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ABSTRACT

The consequences of Feynman scaling for photon spectra at x = 0 arising
from 7° decays are examined. A consistency condition on the photon distribution

is obtained. The low transverse momentum region is examined in detail and the

{ contribution of bremsstrahlung computed to be k & _a <(AQ )2 >
g, 3 2.2 R ’
! tot d°k 7k}

where AQR is the final right-moving charge minus the initial-right moving

charge. This relation, together with the consistency condition provides a

new means of obtaining pertinent multiplicity information at very high energies.

(Submitted to Phys. Rev. Letters)
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Data from the CERN Intersecting Storage Rings for photon spectra from
p-p collisions at very high energies have been analyzed for photons with

1,2,3
moderate transverse momenta.”’ ’

In this paper we indicate the variety of
information which can be obtained from photon spectra at very low transverse
momenta. Throughout, we shall confine our discussion to the central rapidity
region (where Feynman's variable, x = p(lzlm/ (s%/Z), is zero).

There are two striking results of our analysis. The first relates the photon
spectrum arising from ° decays at zero transverse photon momentum to the
integral of the same photon spectrum over the full fransverse momentum range
(Eq. 10). The second predicts the bremsstrahlung contribution to the photon
spectrum. We find that the invariant cross section for bremsstrahlung photons
is proportional to <(final right-moving charge - initial right-moving charge)2>/
ch> /k.i

(Eq. 15). These results follow primarily from Feynman scaling and kinematic

ki (Eq. 13). If there are no correlations, this is proportional to <n

considerations.
Photon production in the central rapidity region is dominated by four
sources: (a) ° decays (2 photons per 7r°), (b) 1 decays (3.2 photons per 1),

(c) Kg decays (1.25 photons per Kg), and (d) bremsstrahlung from

charged particles. It is difficult to separate the n and Kg

decays, especially because of the 1 — 37° and Kg - 27° decay modes. For

decays from the °

this reason, and because 7 and Kg production are significantly smaller than the

7° production, we shall ignore n and Kg as sources of photons.



We summarize first some straight-forward kinematic calculations which

are needed for obtaining our results. Further details will be published else-

where. 4

" The Lorentz invariant cross section for photon production from decays of

O, .
T 'S 18
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where m is the 7° mass, and where E —%—q- is the 7° production cross section
d’p

at momentum p and center-of-mass energy squared s. From (1) we see that

the pions contributing to photon production at momentum k are constrained to lie
on a paraboloid given by

k 2
1 = —_n!
P, = Py +m2 Py (2)

where pl’l and p} are the components of 7° momentum parallel to and perpen-

dicular to the photon and where p, = k—mz/ 4k). The delta function in (1) can
0 (



be eliminated by integrating over 6, the angle between the 7° and the photon,

with the result,
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where ¢ is the azimuthal angle between the photon and the plane containing the
7° and the beam direction (see Figure 1). The components of photon momentum
parallel to and perpendicular to the beam direction are k” and k, , and EO =

(p0 + mg)% =k + mz/(4k). We now introduce new coordinates, QX = Qcosg,

Qy = Q@sing, where Q2 = mz (E- EO)/k. Then (3) becomes

2
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If we assume the validity of Feynman scaling, then as s — = the cross section

(4)

1
becomes a function only of P, and x = pc”m/(s2 /2). From Eq. (4) we find that
a scaled pion distribution yields a scaled photon distribution. Representing the

scaled spectra by f(x, pf_), we have:

(5)




For photons with fixed momentum in the center of mass, we have, assuming

the pion distribution is limited in transverse momentum,

2,12 '
2 2 2 2 _ Q 2
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The integration can be divided into two symmetrical regions, with the result
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For mz/ZkJ' >> < p; > we can consider the integral to extend over the entire Q'
plane. To order (k_l_/m)z, we obtain
2
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Thus we are led to the somewhat surprising result that the photon spectrum
arising from ° decays increases quadratically away from k, =0. For
m2/2k =~ < py >, itisno longer permissible to extend the integration in (7)
over the whole plane, and the value of { y(O,ki) begins to fall.

Since each 7° produces two photons.
2 2 2 2
fd Qf_(0,6%) = —é—jd Qf (0.8 . ©

Thus from (8) we have the interesting relation:



lim £ (0,k%) = —%Idkf £ (0,k2) (10)
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Equation (10) is a consistency test on the photon spectrum arising from a

scaled pion distribution. It should be satisfied at finite s insofar as the pion
spectrum is flat in the central rapidity region. Of course x = 0 does not neces-

sarily mean k” = 0; it suffices to consider fixed k, , as § — «,

I’
For low values of the transverse momentum, bremsstrahlung from charged
particles becomes a source of photons comparable to v decays. The bremsstrah-
lung contribution can be estimated by the following argument. Treating all the
particles as scalars we compute the matrix element for the exclusive process
a+b—vy+ Cpoentey in terms of the non-radiative matrix element. Assuming the
extrapolations of the hadronic matrix element are negligible and that we need con-

sider only externally attached photons, we have for a photon of momentum k and

polarization of €,

D i 22 5) w (11)
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where q; and Qi are the momentum and charge of 01.5 For high energy collisions
we can assume each 9, is fully relativistic and either parallel (right-moving) or
anti-parallel (left-moving) to the direction of P, in the center of mass. From (.A11)
we see that only photons polarized in the plane of the beam direction and the photon

contribute. With the above assumptions,

MNR

Mg =e - (AQg - 4Q)), (12)
where k 1 is the component of photon momentum perpendicular t§ the beam direction
and where AQR = —AQL is the change in the right-moving charge between the final
and initial states. Calculating the radiative cross-section for each exclusive pro-

cess and summing yields
kdg _ a «(AQ )2> (13)
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Now while <AQ > =0, <(AQR)2> can be expressed as

-2 2
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. +2 +2 + + - +
= + > = ~
If there are no correlations, < nR > <nR> ‘ <nR and <an > <nR><nR>
so that (13) becomes, in this crude approximation,
kdo' o ch
= 55 <h > | (15)
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To separate the bremsstrahlung from the photons due to 7° decay would requife care-
ful measurement of the low transverse momentum region.

We can estimate the size of the bremsstrahlung spectrum from Eq. (15). If

<nCh>z 10 at s =~ 2000 GeVz, the bremsstrahlung spectrum would be ~4 X 10_3 klz.
Neuhofer et a.l.‘1 have measured the photon spectrum over a large kinematic region

(photon momenta from 100 MeV to 5 GeV) and find their data can be fitted with
k do _ A ky  x
5. . 3k P <"k— '5;“> (16)

with A= 1.48 GeV ', x,=0.083, and k =0.162 GeV. This indicates that the

bremsstrahlung and 1> contributions would be roughly equal for k.f 3 MeV,

In Figure 2 we show some of the fixed angle data of Neuhofer, together with
the photon spectrum derived from a hypothetical ° spectrum with atransverse.
momentum dependence proportional to exp( - bpy ) with b =6 GeV—l. The nor -
malization of the pion spectrum was determined by Eq. (10) using the experimental
value determined from Eq. (16), 53 GeV—2, for the right side. The general agree-
ment is adequate. In the 10° data, the point for the lowest value of k) seems sub-
stantially higher than the curve and may be a reflection of the bremsstrahlung. A
careful measurement of the low transverse momentum region should reveal a dis-
tribution like the curves in Figure 2, with a bremsstrahlung spectrum like Eq. (13),

superimposed.

The asymptotic 1r+, 7, and ° multiplicities are expected to be of the form

n, = Ailog s + Bi 1



I !

where i =+, -, or 0, and where A_ = A_ =A0 and By=@®B_*+B_ )/:2.6’7 The

coefficient of log s is given by
_ 1 2 2 '
Ai - '&_J’ d Iifl(o,li) ’ (18)

which is precisely the quantity appearing in Egs. (9) and (10).

The experimental data on high energy multiplicities are contradictory.
Results from the CERN ISR indicate higher asymptotic multiplicities than the
cosmic ray data. In particular, the data of Breidenbach et a1.8 can be fitted in

terms of the variable 1 = !Zn(cot—zq) with the form

1
1 _S_CZ ~ A' +B' 5 4
Tinel @7 n=0

with plausible fits ranging from A!' =2.0, B' =-4.0 to A' =2.6, B'=-7.0. To

convert this to multiplicity information, we note that if ¢ is the center of mass

()] - <22

2 2, .2 .
where m; =m" + P and the average is over transverse momentum squared.

rapidity

For a transverse momentum dependence exp(—bp‘L) withb =6 GreV_1 ,

< p_'_/m_‘_ > = 0.83. Thus the coefficient of log s for charged multiplicity
appears to be in the range 2.4 - 3.1. This is a surprisingly large number and
further experimental tests are of great interest.

The low transverse momentum photon spectrum provides an inde-
pendent means of obtaining pertinent information about high energy charged
and neutral multiplicities. Because there are two significant contributions
to the photon spectrum, careful measurements are required. The dif-

ficulty of separating the two components is lessened by their



contrasting behaviors as k,; decreases: the 7° contribution decreases slightly
while the brémsstrahlung rises sharply. The factor <AQ12:{> in Eq. (13) is
directly accessible in bubble chamber experiments and this should aid in eluci-
dating the very low transverse momentum spectrum.
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Figure 1

Figure 2

FIGURE CAPTIONS

The geometry for determining the photon spectrum from a given

pion spectrum.

Some of the data of reference 1 for (k/oinel)(da/dsk) at low trans-
verse photon momenta and fixed angles of 10 and 24 degrees away
from the beam direction. The curves are predictions for x =0
photons based on an assumed pion spectrum proportional to
exp(-bp,) with b =6 GeV™ ). The normalization for the curve is
determined by Eq. (10). The data points have values of x between

zero and 0.05.
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