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What Lepton Pairs Reveal about Pions in the Nuclear Medium
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We calculate the pion spectrum and its electromagnetic annihilation vertex in nuclear matter taking
into account the strong z/VA interaction. For nuclear densities the pion kinetic energy is approximately
compensated by the interaction, but also the free-pion annihilation matrix element is almost canceled by
the contribution from the interaction with the medium. Consequently, the enhancement of the dilepton

production rate due to the softening of the pion spectrum is strongly reduced.

PACS numbers: 25.70.Np

The recent experimental observation of electron-
positron pair production in collisions of relativistic nu-
clei' may open new possibilities for studying the proper-
ties of hot nuclear matter.? The advantages of an elec-
tromagnetic probe—its immunity to strong interactions
while traveling through the collision region— have been
stressed many times. There are different mechanisms for
producing lepton-antilepton pairs (dileptons) in nuclear
collisions.® Experimental evidence suggests an enhance-
ment of dielectron production with invariant mass
around 300 MeV, and points to pion annihilation as the
source. Reference 3 pointed out that the lowering of the
pion energy in the nuclear medium would enhance the
dilepton rate by increasing the density of initial states,
even leading to singular behavior when the pion energy
E(p) develops a minimum at finite momentum. The
effect was confirmed in a more realistic calculation in
Ref. 4, but in both cases the authors assumed the pion
electromagnetic-annihilation matrix element was not
significantly affected by the presence of nuclear medium.
However, since the annihilation matrix element is that of
a current interaction, it might also disappear, since the
group velocity vanishes at the minimum of the pion
dispersion relation E(p). According to the Ward-
Takahashi identity this is exactly what happens when the
emitted photon has a very long wavelength. We under-
take the present calculation to investigate how complete
this cancellation is when the photon energy is equal to
the sum of the annihilating pion energies and we show
that the effect of nuclear matter on the annihilation ma-

AL (p)=ayal (p)+r,a-(—p)

trix element, and hence the dilepton production rate, is
as important as that of the pion spectrum.

We study pion annihilation in the presence of nuclear
medium by consistently taking into account the strong
p-wave VA interaction on the pion spectrum as well as
on the annihilation matrix element. There are many oth-
er important effects neglected in this analysis, notably
the short-range A-(nucleon)-hole interaction,” the ZNN
interaction, the widths of the A and the pion, etc. While
some of these effects can be included in a straightfor-
ward way, that is out of the scope of this Letter and,
furthermore, we believe they will not change the overall
picture since our basic conclusions do not depend on the
details of the model.

To take into account the strong mixing of the pion
with the A hole we use the method of linearized equa-
tions of motion (random-phase approximation).® We
have obtained the same results using Feynman diagrams
to calculate the correction to the pion self-energy and its
electromagnetic vertex. Another possibility would be to
consider the photon self-energy, since its imaginary part
is related to the dilepton production rate.” Our approach
then corresponds to attaching two photon lines in all pos-
sible ways to the pion-ring diagrams of Ref. 8. We start
by constructing an operator 4} (p), creating an excita-
tion with momentum p and the quantum numbers of the
positive pion. We use a nonrelativistic approximation
and neglect the contributions of the antinucleons and A,
but take into account the antipion (i.e., negative pion).
Thus we write
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and similarly for the negative pion. The pion annihilation operator is a +, that of the A is d.; (¢ denotes the charge, and
s the spin), and that for the nucleon is b (n or p as subscript denotes neutron or proton). For the description of the A we
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use the Rarita-Schwinger spinors® u”. ap, Ap, B,(k),
and 7, (k) are coefficients determined by the equations of
motion and the requirement that A4 + satisfy boson com-
mutation relations. The nNA interaction has been con-
sidered by many authors.®”'* A special form, different
from the simple derivative one, has been advocated in
Ref. 9. However, because of our nonrelativistic approxi-
mation (effectively amounting to keeping the A on-
mass-shell) we can choose the difference between the two
interactions to be zero and use the derivative one. The
interaction Hamiltonian density, to first order in the cou-
pling g, is

Hi=—gd,ny*y+hc., 2)

where isospin indices are dropped and y* is the Rarita-
Schwinger field describing the A. Our normalization is
such that the coupling of the A™* is g (the other cou-
plings of the charged pions are then either g or g/V3).
The equation of motion is

[H,AL(P)I=E(P)al(p), 3)

where H is the Hamiltonian. Indeed, if (3) is satisfied,
A} (p)]0) is an excited state with energy E(p), since
AL (p)]0) is an eigenstate of the Hamiltonian with ei-
genvalue E(p). Here |0) is the ground state satisfying

d’k
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H|0)=0 and 4+ (p)|0)=0. The Ansatz (1) cannot
satisfy (3) exactly, but if after calculating the left-hand
side of (3) we replace the fermion bilinear operators b '
and d'd by their expectation values, Eq. (3) can be
satisfied by choosing the coefficients a, A, B, and y as fol-
lows:
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The above coefficients are normalized by the boson com-
mutation relation imposed on the operator 4 and its
Hermitian conjugate.

The energy of the excitation is determined by requir-
ing the existence of a nontrivial solution for the above
coefficients and is given as
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In the above expression E,=E,(p), Es,=Ea(p+k),
En=En(k), and (b'b(k)) is the Fermi-Dirac distribu-
tion frp(E,(k)), since we assume the nuclear medium
to be in thermal equilibrium, as well as a spin-zero and
isospin-zero state. Examples of the pion spectrum as
given by (7) are shown in Fig. 1 for T=0 and different
densities close to the nuclear density. We determined
the coupling g from the observed total width of the A,
giving g=15.5 GeV ~'. The above spectrum is very
similar to the widely used one of Ref. 14. Actually, the
two coincide if one neglects the residual Migdal interac-
tion and the exponentially falling form factor in Ref. 14,
and the Fermi momentum k and terms of the order
m,/M 5 (compared to 1) in expression (7).

The electromagnetic-annihilation matrix element for a
pair of excitations created by the operators A L,

ME=[(27)2E(p)2E(p")]"/?

x(0]|J#(0)4} (p)AaLt (p) |0, 8)
can be written as a sum of three terms
ME=ME+ MF+ME . 9)

The first represents the contributions which survive in
the g— 0 limit and is given as (we are interested only in
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FIG. 1. Pion dispersion relation in nuclear matter at 7=0
and for densities given in terms of the nuclear density po.
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This is the matrix element used in Refs. 4 and 15, since
the factors multiplying the momentum difference corre-
spond to the probability that the pion branch is a pion

and not a A hole. It is certainly justified to introduce this A A
correction; however, there are other terms of the same (a)
order (in the coupling g) which need to be taken into ac-
count. p P N
The second term on the right-hand side of (9) comes
from the part of the electromagnetic current operator e U e T i
due to the derivative #/VA interaction (2), A A A
Jf = —ign¥*¥+h.c. (11) (b)

FIG. 2. Diagrammatic representation of the pion annihila-
tion vertex. (a) Diagram corresponding to the “contact” in-
teraction, coming from the part Jf [expression (12)] of the
electromagnetic current operator. (b) Diagrams coming from
the electromagnetic interaction of the A and nucleon hole in
the A hole produced by the pion.

(we dropped the isospin indices), and is necessary to as-
sure the gauge invariance of the Lagrangian. These
*“contact” terms can be represented by Feynman dia-
grams given in Fig. 2(a). This contribution can be con-
veniently written as

M= —(a, —2,)(ay =2 F(P)p'—=F(p')pl,  (12)
with the function F(p) given by
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The meaning of symbols E,, E, and Ey is the same as in Eq. (7). Comparing the above expression with (7) we notice
that p?F(p) is approximately equal to EZ(p) —EZ2(p) (if the pion and nucleon momenta are not very large). This
means that when the kinetic energy of the pion is almost compensated by the interaction, F(p) =1 and the first and
second terms on the right-hand side of (9) almost cancel each other.

Finally, there is a contribution where the photon is emitted from the A or the nucleon hole (if charged) with the usual
coupling. The corresponding Feynman diagrams are shown in Fig. 2(b). Because of the large A and nucleon masses
(compared to the pion mass) the current carried by them is suppressed and the third term in (9) is usually much small-
er than the first two. It, however, becomes non-negligible for larger pion momenta (starting from around 2m,), espe-
cially if there is a close cancellation of the first two terms. The expression for two arbitrary momenta of the excitations
p and p’ is very long, due to the complicated expression for the propagator of the spin-3 A (a truly nonrelativistic ex-
pansion may help) and since we consider here only the relatively simple case of back-to-back annihilation (when
p+p’ =0) we give the expression only for that case:

EsEn—k- (p+k) + M My
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Now we calculate the rate for back-to-back dielectron |
production by pion annihilation in nuclear medium in
thermal equilibrium, using the expression from Ref. 3,

invariant mass around 2m,, but much smaller than pre-
viously estimated.>'> The rate still diverges at the

but also the annihilation matrix element in the medium,
instead of the one in free space. The results, compared
with the free-space rate, are shown in Fig. 3. A compar-
ison with Ref. 3 shows a striking difference. The effect
of the medium on the matrix element is extremely im-
portant and greatly reduces the enhancement due to the
flattening of the pion spectrum, at least in the case of
leptons emitted back to back. However, depending on
the density, it is possible to have an enhancement for the

1504

threshold if the pion spectrum has a minimum at
nonzero momentum, the width of the peak being rather
small but increasing with increasing density (in the re-
gion p > po). This happens because the matrix-element
cancellation at the minimum of the pion spectrum is not
exact and is becoming less pronounced near the thresh-
old at higher densities. Also, around nuclear densities
there are invariant masses for which the matrix-element
cancellation is exact, leading to a sharp dip in the
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FIG. 3. Rate of dielectron production, per unit volume and
time, with total three-momentum q =0 and invariant mass M.
The temperature is T=100 MeV and the densities are given in
terms of the nuclear density po.

dielectron production rate. This will, however, probably
disappear after the widths of the particles are taken into
account.

The inclusion of the effects we neglected will change
the details of our results. For example, the inclusion of
the short-range A-nucleon-hole (Migdal) interaction will
effectively reduce the strength of the m/VA interaction,
thus requiring higher density to achieve the same flatten-
ing of the pion spectrum. However, it will affect the an-
nihilation matrix element in the same way. The impor-
tance of the matrix-element correction stems from the
fact that it (mainly) comes from a term in the current
operator which has the same structure as the interaction
Hamiltonian, from which it arises. The close relation be-
tween the pion self-energy and electromagnetic-

annihilation vertex can be seen also from the Ward-
Takahashi identity, which was violated in the previous
treatments, but is satisfied in our approach. There are
other processes contributing to the dilepton production,
notably the annihilation of a pion with A hole. However,
since the A-hole branch is pushed up by the interaction,
this process does not contribute significantly in the
dilepton-mass range considered in this Letter.

We thank Philip J. Siemens for numerous discussions
and advice. This work was supported in part by funds
provided by the U.S. National Science Foundation under
Grants No. PHY-8608418 and No. PHY-8814329, and
also by the Wisconsin Alumni Research Foundation.

IG. Roche et al., Phys. Lett. B 226, 228 (1989); G. Roche et
al., Phys. Rev. Lett. 61, 1069 (1988); C. Naudet et al., Phys.
Rev. Lett. 62, 2652 (1989).

2p. J. Siemens, Nature (London) 340, 598 (1989).

3C. Gale and J. Kapusta, Phys. Rev. C 35, 2107 (1987).

4L. H. Xia, C. M. Ko. L. Xiong, and J. Q. Wu, Nucl. Phys.
A485, 721 (1988).

5A. B. Migdal, Rev. Mod. Phys. 50, 107 (1978).

6G. E. Brown, Unified Theory of Nuclear Models and
Forces (North-Holland, Amsterdam, 1964).

L. D. McLerran and T. Toimela, Phys. Rev. D 31, 545
(1985).

8H. Jung, F. Beck, and G. A. Miller, Phys. Rev. Lett. 62,
2357 (1989).

9L. M. Nath, B. Etemadi, and J. D. Kimmel, Phys. Rev. D 3,
2153 (1971).

10G. E. Brown and W. Weise, Phys. Rep. 22C, 279 (1975).

1], W. Durso, M. Saarela, G. E. Brown, and A. D. Jackson,
Nucl. Phys. A278, 445 (1977); W. Weise, ibid. A278, 402
1977).

12H. Hirata, J. H. Koch, F. Lenz, and E. J. Moniz, Ann.
Phys. (N.Y.) 120, 205 (1979).

13p. J. Siemens, M. Soyeur, G. D. White, L. J. Lantto, and K.
T. R. Davies, Phys. Rev. C 40, 2641 (1989).

14B. Friedman, V. R. Pandharipande, and Q. N. Usmani,
Nucl. Phys. A372, 483 (1981).

15C. M. Ko, L. H. Xia, and P. J. Siemens, Phys. Lett. B 231,
16 (1989).

1505



