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Dilepton bremsstrahlung from pion-pion scattering in a relativistic one boson exchange model

H. C. Eggers ]
Department of Physics, McGill University, Monale Québec, Canada H3A 2T8
and Institut fuw Hochenergiephysik der Qerreichischen Akademie der Wissenschaften,
Nikolsdorfergasse 18,-AL050 Vienna, Austria

R. Tabti and C. Gale
Department of Physics, McGill University, Monale Quebec, Canada H3A 2T8

K. Haglin
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824-1321
(Received 26 October 1995

We have made a detailed and quantitative study of dilepton production via bremsstrahlung of a virtual
photon during collisions of two free pions. Most calculations of electromagnetic radiation from strong inter-
action processes rely on the soft photon approximat@fA). The conditions underlying this approximation
are generally violated when dilepton spectra are calculated in terms of their invariant mass, so that an approach
going beyond the SPA becomes necessary. Superseding previous derivations, we derive an exact formula for
the bremsstrahlung cross section. The resulting formulation is compared to various forms based on the SPA,
the two-particle phase space approximation, andkRs formula using a relativistic one boson exchange
(OBE) model. Within the OBE approach, we show that approximations to the bremsstrahlung dilepton cross
sections often differ greatly from the exact result; discrepancies become greater both with rising temperature
and with invariant mass. Integrated dilepton production rates are overestimatediybRsed approximations
by factors 1.5-8.0. The largest discrepancies occur for the reastion” — 7+ 7"/ /~, where such ap-
proximations overestimate the exact rate by factors ranging from 2 to 30 for invariant masses between 10 and
500 MeV. Our findings, combined with recent estimates of the Landau-Pomeranchuk effect, indicate that
bremsstrahlung dilepton rates in ultrarelativistic heavy ion collisions should be even more suppressed than had
been thought before.

PACS numbsgs): 13.40.Ks, 13.75.Lb, 25.75.Dw, 25.80.Ek

I. INTRODUCTION important[13]. For lepton pair invariant masses around the
light vector meson masseg,(w, and¢), two-body[14] and
Dileptons produced in heavy ion collisions interact only three-body{15] reactions dominate. The latter processes also
electromagnetically with their hadronic surroundings. Espeextend their influence to the region,<M<my,,, where
cially the early phases of such collisions, when dilepton prothe quark-gluon plasma may become visible for sufficiently
duction rates are largest, can therefore be explored with lefhigh initial temperature§16]. In this paper, we concentrate
ton pairs. Some of the initial ideas on photdh] and  on the regions of low invariant masses, the so-called “soft”
dilepton[2,3] emission have met with considerable interest,imit M<300 MeV. There, production via bremsstrahlung is
and this area has now expanded into a major component @fpected to play an important role and many authors have
research in ultrarelativistic heavy ion CO”iSiOh@]. On the recenﬂy concerned themselves with such react[aﬁs_za_
experimental side, dilepton experiments for hadronic colli-  Since particle production plays an important role in ul-
sions [5-8] have been complemented only recently bytrarelativistic heavy ion collisions, we consider only events
nucleus-nucleus experiments at very high enerf@esl?.  that arise from microscopic meson-meson dynamics. In high
Since the spectrum of lepton pairs and of real photons hagnergy heavy ion experiments, the meson to baryon ratio is
been proposed as a signature of the quark-gluon plédina such that the absence of baryons in our treatment is not ex-
it is imperative quantitatively to understand the emiSSionpected to constitute a major hurdle to phenomenology. More
mechanisms from the confined sector of QCD, which in thisspecifically, we restrict our studies to those of pion-pion
sense constitutes the background. bremsstrahlung. No in-medium or finite-size effects are con-
Guided by theoretical estimates, we can roughly dividesidered, i.e., pions are treated as free before and after the
the lepton pair production cross section, expressed in termspllision.
of its invariant massVl, into a number of distinct regions. The production of photons or dileptons necessarily in-
For M>my,,,, the Drell-Yan contribution dominates, while yolves three- or four-particle final states. Except for special
pairs arising from the semileptonic decay DD are also cases such as cross sections at fig¢@9], such final states
have universally been handled under some approximation. It
is our goal in this paper to go beyond these by presenting an
*Present address: Department of Physics, University of Stellenessentially exact formulation for thew— mm/*/~ cross
bosch, 7600 Stellenbosch, South Africa. section(as a function of dilepton invariant masand, in the
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process, to test how far these approximations may be trustethverse mass of the exchange boson, while the distance the
In order to achieve these goals, we formulate the pion-piomadron may propagate with off-shell enery¥ = q, before
interaction in terms of a relativistic one boson exchangeemitting the photon is aboutx=v/AE=|p|/Eq,. The SPA

(OBE) model. is valid only whenAx/b>1, or
We shall use the term “exact cross section” in this paper
in a precisely defined sense. Equatigf9), which can be do<<my|p|/E. 2

considered the centerpiece of our work, relates the differe
tial cross section for dilepton productiodg,p,, +,- /dM?,
to the square of the full matrix elemen#”. The only “ap-
proximation” entering Eq(79) is the neglect of diagrams of
higher order in the electromagnetic coupliag otherwise it
is “exact” in fully taking into account all momenta as well

nImpIicit in these equations is, of course, a specific Lorentz
frame with respect to which the energies are measured. For
the special case where two hadrons of equal massllide,
these conditions can be rewritten in their center-of-mass sys-
tem (cm9 frame as

phase space and off-shell effects. The detailed nature of the q*<\/§/2 3)
full matrix element 7 itself remains, of course, to be speci- 0 ’
fied. “Inexactness” therefore enters, as always, in the spe- * 2
e ) P o ) <myy1—-4m?/s. 4
cific dynamical model used for the pion-pion interaction Yo v @
(OBE in our casp In a simple bremsstrahlung experiment, these limits are eas-

Note that we do not attempt to compare directly to experijly satisfied by selecting only photons or dileptons of low
mental data because the main point at issue is a comparis@hergy in the laboratory frame. An early dilepton paper by
of theoretical approaches to bremsstrahlung. To do justice t®ik| for example[32], calculated spectra foys=27 and

small-M data would require spacetime integration over thegs ey while restricting transverse momentum to below 500
fireball region as well as inclusion of Dalitz decays and the

Landau-Pomeranchuk effect, a substantial task which will be In.the complex multiparticle systems formed in the course

postponed to future work. of nucleus-nucleus collisions, however, the situation is more

_ Our paper is organized as follows: in the next section, Weqmpjicated: There are many binary collisions, and their re-
discuss the set of approximations known under the COHeCt'V‘%pective cms frames do not generally coincide either with

banner of the soft photon aproximati€8PA). Next, we de- e another or with the overall nucleus-nucleus cms frame.
rive exact formulas for the bremsstrahlung generation of lepa photon that is soft in a particular hadron-hadron cms there-

ton pairs. Section IV is devoted to technical issues having t9,re qoes not have to be soft in the laboratory and vice versa.

do with phase space; Secs. V and VI then derive Cross segrs fact has to be taken into account when addressing is-
tions based respectively on various SPA variants and thgas related to the spectrum of real photf88.)

exact formulation. Our OBE model is presented in Sec. VII; In a situation where there are many cms frames, it there-

finally, Sec. VIII contains our numerical reiults in the form ¢4 hecomes necessary to look at relativistically invariant
of cross sectionslo(s)/dM and ratesdN/d"x dM and a  quantities. For lepton pairs, the extra degree of freedom pro-
discussion on the issues raised. vided by a nonvanishing invariant mass is a suitable variable
of choice. Looking at invariant masses means, however, that
[l. THE SOFT PHOTON APPROXIMATION go is no longer fixed but must vary over its full kinematic
range, which for our example of colliding equal-mass had-

The soft photon approximatiofSPA) has been widely rons is given by(see Sec. Y
d .

used in calculating bremsstrahlung dilepton spectra. It i
based on the early realizati¢B0] that the cross section for
production of low energy real photons is dominated by the M<go<
corresponding hadronic amplitude. In practice, this means 2ys

neglecting the photon momentum in the hadronic matrix el- i o
ement as well as all photon emission from vertices and in©ONCe the upper kinematic limit fay, approaches or exceeds
ternal lines(see Sec. Il B the bounds set by either E(B) or (4), the soft photon ap-

proximation clearly fails.

In Fig. 1, we show the three functio), (4), and(5) for
the casan=m_= 140 MeV,my=m =500 MeV and dilep-

In order for the SPA to be a valid approximation, two ton invariant masselgl =10 and 300 MeV. It is immediately
conditions[31] must be met. clear that the assumptions underlying the SPA are not satis-

(1) The photon energy must be much smaller than thdied even for smalM: the kinematic range accessibleqgis
energy of any one of the hadrons participating in the scattemever much smaller than the limits set by the SPA. The situ-
ing: ation becomes even worse for larddr

Closely related to the above is a common misconception
that the SPA must necessarily be valid for small invariant
asses. The confusion stems from the fact that, because

®

A. Limitations

ao/E<1. (o

(2) The process of radiating the photon must be separablgn
from the hadronic interaction process; i.e., the hadronic and M2:qg_q2, (6)
electromagnetic time and distance scales must be sufficiently
different to permit separate treatment. The range of thex small value fog, necessarily implies smaM. However,
hadron-hadron interaction is given roughly by=my !, the  the reverse is not true: botly andq can be large even while
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B. The SPA as series of approximations

%\ L M= 10 MeV z7 Rather than being just a single step, the soft photon ap-
Ot 7 . proximation as implemented in a practical context can con-
~ | 7 - sist of a number of stages. Starting with the most fundamen-
g | -7 1 tal, these are the following.

05 |- - (a) The virtual photon producing the lepton pair is emitted
- - ] only by external legs of the hadronic reaction; emission from
- o 1 internal parts of the hadronic reaction is neglected because
- . ] the radiation from internal lines forms a subleading contri-
- .7 T bution[31].
0 1 > (b) The dependence of the hadronic matrix elemetit,
1 — — on the photon momentum is neglected.
% M = 300 MeV s 1 (c) The photon momentung is neglected in the phase
o r . ] spaces functions.
3

0

- - ] In addition, we shall be considering in this paper the fol-
- Phe iy lowing effect

S5 Ssooo-C (d) approximating the virtual photon current by the real
photon current [J“=3(2pF+q)/(2p;-q=M?)
—2ptl(p;-q); see Egs(15) and(16)].

(a) and(b) have formed the basis for most bremsstrahlung
dilepton calculations as they are hard to avoid. The restric-
2 2 tion of phase spacé), on the other hand, can be circum-
S (GeV) vented fairly easily by inserting later a phase space correc-

tion factor (Sec. VA or by avoiding(c) altogether using
FIG. 1. Breakdown of the soft photon approximation: the SPA isEQs.(25), (36) and Secs. IV and VI.
valid only wheng is much smaller than the two solid lines shown.  The change from virtual to real photon currents in stp
The region between the dashed lines is the domain of integration fds not directly dependent ofc) and can be implemented
0o When calculating cross sections as a function of dilepton invari-either jointly or separately. We shall be investigating both
ant mass. alternatives and determining their impact on the overall
dilepton rate. In Sec. llI B and VIl and beyond, we shall
adding up to smalM. An extreme counterexample is of refrain from using even the basic assumptit@sand(b) and

course a hard real photon with zero invariant mass but larggalculate exact cross sections and rates within the same La-
energy. One cannot, therefor priori expect SPA calcula-  grangian.

tions to coincide with full hadronic calculations even when

M is small. Section VIII pro_v|des examples of s_uch_dewa- lIl. BREMSSTRAHLUNG CROSS SECTION

tions; see especially the ratios between approximations and _ _ _ _ .
the exact calculation in Figs. 12 and 13 which do not ap- We wish to find the cross section for a dilepton pair
proach unity for smalM. This point has been emphasized /*/~ emitted in the semielastic scattering of two pians

before[19]. andb into 1 and 2:
We are therefore led to conclude that the SPA does not
generally apply to rates or cross sections measured in terms Mot my— T+t /. (7

of the dilepton invariant mass. Correspondingly, doubt must
be cast on the validity of the SPA in calculations pertainingThe lepton pair forms via a virtual photop* with four-
to such measurements. momentumg* and massg>=M? emitted from either the

That said, one may still asky how muchSPA-based central blob or external legs of the hadronic reaction
calculations differ from the more complicated true situation:
is it a matter of a few percent, or orders of magnitude? Full Tat my— Tt Ty 8
calculations such as presented in Sec. VII below are cumber-
some and time consuming, and it is therefore of value torhe leading contribution will come from photon emission
understand quantitatively to what percentage the SPA affrom external pion legs. First, we follow Lichaf@6] in a
proximation can be trusted. It is thiguantitativequestion  |eading-terms derivation but place more emphasis on the role
that we attempt to cast some light on by making a modebf phase space; the full formalism supplanting the leading-
calculation capable both of “true” answers and an SPA ap-terms derivation is presented in Sec. Il B.
proximation.

Clearly, a single model calculation such as presented be-
low cannot answer this quantitative question exhaustively.
Nevertheless, its results provide at least an indicator of the Four diagrams contribute to the leading-term cross sec-
reliability of the SPA: If, within our simple OBE, dileptons tion, one of which is shown in Fig. 2. In the notation of Fig.
can or cannot reasonably be described within the SPA, it i€, the total matrix element can be written as products of
possible or even likely that the same or similar conclusiongurely hadronic reactions7y, with currentsJf* and a lep-
would emerge from other models. tonic partL , [34]:

A. Bremsstrahlung from external legs
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=S QP o P (16

i=12 | i=a,b |'q

Squaring the total matrix element and summing over lepton
polarizations §, ,s_) yields, using either currei26],

Y |- 1P=dmal Zn(Pa,Py.P1.P2) |2IMIL,,

S;,S_
P ,32m%a? (1-3)°
FIG. 2. One of the four contributing diagrams following from =17 B M2
SPA factorization of the matrix element into leptonic tenkgy, , ()
photon emission current*, and elastic hadronic matrix element
My, - wherel=p, —p_ and the leptonic tensor is
_ 8 a
M g+ y-=€[ I8 An(Pa—d,Pp P1,P2) => L, = (9,9,~1,1,—M?g,,). (18

S, ,S_
+36-7n(Pa:Pb—0.P1,P2),
At this point, q is still defined only as the sum of lepton

+Jf'%h(paypbipl+q!p2) momenta p++p_)_
; — n Y2 1/2
+ 384 7(PasPo-P1, P2+ DL, (9) Wlth_F—4[(pa Pp)c—m mb] the incoming flux, the
unpolarized cross section is an integral over phase space of
where four outgoing particles,
dR,
e __ _
W= 3200 7,0(p-), 10 down === 2 | Ao Pomee A9
and, in slightly condensed notation, the terms of the pionic dRy=8"(patPo—P1—P2— P+ —P-)
current are Xdrdrdr, d7r_, (20)
JH = Qa,b(2|0a,b—(21)“ 11y  Where we writedr; = d3p;/2E; for short. This can be reduced
2Pap-q—M ' to athreeparticle phase space integral by changing variables
and integrating over redundant degrees of freedom in the
Q1A2p1 o+ Q) dilepton c.m.s.:
o= (12
2p1>q+M 1 2
— _ 2
with Q; the charge of pion in units of the proton charge. dT*dT*_S V1 Msz d7qdQ, (21)

Note thatJ# contains the propagator for the off-shell pion.
Making approxmatlor(b) one now neglects the dependenceWhere the positron solid angle . must be kept due to the

on q of the four hadronic matrix elements; for example,  (l-J) term, andu is the lepton mass. The dependence of
(1-3) on Q. is integrated out,

, (1-9)?
M2

An(Pa—4PpsP1,P2) ~#n(PasPp,P1,P2), (13 8

3

2
}d&h 1+2“)( 2), (22

permitting the usual factorization o¥Z ,+ - into a purely f
hadronic matrix element and a photon-plus-lepton part:
so that, using Eq417)—(22), we can express the total cross

M+ p-=€.2(Pa PpP1,P2)I*(PasPp,.P1,P2.0) section in terms of a leptonic factar and a “hadronic plus
virtual photon” cross sectiodo,p,.+,
XL,u.(eripf)! (14) 7
— 2 2
where now the virtual-photon current Aanne == wlp”, M%) dohnye @3
2 v 2 o with
+q Pi—q
EQ.p'—z > Qiy——> (15 Wl 242 102
2 2p. q+M i=a,b 2p| q— M KEMZT(MZ)Eg 1+%) 1_%’ (24
contains the sum over the four diagrams. Since approxima-
tions (a) and(b) are valid only for photons of smatj and by ~ and where
implication for smallM, the extra terms in numerator and )
denominator are usually neglectgih what we called ap- do :477“%(_‘]2” 12 dRs (25)
proximation(d)] to form the real-photon current hhy* M?2 R (2am)SF
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is a function ofthreeparticle phase space o
M mm—anl/ TV =P, = D ML, (20)
dRs=6%(Pat Po—P1—P—A)d7idrodrg.  (26) m

With the understanding that its derivation is valid under aPivherem runs over all contributing diagrams. The sum of
proximations(a) and(b) only, Eq.(23) is exact and makes no diagrams is gauge invariant '

assumptions with respect to phase space. In particular, we
note thatq is still contained in thes function constraining
the phase space in ER6). Next, we shall show that Eq.
(23) is valid even when approximatioris) and (b) are not

made but thatloy,,« takes on a form different from Eq.
(25).

A P*=2, Q. 7E=0, (28)
m

but not necessarily the individual terms. Unlike in the previ-

ous sections#z* contains, besides the hadronic interaction,

the photon vertex and where applicable the external pion
When calculating dilepton cross sections for all possiblepropagator, both of which were previously part of the cur-

diagrams, including internal emission of photons, it is norent.

longer possible to factorize the matrix element into a had- Starting again with the cross section in four-phase space

ronic part and a current as in E(). Instead, we consider, (20) and transforming frondr,dr_ to dr,d M2dQ) . using

B. Emission from all diagrams

for a given pion-pion reaction, the full matrix element Eq. (22), the unpolarized dilepton cross section is
|
/ 4,u2dM2d7'1d72d7'q5(~-~) ,
do’hh/‘*’/*: 1_ W 8(27T)8F f dQ+S+257 |./////+/7|2. (29)

Squaring and summing over lepton polarizations, we obtain, , X
in analogy to Eq(17), f dQ, Zﬁ | Z2#L |
S' S
_G4mlal 2w S M
S;gf .,.//Z”LM|2=m2n MEMEL (30 ~3M2 MZ || T & me )

(34)
where as beford_M=87m(q#qV—|M|,,—Mng‘)/M“_. In and the full cross section becomes
the dilepton cms),=0 and the second term ib,, inte-
grates to dopp, + - = k(M?)doppys, (35

which is identical to Eq(23), but with the virtual photon
f dQ 1, 724 V//,:V:4f dQ ., (py - M) (P - ALY), cross section reading

d|v|2<

477 _ | — 7/ . ///'*
= (M?=4u?) - 10} . (3D) donnys = 2 2 M

3
mn )(ZW)SF . (36
Comparing to Egq.(25, we have the correspondence
Sinceg=0 in this frame,.//Z?n=qM./%’nﬁ/qo and, hence, in 47Ta(—J“JM)|.//Zh|2<—> (—Emn,/Zﬁ,,%ﬁﬂ).
the dilepton cms Equations(35) and (36), together with use of the three-
phase-space variables of Sec. IV provide a fully covariant
formalism capable of exact treatment of both hadronic and
electromagnetic sectors of a given model. Within the physi-
(32 cal limitations implicit in a given model, it makes no further
assumptions or approximations. In particular, none of the
S0, using gauge invarian¢2s), approximations listed in Sec. Il B are needed.

A A =00 (A N L) = Mo EE

n

C. Dilepton rates

% A A (CMY = — % M Moy - (33 In the context of nuclear collisions, one is interested more
in overall dilepton rates than in fixeslcross sections. Not
attempting to account fully for either quantum statistical or

Hence flow effects here, we shall make the simplest assumption of a
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2P, Pp=S—mi—m},
Py /E\ b,
2Pa- P1=Mi+mi—t,,
)

S D, 2
sz/ 2pa-P2=5S;+t —ty—mi,

D,
’ \E/ Py 2pb'P1:3_52+t1_m§1

FIG. 3. Relativistic invariants for the three-particle final-state )
phase space. 2pp-P2=s2tt—t;—M?,

locally thermal Boltzmann gas of pions atlacal) tempera- 5
ture T. The rate of pair production of invariant malsk per 2Py P2=S;~Mi—m;, (40
unit of four-volume then i$3]

2pa-q=S—S;+t,—m3,

Bol
dN/gt/Z* Jab s o Kyl \/E/T) donhn -+~
=7 = 552 | dsh(s,mg,mg) =,
d*xdM 327 (\/E/T) dM ( 7) 2pb'q:mt2)+ Mz_tz,
3

where 2p;-q=S—8,—S,+m3,
N(X,Y,2)=(x—y—2)*—4yz (38)

. . o _ . 2py-g=s,—m;—M>.
is the basic three-particle kinematic functi8b], which for
equal massesnf;=m,=m;=m,) has the more familiar
form  A(s,m®m?)=s(s—4m?), and g,,=(2S,+1)
X(2S,+1) is the spin degeneracy factor which for pions is
unity. K, is the modified Bessel function. ™ dt;dsds,dt,

dRs(s)= )
() 4\Y2(s,m2,m?) B

The corresponding phase space integral is

(41)

IV. THREE-PARTICLE PHASE SPACE

. where the weighting is given in terms of the Cayley deter-
To complete our preparatory work, we summarize theminant
treatment of three-particle phase space in terms of relativistic

invariants. The relations of this section will be useful first in

three-phase-space integration of the currdfy and (16) 61 1 1 1 1
and later in the exact treatment of bremsstrahlung dilepton 1 0 m s, t; md
production. ) )

Three-particle phase space has been studied extensively 1 m 0 M° t, s
and we here merely outline the procedure; for details see B=l1 s, M2 0 m s|- (42

Ref.[35]. As shown in Fig. 3, the kinematics for a reaction ) )

1 tp t, mg O my

atb—1+2+3 (39) 1 m% Sy IS rnizl 0

can be described in terms of the five invariants

s=(pa+tpPp)? ti=(p1— Pa)?, s;=(p1+p,)?, The Cayley determinant is quadratic in any of its arguments;
S,=(p,+ps)?, andt,=(p,—ps)2. For our purposes, we specifically, we use the form

shall be usingp; andq interchangeably as referring to the

virtual photon, i.e.E3=0, andg®= méz M?Z. The other mo- B=\(s,5;,m?)(t5 —ty)(t,—t,), (43
menta refer, as usual, to the incoming and outgoing hadrons.
Inverting, one gets where the kinematic limits ob, are given by
2 2 _ 2
S sts,—m; sS—s;+M
= m24 M2— 1 s+s,—m? 2s, S,—m3+M?
A(s,S2,my) s—m2+mi s,—t+ma 0
[G(Svtl !SZ 1m(,211m§ 1mi)G(sl ISZ !Sumg vmi ’ Mz)]llza (44)

T
A(s,S,,m9)
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written in terms of yet another determinant and the basic F(sp)=l,—(m2+M?)In(s,+1,—m3—M?)

four-particle kinematic function
—(M3—M?)In(s,+1,+m3—M?)

=

0 1 1 1
—(M2—m3)In(s,+1,—m3+M?3), 52
10 0 x 2 ( 2)In(sy+1,—my+ M%) (52)
_ (11 v 0 u vy and we have writterl ,=\*s,,m3,M?) for short. This
G(x.y.z,u,v,w)= _(§> 1 0 . (49 yields identical results to the pure phase space forrteifa
x u w below, as it should. We note in passing that the ratio of the
1z y wao kinematic domains ofthree-spacet; to (two-space t is
exactly the phase space reduction factor foun@8) below.

The kinematic limits ors; are

1 V. ANGLE-AVERAGED-CURRENT APPROXIMATIONS

All the elements for our calculation are now in place. In
this section, we look at three approximations of increasing
sophistication. We proceed first to find explicit expressions

1 for the pion-pion-photon cross secti@wv,,,~» of Eq. (25

/ 2\ 1/ 2 o Y ) .
iz—sz?\lz(S,Szymﬂ)\l A(s,m3,M?). (46)  pased on the factorization into a current and hadronic matrix
element of Sec. lll A. These approximations are based on an

angular average of{J?) in the ab center-of-momentum
frame. Using three-space invariants, we integrate the current
covariantly in Sec. V C.

) 1
sy =s+M?— 2_32(S+ S,—M2)(s,+M2—m3)

The limits ons, andt, are given by the Chew-Low plot: for
values oft; bounded by

1
+_ 2. 9 2 2 2 .
ty=my+mi— _25[5+ mz—mg][s+mi—(my+M)?] A. The Riickl formula

In 1976, Riekl proposed 32] that the dilepton cross sec-

1 ., N 5 2 tion be written in terms of theeal photoncross section:
ig)\ (Sumaymb))\ (Sl(m2+M) !ml)! (47)

dO’hh/+/f o do—hhy

- %, d°p_ = 52m2 q (53

. E.E
the limits ons, are

This ansatz, now in common use, was utilized by Haglin

1 ; .

sy =s+m2— F[s+ m2—m2][m2+m2—t,] et al. [22] and _others prewousl;[l?,}S,Zl,%ﬁl to derive

a dilepton production rates. In our notation, thedRuformula

reads
1
+ W)\l’z(s,mg,mg))\l’z(tl,mi,mi), (48) a dr,d7r_
a dO’hh/+/7:Wd—quO'hh7, (54)
- _ 2

Sz =(Mz M)~ (49 which becomes, using the formulas of the previous section,

Although not directly relevant for pions, we include for com- and approximating'dQ2.. = 4= and x=a/3,

pleteness the case where the hadronic masgesdm, are 3 dm?2

unequal. In this casé; may become larger thar{ given dopn+ - = 5 ko, 7 (55)

above, and the corresponding additional phase space is de-

limited by The real-photon cross sectiatoy,, can be written down
. ) immediately from the virtual-photon cross secti,,,« of
ty sty s(ma—my) (50 (25,

and for this additional domairs, is limited by s, of Eq. N 12 dRs

(48) and the corresponding lower branch, given by a minus dopn,=4ma(—J%)|.7Z| (2m)°F (56)

sign before the\ factors. Clearly,t; resembles the two-
phase-space invariantbut they are distinct quantities due to Neglectingq in the é function ofdR3, the three-phase-space

the presence of the additional momentgm integral of Eq.(26) factorizes into the usual two-phase-space
Integration over pure phase space yields and theq integration
dRs o AYAs,,m3,M?) dR;=dR,d7,, (57)
——(st)=| ?ds———
dt; s, S2 with
:F(S;)_F(SZ_)’ (51) dR2:5(pa+pb_p1_p2)d71d7'2: (58)

where leading all in all to
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Ruckl

do-hh/Jr/f 3 K o 2
Mz 2 M2 Jda'hh( J? )— 59 (I >_q_(2) —(Q3+ Qi+ Q7+ Q3)
2(Quy+ QuQa 2
where ath T 12 Js(s—4am?)
I s(s—4m°)
dR ni———
doy= |/zh|2ﬁ (60) s— \s(s—4m?)
V=t(s+u)—t|
+2(QaQ1+ QpQ2) n
. . . . . . J=t(s+u) \/—t(s+u)+t‘
is the elastic hadronic cross section. Integratinglt) first
with  respect to the photon phase space with 2m?—u
dry=dQ|gldgy/2 leads to +2(QaQ2+ Qle)m
‘\/—u(sﬂ) u 6
5
f (—J%) z—q—j dqo\/q0 f —J2, (61 —u(s+t)+u (65

with u=4m?—s—t as usual.
Having expediently eliminated at two points, it is very
— 2_ 2 ; ; .. important in this formulation to correct for phase space, i.e.,
g:jr:zgry[SJrM (M +my) ]/2\/5 's the upper kinematic to alle\(iate th(_a effects o_f app_roxima_\tio(rm). Pure p_hase
' . space integration ofiR; (including q in the & function
The angular average ovef), was found by Hagliret al. yields exactly
for the real-photon currentl6) in terms of velocitiesB; in

the (p;+p,=0) cms ag22 mAY4(s',m2,m?)
(pa Po ) S[ ] f dRszf qu : a b , (66)
2s
where
_|2> J'
s’ =s—2qgys+M2. (67)
) ) Integration over pure two-particle phase space, on the other
=? —(Q5+ Q5 +QI+ Q%) —2Q,Qp 7 ap hand, yields
0
f iR m\(s,ms,md) o6
“2QuQ:7t2 3 3 Q7| (62 2= 25 (9
so fdR,, unconstrained by, grossly overestimatefdR;,
making it necessary to inseatposteriorithe factor[36]
where SAV2(s' m2 mﬁ)
v a’
C(S!QO)_ S/)\l/Z(S,mi ’mg) (69)
7= (1-B-B) [| Bi-(B—B)-D |+(|<—>J)} (63  into theqy integration(61). The “Ruckl approximation” for
N 2D;j; B-(B;—B)+Dj| dilepton production therefore reads, in its final form,
Ao (93 x afd (st)qulqlc (5,00)
TV g
Dii=[(Bi—B)*— (Bx B)*1"2 (64) dMm? "2 M2 hh 0 0

X{—12(s,1)), (70)

To convert these angular averages into functions of twothis is the form used in Ref22].
phase-space invariants,{), it is necessary to invoke ap-
proximation(c) restricting phase space: Whitg+ p,=0 in B. Current formulas based on Lichard

the chosen frame, the presenceqofneans thap; +p,#0, Starting not from the Rekl formula but rather from Li-

i.e., By and B, are not true cms velocities. Ignoring therefore chard’s improved formalisif26] of Sec. Il A, the derivation

g at this point, the velocities and hence the angular averaggsroceeds along the same lines as the above. One finds corre-
can be writter{22] in terms ofs, t, andqq: spondingly for the real-photon current
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doye+,—(S)  «k a approximation within the angle-averaged current family:
T: VL ;f d(fhh(S,t)j dao|q|C(s,00)
) d"rﬁw/*/*(s) K o
X(=I2(s,)), (72) —aMZ M2 dahh(s,t)quOIQIC(s,qO)
differing from the above by a constant factor 3/2 and the X (—J%(s,1)) (72)

extra factors entering the exact versi@4) of «.
The corresponding virtual-photon current yields the thirdwhere the angular average @) is

(~3= [ G-
(Q5+Qp)(4m*—M?) (Q%+QY) (4m2—M?)

 g2s— qA(s— 4m?) — 2qoVsSM2+ M*  g2s— A(S—4m?) + 2qgySM2+ M?

QU254 M) [[a 5T s W

|alv - Vs—4m? o] Vs—4m2—qo\/s+ M?

Q1Qx(2s— 4m2—M2)| |alys—4m?+qqy/s+M?
— n
|alv 4 \/s—4m? ol Vs —4m?—qoy/s—M?

(QaQut QuQ,)(4m?—2t+M?) ‘ (6Pt xi— M2 )(Gt—xi+ M0 ,)|

—+

2x (qPt+xe— M%) (t+ x + M7 )|
+(Qan+Qle)(4mz—2U+|\/|2) 0 (qzu—Xu—szf)(qzu—XquM2v+)| 73
2xy (q2u+)(u_sz—)(q2u+Xu+M2U+)|,
|
where Within three-phase-space, and writing the flux as
F=2\"%(s,m2,m?), the bremsstrahlung cross section of Eq.
) (25) become$
v.=0o\sEM?, (74)
dopn +,/- dra k(M?) 7 j )
— a? = W2 B (s,mzmgy ) Gk (sl
xi=ldV-t(sgg+ug?) —uM?, (75)
ds,ds;dt
XJ&[_‘JZ(Sitlst!SlitZ)]'
xu=|dV-u(sgg+te?) —tM*. (76) VB

(77

Equation(73) reduces to Eq(65) for M—0. We shall be o ) ] _
testing the effect of using the virtual over real-photon cur-This differs from Eq.(72) in the way the current is treated:

rents within the present approximation in Sec. VIII below. Py an angular average plag integration for the earlier, by
We note in passing that EGZ3) would be preferable to Eq. full three-phase-space invariants in the present case. Note
(65) for very small hadron masses, since then the latter is that.#Zy is here a function of, rather thart.

logarithmically sensitive to 1 while the former is regulated

by the dilepton invariant magg. VI. EXACT CROSS SECTION

o In all the above approximations, neglecting the depen-
C. Three-phase space current approximations dence ongq of the squared hadronic matrix element
Three approximations were needed for the above angld-7(Pa,Py.P1,P2)|? is unavoidable because this had been
averaged-current cross sections: thelRdormula, convert-
ing cms velocitiesB; to invariantss andt leading to Egs.
(62) and(63), and correcting for phase space using &§). Technically, it would in Eq.(77) be possible to restorg to
At the cost of increased computing time, all three can be, and then to include it with—J? in the inner integral, but
avoided by utilizing the formalism of three-particle phasebecause of missing contact terms this procedure is not gauge invari-
space invariants. ant and shall not be pursued.
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a precondition to factorizing into electromagnetic and had- o —if 4py5(K)
ronic parts in Eq(9). There have been attempts go beyond 17 apys(K) = o im T, (81)
this on-shell matrix element approximation by expanding M 1Mt
y in g (see Refs[26,27,34), but this procedure involves
successively more complicated derivatives without guaran- 1
teeing convergence. faﬁ'y&(k): E(gaygﬁé‘+gaé‘g,8y_gaﬁgy5)
Using three-phase-space invariants and the éxeqtres-
sions(36) for the pion-pion-photon cross section &3) for 1 kgKs kgk, KoKs
the dilepton cross section, such expansiong imecome su- ~ 2| Yy m? *0as m? + 0y m?
perfluous. To calculate explicit dilepton cross sections, we
merely insert from our favorite model for pion-pion scatter- " KoKy
ing the complete set of matrix elements, and write the ele- gﬁ&ﬁf_

ments of the squared sum (@6) in terms of these invariants:

2
"3

1 +kakﬁ)<1 +kyk§) -
Ay (PasPp P12, Q) = e 704,(S,11,52,51, ) 29as m? 29 mZ |

=Tmn. (78) . . :
The p field also has &-dependent term in the unitary gauge

This casting in terms of invariants means thaand all con-  Propagatof41],
sequent off-shell effects ih#|? are fully taken care of.

Putting it all together, we obtain iR ()= [ N K.k, @3
I /,w( )_k2_m2+im T g/.w m2 ’
d exact 2 P p=p p
O-hh/"'/_ _ 47Ta’ K(M )7T
dM? (2m)°M? 8\ (s,m5,mp) but this term contributes to matrix elements only in the form
(m2—m?)(mZ—m3), etc., and is thus zero for equal pion
dt,ds,ds,dt, masses.
—————— =2 TmdSit1,52.51,1) [ (79 For t- and u-channel exchange of am meson
VB mn (a=o,pf) with momentumk by the pions, we implement

. . ) . monopole strong form factofgl2]
While the cross sections may be exact, microscopic models

for the pion-pion interaction are far from perfect. In the next 2
: : : ms—m
section, we make use of a simple model to illustrate the h, (k)= —2
present cross section and the approximations enumerated be- * m2 — k2
fore. The main point of this section, however, is to stress
that, apart from model-induced ailments, the exact treatmenf, Fig. 4, we show the results of fitting this model to the
of any model for the reactiomm— 7/ /" is possible.  gastic scattering data as befd22] but with the different
propagator(82). Again, the fit is reasonably good, but the
VIl. GAUGE-INVARIANT OBE MODEL strong dependence on momentum-dependent terms ifi the

. . Ipropagator shows up in the region above thgeak. Best-fit
To compare dilepton cross sections under the exact fory ' os’ for the free parameters now are,=475 MeV
mula and various approximations introduced so far, we musl, — 775 MevV m;=1220 MeV: m,g,=3.1, g,=6 15’
il il oJ90 == p . il

R : e M,
make a model: little if any experimental data for the differ m;g;=8.85. Throughout, we take_= 140 MeV.

ential pion-pion-photon cross section is available. To this For the current-based approximations of Sec. V, the above

?ulrggge, wehreturn to g S|mple Lagra?]gl«';n V\ﬁth P and Lagrangian is all we need; for the complete cross section of

g(rate d )si)é?:easlgﬁﬁyu?:pr(?éﬁzggie%evr\ilmlgn’tz;l;l d?a?zta :‘gieélastsec' VI, it must be augmented by internal photon emission

W+7T,’_)Tr+ﬂ_, scattering 37,38 k?leces. This can _be achlev_ed b_y m|n|mal_ s_ubstltutlon,
' thereby guaranteeing gauge invariander a similar ap-

proach, see the “quantum hadrodynamics” Lagrangians of

Lint=9,0d,m 0 mtg,pf - wX ‘9u77+9ffw5”’7"9y7’('éo) Ref.[41]). To the hadronic Lagrangiai@0) we therefore add

2
g (84)

Here, we include the full momentum dependence of the Lem=Lanyt LopyT Lanoyt Lanpyt Lanty- (85
propagator which now read89,40Q
Details regarding these pieces and corresponding vertex fac-
tors can be found in the Appendix.
2To ordera for the emission of real photons and to order for The ppvy interaction results in a modified strong form
dilepton emission. factor for t- or u-channel chargeg@ exchange. I, andh,
SMatrix elements keeping their full dependence gncan be are the usual form factors at therp(k) and wmp(l) verti-
implemented within two-phase-space when only thiferential ~ ces respectively, wittk=1+q, electromagnetic gauge in-
cross sectiomla/d3qdM? need be calculated; see, e.g., ReD];  variance requires that the form factor for the emission of a

for do/dM?2, this becomes impossible. photon by thep be
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Implementing the exact formulatio79) involves much
more effort: if there ardN diagrams contributing to a given
reaction, the sum ir{79) containsN(N+1)/2 terms. Since
an individual termT,, in (78) is itself a Dirac sum, only
partial factorization of the overall sum is possible. Further
complications arise from the presence of imaginary pieces in
the matrix elements.

To quantify the differences between the approximations
and the exact formulation, we have studied all five distinct
pion-pion reactions. Writing  —)—(+ —) as shorthand
for the reaction ¢* 7~ — 7 7~ /" /") and so on, we have
calculated within our OBE model cross sections for
(+=)=(+-), (++)=(++), (+-)—(00), (00)-
(+-) and (+0)—(+0). A total of 36 diagrams contribute
at tree level to the first two reactiorig4 for y* emitted by
external pion lines, 12 by vertices and the exchange megson
the remaining reactions are made up of 16 diagrams &ach
external, 8 internal

Numerical results were checked by performing the fol-

FIG. 4. OBE model fitted to the elastie™ 7~ — =7~ cross IOWingzconSiSte?Cy C,heCks: setting—>s, ti—t, t2—>mf,,
section. Parameter values determined from this fit are used for afiz— M andM ,_’0 in Fhe hadronic part of the exact ma-
reactions throughout this paper. trix elementswhile keeping these variables where they enter

the “current” par) and using only the external-emission dia-
u h|2— v hﬁ grams reproduces exactly the _resul_ts of the three-phase-space
S . (86) integrated currenf77). Gauge invariance in the, p andf
(u—v)hyh, fields provided another sensitive test.
y o y o Figures 5-9 show the cross sections for these five reac-
whereu=k“—mi+im,I', andv=1"—m;+im,I', are the  tjons as a function of/s. In every case, the left and right
respectivep propagators. For the monopole for@®4) of h  panels shovda/dM for M =10 MeV and 300 MeV, respec-

150 T T

100

o (mb)

50

s'/? (GeV)

H(k,l)=

this become$42,43 tively. Final-state symmetrization factors were included
2 1o where appropriate. Initial-state symmetrization was also in-

H(k,1)=1+ M) cluded for (++)—(++) and (00)~(+ —) in order to fa-
' mf)—l2 cilitate use within a thermal pion gas environment. When the

initial-state pions are considered distinguishable, these two
cross sections should be multiplied by a factor 2 for these
(87) reactions. Because they are identical in structure to their
charge-conjugate versions, cross sections for the reactions

Note that we do not include strict vector meson dominancd +0)—(+0) and (++)—(++) were doubled — this,
coupling of the photons to vector mesons. This is equivalento0, should be corrected for when desired.

to the introduction of electromagnetic form factors. For the TO prevent overcrowding, only the Rki plus the virtual-
specific application we are considering, smilfs, those ¥* current approximation&2) and(77) are shown, together
would be~ 1. For previous OBE models, see, e.g., Refs With the exact calculations. All these were computed using
[29,44] and references therein. the same OBE model and parameter values specified in Sec.
VIl above.

In the complicated structures and deviations in Figs. 5-9,
the following points are of interest.

To summarize, the differential cross section for dilepton (1) The p peak in the reaction{ —)— (+ —) is overes-
production as a function of invariant maskr,, +,- /dM,  timated by a factor 2.5 and 1.5 by the dkliand Lichard
can be found in a number of approximations and an exaddpproximations, respectively, fd =10 MeV; for M =300
way (within the limitations of the hadronic reaction model MeV, the overestimation is much greatgéig. 5. Only the
The approximations are the Bkl approximation(70), two  three-space current approximation does an adequate job here.
approximations, Eqg71) and(72), based on a more careful Similarly, thef peak of the exact result lies well below the
derivation by Lichard, using the real and virtual photon cur-corresponding approximations. Overestimat{an/—5.0 of
rents, respectively, and an approximation integrating the cuthe p peak also occurs for approximations in
rent covariantly in three-phase-space, Etf). The “exact”  (+0)—(+0).
formula is given by Eq(79). (2) In the reaction {-0)—(+0), the three-space current

Of these, the Rekl and Lichard cross sections can be approximation, on the other hand, lies well below the exact
found easily and quickly within two-phase-space. The threeresult(Fig. 6).
phase-space current approximation is somewhat more diffi- (3) Overestimation factors fado/dM are of order 0.5-4
cult but still uses two-phase-space hadronic matrix elementgor the reactions (06} (+ —) and (+ —)—(00), depending

2 2_
me—| —|mp1“p)
+ —QT .
m,

VIIl. RESULTS AND CONCLUSIONS
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FIG. 7. Same as Fig. 5, for the reactian 7~ — 7’#%ete™,
including the final-state symmetry factor. Note the different scales

on they axes.

FIG. 5. Cross section for the reactiaf 7~ — 7 7 e*e” asa
function of \E for fixed dielectron invariant mass&s= 10 and 300
MeV. Solid line: exact OBE calculation E¢79). Dash-dotted line:

Ruckl approximation(70) — this is the commonly used version of
the SPA. Other approximations are the dashed line, angulaphase and so represent extrema in their behavior. Corre-

averaged virtualy current(72); dotted line: three-phase-space cur- sponding ratios of approximation over exact rates are shown
rent (77). in Figs. 12 and 13. The Rl approximation is the worst, as

expected; overestimation is in the range 2—4 1o+ 100

on approximation and cms energy. Here, too, the three-spadéeV, and 2—8 forT=200 MeV. The Lichard approxima-
current approximation generally does better than the othemsons overestimate by factors 1.4—4, depending on tempera-
but again tends to underestimate in some pditgs. 7 and ture ands. Here, thereal-y three-phase-space current, the
8). lower of the two dotted lines, does surprisingly well, deviat-
(4) The largest discrepancy between approximations anéhg from the exact result by less than 20% throughout. Com-
the exact result occur for the reaction ¢-)—(+ +) (Fig. paring this fact, however, with the substantial deviations
9): for the Rickl approximation, factors 8for 10 MeV) to  shown in thes-differential cross sections of Figs. 59, one
30 (for 300 MeV) arise, while the Lichard approximation must conclude that much of the “agreement” seen on the
yields corresponding overestimation factors of 1.9 and 14-evel of rates is due to averaging over differences seen in the
20. Since, however, this reaction contributes only little whens-dependent cross sections and that such “agreement” there-
contributions from all reactions are added up, this effect ifore does not validate the approximations.
not of much interest in a heavy ion context. We also note the fact that none of the approximations
(5 There is generally not much difference between usingapproaches the exact result for small valuedvofeven for
the real-photor{not shown or virtual-photon currents in the the smallest value showrV{=10 MeV), the discrepancy is
Lichard approximations; this is in agreement with the con-still above 40% for the Lichard approximations and larger
clusions of Ref[27]. For M=300 MeV, some differences than a factor 2 for the Rikl approximation.
can be discerned, but both deviate in general more from the Figure 14 shows the fractional contributions to the total
exact result than from each other. T=200 MeV rate for the Rekl, virtual-y current Lichard,
Figures 10 and 11 show the dilepton production rates pesnd exact cross sections. As discussed, therj— (+ +)
unit spacetime summed over all seven reactions, calculategbntribution virtually falls away in the exact calculation; by
using the Boltzmann formuléd7), for temperature§ =100  contrast the reaction0)— (+0) plus charge conjugate be-
and 200 MeV, respectively. These temperatures probably ligomes more important, in second place behind the dominant
below and above an expected transition to a new quark-gluofeaction @ —)—(+ —).

<2 ‘ 0.004 ‘ 05 ‘ 0.002 ‘ 1
3 - % i
R +0)—= (+0) (+0)> (+0) / & 00) = (+-) 00)= (+-) /
3 | CO-E0 0O -0 i 3 M = 10 MeV M = 300 McV /
E M= 10 MeV M =300 MeV ] £ i i
/ i /

= ,‘/ s il i/
=4 li kol i i
E 1 F 0.002 + ; E E / 0.001 !
o / s} i

‘ Pl

05 03 i 2 05 —= 0
s'"2 (GeV) s (GeV)

FIG. 6. Same as Fig. 5, for the reactions 7°— 7" 7% e™
plus 7~ m’— 7~ mlete™.

FIG. 8. Same as Fig. 5, for the reactiaf#n’— 7" 7 e*e".
An initial-phase space factor of 1/2 is included.
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FIG. 9. Same as Fig. 5, for the reactions

atat—atatete” plus 7 r -7 m ete . Initial-times

final-state symmetry factors (1R2pre included.

Finally, we ask where the discrepancies between approxi-
mations and exact cross section originate: is this due to the
inclusion of diagrams with photon emission from vertices
and propagators? A partial answer is provided by Fig. 15,
where the cross sections for reactions«{)—(+ +) and
(+—)—(00) are plotted. The upper lines correspond, as be-
fore, to the Rkl and two Lichard approximations, while the
solid line again represents the exact result. The lowest dash-
dotted line, on the other hand, represents the exact result but
excluding all internal diagrams and their cross terms with

o[\ T = 100 MeV

T T

dN/d*% dM  (fm™ GeV™)
|

-8
10 F
-9
102—
-10
10 |
F o b e
0 0.1 0.2 0.3 0.4 0.5
M (GeV)

FIG. 10. Total bremsstrahlung yield ef e~ for all seven pion-
pion reactions, for a Boltzmann gas with temperailire1l00 MeV.

dN/d* dM  (fm™ GeV™)

(AN/d* dM)ss  /  (dAN/d** dM)oee
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FIG. 11. Same as Fig. 10, for temperatiire 200 MeV.
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FIG. 12. Ratios of SPA approximation calculations divided by
Solid line, exact OBE calculation; dash-dotted linécRuapproxi-  exact OBE rate foiT=100 MeV. Dash-dotted line, Rul/exact;
mation; dashed line, angular-averaged virtyal-current; dotted dashed line(angular-averaged virtuat currenj/exact; upper dot-
line, three-phase-space current, virtydl-current (upped real-y ted line, (three-phase-space virtugl curreny/exact; lower dotted
current(lower). line, (three-phase-space reglcurreny/exact.
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FIG. 13. Same as Fig. 12, fdr=200 MeV.
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FIG. 15. Contribution of external-emission vs external-plus-
internal diagrams for the reactions+{)—(00) (left) and
(++)—(+ +) (right), both forM =300 MeV. Lines are as in Figs.

7 and 9. The new dash-dotted line below ffs®lid line) exact
calculation represents contributions arising solely from emission of
v* by an external pion line, but taking into account in.Z, in
contrast to the approximatioriapper lineg which neglected.

effect ondo/dM is the inclusion of the full dependence of
.72 on the photon momentun In fact, the effect is so large
that for the reaction{ +)—(+ +) the cross section would
become negativef internal diagrams were not included. In

external ones. The difference between this lower line and thgther words, among the list of approximations listed in Sec.
exact resultsolid line) therefore represents the contribution || g, approximation(b) is the most far-reaching.
of the internal dlagrams; while the difference between the The importance of including fully in the matrix element

lower dash-dotted line and the upper lif@pproximations

can be understood qualitatively: as illustrated in Figs. 5-9

represents the change in cross section due to inclusion @6r one reaction, the elastic pion-pion cross sections vary
exclusion ofq in the externalemission diagrams.

We see that the contribution of internal emission is not alltracting a sizable amount of energy-momentum in the form
that large, albeit non-negligible. By far the most importantof q therefore naturally leads to a substantial change in cross

Fractional rate

1.0

o
o0

g
o

@
o

<
Y

@ | ® | ©

considerably within the region of interest. Adding or sub-

section also. This change is, however, neglected in all the
approximations listed.We believe that thisunavoidablg
neglect is at the heart of the considerable differences be-
tween approximations and exact result seen in Figs. 5-9.

In summary, the various approximations for bremsstrah-
lung from pion-pion collisions cannot in general be believed
beyond at best a factor 2 or more, depending on invariant
mass and temperature.

We have shown in Secs. Ill B and VI how three-phase-
space can be fully taken into account. The most important
effect, it turns out, is not the inclusion of photon emission
from vertices or propagators but the strong dependence of
the cross section on the inclusion of the photon momentum

“Since this curve does not represent a gauge-invariant calculation,
this negative cross section is of no physical consequence. In fact, it
illustrates once again the necessity of including internal diagrams to

FIG. 14. Fractional contribution to the total dielectron rate atMake the cross section positive again.

T=200 MeV as a function of dilepton invariant magsfor (a) the
Ruckl, (b) virtual-photon Lichard approximations, afg) the exact
calculation. Solid line (uppe), (+—)—(+—); dashed line,
(+0)—(+0) plus c.c.; solid line(lower, (00)—(+—); dash-

dotted line, & —)—(00); dotted line, ¢ +)—(++) plus c.c.

SThis also explains why the overestimation is so large for the
reaction (+ +)—(+ +): there are no resonances in the cross sec-
tion which could provide some amount of cancellation by pion-pion
reactions being “shifted into” and “shifted out of” a resonance
peak.
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g into the hadroniccollision part. we need the electromagnetic interaction Lagrangian linear in

Since this calculation neglected baryonic degrees of freePyu
dom and resonances, and because of the technical difficulties. _ o
of a further integration over spacetime, our results are not ™ 77y
applied directly to experimental data; this is a matter for the, . .
fue[Ere. All we zan sa;? at this stage is that it is likely that theeW'th the pion current
approximations overestimate the dilepton yield throughout jL=i(m ot —at ora), (A3)
the mass region of interest, and that the degree of overesti- i
mation rises both with increasing invariant madssand tem- t
peratureT. Since the bremsstrahlung channel competes with
various Dalitz decays, and since various experiments take BrY=g"p"— 9" p"—d,p" X p", (A4)
much care in applying cuts to eliminate Dalitz pairs as far as

possible[12] a quantitative estimate would necessarily havegng F.=d,A,—d,A, the usual electromagnetic tensor, the

+ %t 7 + 7

ppy T L arayT Lanpy

+ Loty (A2)

he p field tensor,

to take such experimental cuts into account also. individual contributions are
In addition, attention should be paid to the issue of the
Landau-Pomeranchuk effect, which is expected to suppress L oamy= AL, (A5)

dilepton bremsstrahlung rat¢24,25,28. Our results, taken

in conjunction with these calculations, therefore appear to 1

indicate even larger suppres_sion of bremsstrahlung dileptons 2 ,,,=€A,[p, X B*"]3+ zeFM[p’*Xp"]g
than had been thought previously.

=ieALp-(d"p = 3"pK) = ps (0*p" —3"p")]
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APPENDIX: FULL OBE LAGRANGIAN The corresponding vertex factors are
Besides the hadronic interaction Lagrangi80) with its I ,..,=>ie(p+p’)* for e (p)— 7= (p')A*,
vertex factors

= +j apB "V _ qarp’B_ gBrpa
zlg(rppr for ﬂ_i(p)_)ﬂ_i(p/)o_, 1—‘ppy iIe[g (p+p ) g p g p ]
I'ero=)ig,p-p’ for x%p)—=°(p")o, for p2(p)—pZ(p")A*(q),

=+ : + IAY" + =+ ’ y23
1igp(p+p/)p,f0r Wt(p)—WTi(p')pg, F’ZT’JTO"}/ 2|ega(p p) fOI"’JT (p)_)ﬂ- (p )UA ’

r,,,=1 =i8,(p+p")*for 7 (p)—7op’)pk —2ieg,g*” for m*(p)— 7= (p’) poA¥,
*ig,(p+p")*for 7o(p)—m(p')pk, T ompy=9 Ti€9,g"" for = (p)—mo(p)pL A*,
_ . . +ieg,g"” for mO(p)pL— 7= (p’)A*,
ige(pp’ P+ pPp’e) for == (p)— 7= (p')f*#,
Iont=Y igepep’? for 7°(p)— 72(p') F 4, T rniy=tiegg(p+p")P+9%*(p+p’)“]
(A1) for = (p)— 7= (p')F*PAX, (A10)
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