a charged multiplicity.

In this section we shall give some rough qualitative estimates of this effect.
For the sake of simplicity we shall consider only the radiation emitted at y =0
by final state particles with y = 0. The bremsstrahlung emission in this case is

given as
dnN a :
el ) e

where we average over all directions and magnitudes of vin the (x, y) plane, with
the z-axis parallel to the beam direction.

The averaging can be done by using the phenomenological pr-distribution
function

vxn

l—v.n

P(p)prdpr = A’e " prdpy (23)

with A = 2/{p;> and v = p,/(p: + m2)'~.
The bremsstrahlung emission for one final state pion then becomes
dN7 a .
- —— IKpp
&’k 4rto’ e

S 2n 5 .

\??.ox%ﬂanﬂ% do v’ (ppsin’ @ , 24)

o 27 (1 —v(p;)cos PY

@

1o = |
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where

Ao plsin’ @ ? =
o 27 (1 —vcos @) " m,
In Fig. 2 we present the de :
pendence of /({p,>) on {p,>. An interestin int i
! oint
that the dependence of I({pr>) on {p;> is practically linear. 5P )

e Y
80 |
60 —
40 —
20
,m T‘_m.. .N. The dependence of bremsstrahlung
00 | duud ®) emission on the average transverse momentum
S § 3 % 3 o o of charged pions at p = 0. 1({pr)) is defined in’

Eq. (24).

m:o”,ownm@mwwmwcwm a.mhmag, 7} on the dependence of (p,> on dN +/dy show an

r» With dN , /dy. The effect is observed ighes

at the SppS collider [6] energies. FEESEEE SRSUICH e
As a net result we obtain a faster than linear dependence of the bremsstrah-

lung emission on dN,,/d 7%
«/dy. This is seen f T
of the radiating um:mm_nm n from Eq. (24) multiplied by the number

Ay dN,,/dy (compare with Eq. (7))

Q\/:l a d

\<§
4y » IKpp). (25)

@ e !
Pk 4 e? d

The Ii .
. M \_/W:an HQM: comes m.nos the proportionality of the bremsstrahlung emission
o %2 &M: an additional power dependence comes from the increase of {p,>
o m,\ y and thereby from the increase of I({pr>) with dN,,/dy. ’
N \M effect deserves a nm.wn?_ study, but it seems that the m:n:wmmn of {p,> with
oc%?%&ﬂwo%%:%ﬂwﬂo give m:ﬁ?:m similar to the quadratic dependence as
S group [5] for virtual ¥’s and by the Helios collaboration
A L. .
253%%.%:%2 _w in A.:QQ‘. In the paper by Cerny et al. [8] the authors
ata quadratic dependence of soft (virtual or real) photons on dN,, /dy
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is a clear sign of the origin of photons from the intermediate stage of the
collision. The argument contains a tacit assumption that if there is no inter-
mediate stage the radiation of soft photons by a particular final state hadron 18
not influenced by the presence of other hadrons in the final state. The correlation
between {p,» and dN,,/dy is a clear example of such a correlation, since a larger
{p;y means more bremsstrahlung. This correlation is still some kind of a
collective effect, which leads to a faster than linear dependence of the brems-

strahlung production on dN,/dy.

V. CHARGE TRANSFER DEPENDENCE ON dN,,/dy

An approximate formula for the bremsstrahlung emission in multiparticle
production has been derived by Riickl [9] (see also Eq. (6) in I). The for-
mula expresses the overall bremsstrahlung emission as a sum of the radiation of
particles with a rapidity close to that of the photon and the radiation due to the
charge transfer between forward and backward moving particles. The formula

reads as follows

&o.Y Q_ n:<
S|H||AA>~v+t~ gwu No
&Pk 4n’ o W ¢ dy (26)

where the value of Riickl’s constant R is about 0.4 (see I). In fact Eq. (26) is
written in a somewhat oversimplified form. In a more detailed way we should
sum over semiinclusive hadronic production with a specified value of dN,,/dy
and make (AQ?) and R dependent on dN,/dy. As discussed in detail in the
preceding section R depends on dN,,/dy because of the dependence of {(p;» on
dN,,/dy.

In this section we shall discuss the dependence of <(AQ?> on dN,,/dy.

The charge transfer across y,,, = 0 has been studied in detail in bubble
chamber experiments [10—15] and analysed in cluster [16—19] and parton
models [20, 21]. The data show that [13] {AQ?) is increasing roughly linearly
with In(s) and that at a fixed s (AQ?) increases linearly [12] with the total charge
miltiplicity N,,. The data [12, 23, 24, 25] seem to suggest a linear increase of
{AQ*) with (dN,,/dy), ., and the same conclusion seems to follow also from
neutral cluster [17, 18, 19] and parton models [20, 21]. The conjecture should be
however checked in more detail in particular for high values of (dN,,/dy), - o-

Moreover, as discussed in detail in I, the relevant variable entering Eq. (26)
and denoted as (AQ?) is probably not the charge transfer across y = 0 but
across a central rapidity interval, roughly of the size — 0.5 <y < 0.5

It seems therefore that the term with (AQ?) in Eq. (26) leads to a linear
dependence of the bremsstrahlung emission on (dN,,/dy), _,, but the issue
deserves a more detailed experimental and theoretical study.
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VI. COMMENTS AND CONCLUSIONS

We have studied here the effects of
mﬂmwnwwmmn:w,mmﬂmrfzm mE_,mm_.A.us. The correlations studied included:
) nstein correlations between identical ion
1) short-range correlations between 7+ epom
__caused by 7* 7~ decays of neutral resonances
__“\_W anm:aosom of (p;> on (dN,/dy), _,, and u
ZQ:MMW%NMNMM@% the ovmqmo :m:mmaq.Abmwv across y =0 on (dN,,/dy),
by ot %o:aw:oam can oxm_mi the discrepancy between :_M amﬁm uoom
ot ngmmmmo:v% HMMH_%HM m K rﬁ Interactions at 70 GeV/c [3] and the
ooqo_mmoa are already Eo_:aﬂmmmﬂnwcsm Py final state pacrons. since all the

Neither of these effects can ex .
a very soft photon production a

correlations between final state particles

in the introduction of D.

A . . .
nother interesting aspect of data is a faster than linear de

ch = i .

ed, 1) and iii) do | ;
d i . ead to a faster th
ependence. For 1i) a faster than linear dependence would be ogm_.zmwsoﬁwmmm

the ratio of neutral reson i

3 . )

\QE‘., s nees to directly produced pions increased with (dnN,,/
_._,rn BE oOQ.Qm:o:m lead to only a small (10%

related anco:oz. A larger effect can be expected

a more detailed experimental and theoretical stu

H:OO—@H—Om~ —.::H@— M—N_:——.:m —; :@:— 1V} 18 N—m: A—Om=m~'—0 m:_: Z_m: :—0 mec :m:—m_:
v ’
18 :OH OXMU@OHOQ HO ﬁvm:—m m:wﬁ:—:m c@—w m:—nm_mmzm.

) enhancement of an uncor-
from item iii), which deserves
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[IOUCK MEXAHW3MA YCWIEHMSA SMUCCHA TOPMO3HOI'O H3JIYYEHMS
B PEAKLIMAX AJPOHOB

II. KOPPEJALIMUA B ®VHAJIBHOM COCTOSHNU

B npoaosmKkeHUu Npepiayieil CTaThy H3yHAI0TCA BO3MOXHBIE QK ThI BIMAHUS KOpPpesimii
e::m._.—mv:nucn COCTOAHUH 4ApOHOB Ha 3IMHUCCHIO TOPMO3HOIO M3JIY4CHHA. hn.—.w._.:v_.—o H3y4aroTCs .
1) xoppensauun bose —DuHiuTenHa, 2) KOppENAUHN MEXIY nt ¥ 7 Ha KOPOTKOM DACCTOSHHH,
3) 3aBUCMMOCTb {pr) Ha MHOXECTBEHHOCTH 3apAAa, 4) 3aBMCHMOCTh MEPEHOCA 33apsaa HAa MHO-
KECTBEHHOCTH.

B ciyuasnx 1) 3) kKoppessuyuy IpMBOAAT K YCHICHHOH, B CDABHEHUH C TMHEHHOMN 3aBUCUMOCTH10
IMHCCHH TOPMO3HOTO M3JIyHCHHS Ha MHOXECTBEHHOCTH. Hu ommu u3 QdekToB He mo3BONACT
MOSCHUTD 3aBBILICHUE OYEHbL MArKUX GOTOHOB BO Blaumozedicteun K* p npu 70 I3B/c, rae kop-
pensuMy yuTeHbl. DPHEKTh OKa3bIBAOTCH TAKKE MANBIMY JUIA OACHEHHS IMUCCHH OYCHD MATKHX

doToHos Npu B3auMoaeicTBHAX pBe u pA npu sHepruun 450 I'3B/c.
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