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Revealing nuclear pions using electron scattering
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A model for the pionic components of nuclear wave functions is obtained from light front dynamical
calculations of binding energies and densities. The pionic effects are small enough to be consistent with
measured nuclear dimuon production data and with the nucleon sea. But the pion effects are large enough to
predict substantial nuclear enhancement of the cross section for longitudinally polarized virtual photons for the
kinematics accessible at Jefferson Laboratory.
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The belief that pions are the carrier of the nuclear forceg’ used by[6] to represent the short-range nucleon-nucleon
and hence the dominant agent responsible for the binding aforrelations. Thus it seems desirable to make further calcu-
nuclei has been a basic premise of nuclear physics since thations of nuclear wave functions in a manner which includes
time of Yukawa’s original theory. This tenet was strength-pionic components along with nuclear saturation properties.
ened via the observation of very significant effects of pion Furthermore, it is natural to expect that calculations of
exchange currents in a variety of reactions involving electrohigh energy observables would benefit by using light front
magnetic probes of nuclei[1]. Furthermore, chiral dynamicg13]. These considerations led us to use light front
Lagrangians involving pions and nucleons are believed to bdynamics to compute nuclear wave functidig]. One ap-
the correct low-energy representations of QD proach was to use a new light-front one boson exchange

All of this basic physics was brought into question by potential[15] to compute the saturation properties of infinite
lepton-nucleus deep inelastic scattering experiments and rewclear matter in a Brueckner theory calculation which ob-
lated measurements of the production of Drell-Yaiu ™ tained very reasonable values of the binding energy density
pairs in high energy proton-nucleus interactions. The leptonand compressibility. This calculation goes beyond mean field
nucleus deep inelastic scattering observed by the EMC exheory as necessary to obtain a nonzero pion content for nu-
periment[3,4] showed that there is a significant difference clei with equal numbers of neutrons and protons. Another
between the parton distributions of free nucleons and nucleresult is that the number of excess pions per nucleon is 0.05
ons in a nucleus, including the substantial result that thevhich seems to be in the range sholt] as allowed by the
nuclear structure function is supressed in the region of th®rell-Yan data. This smaller value of the pion excess arises
Bjorken variablex~0.5. This means that the valence quarksmainly from the use of one-boson exchange, in whichAhe
of bound nucleons carry less plus-momentum than those dé absenf16]. Thus a reasonable nuclear theory exists which
free nucleons. But partons must carry the total momentum ofould coexist with the dimuon production data, but it is
the nucleus so the plus-momentum of non-nucleonic conhighly desirable to verify this set of dynamics by computing
stituents must be enhanced. One useful postulate was thattite dimuon production cross section and by observing a non-
is nuclear pions which carry a larger fraction of the plus-zero signal of pionic effects. These are the aims of the
momentum in the nucleus than in free spaéeb]. Such present work.
models[4] explain the shift in the valence distribution and  One possibility for verification arises from measurements
also provide an enhanced nuclear antiquark distribution ob17] of the ratioR, of scattering of virtual photons in a lon-
servable in Drell-Yan experimenfZ]. However, no such en- gitudinal (L) or transverse polarization stateT)( R
hancement was observéd], and no substantial pionic en- =0 /o from nuclei. A large value otr_, and the corre-
hancement was found imp(n) reactiong9]. These failures sponding violation of the Callan-Gross relatipb8], indi-
to observe the influence of nuclear pions were termed a sesates the presence of nuclear bosons as fundamental constitu-
vere crisis for nuclear theo0]. ents of nuclei[19]. Indeed, the HERMES Collaboration

But the magnitude of the crisis depends on the size of théound a factor of 5 enhancementRfbut this was for values
pionic effects expected from nuclear theories. The earliesdf x and Q? at which the pionic effects are too small to be
calculations[6] included enhancements via the effects ofrelevant[19].
7N+« A transitions incorporated by summing the RPA series. Here we study the possible efffects of nuclear piongrpn
Another calculation, involving significamk effects, evalu- as a function ofx and Q2 and therefore determine if such
ated the expectation value of the pionic number density opeffects are detectable. We shall also compute those effects for
erator in a variational wave functidd1] and the result was the nucleon target to predict its pionic content. These effects
characterized as infinite nuclear matter containing about 0.18re also relevant to experiments aimed at determining the
excess pions per nucleon. Both sets of calculatjérikl] led  pion elastic form factof20].
to significant nuclear pion content and a corresponding en- The start is to confront the deep inelastic scattering data
hancement of the nuclear antiquark distribution, which waon the nucleon and the nuclear dimuon production data
not observed experimentall$]. However, it was recognized which place severe constraints on the pionic content of the
almost immediately that one could redyde] the predicted nucleon[21] and nuclei, and ensure coexistence of the dy-
sea enhancement by a very small increase in the parameteamical model with those data. The necessary phenomenol-
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ogy has been described often, see the revigMisThe main 06
point is that the quark and antiquark distributions can be r
given as convolution of they,q distributions in a given o5 -
nuclear hadronic constituent with the light cone distribution RS
functions:f _,a(Y),fn(Y), the probability to find an excess i
pion in the nucleus(A) or nucleon (), with a plus- 04
momentum given byymy. These quantities are obtained 8 r
from the square of the ground state nuclear of nucleon wave® L
function, computed using light front dynamics, as g 0.3 :_
oz :
Cn)=my [ NN, @ B F
S
1 ) o C
fﬂ'/A(y): KmN d kL<A|n‘rr(k)|A>_ fﬂ'/N(y)u (2) 9 0.1 [/
a !
where n_(k=(k, ,k*)) is the pion number operator. The ;’
function f ;\(y) is constrained by the data on the nucleon 0.0 L
sea which restrict the andd distributions as similaf21]. 0
The important input is therN form factor, which we take to y
be of the cloudy bag model forfi22] with a bag radius, 0.9 FIG. 1. Excess pion distribution functions for nudlsolid lines
fm, large enough to be consistent with the constraints. and for the nucleoridashed lings The results for different nuclei

The quantityf_,A(y) controls the nuclear pionic effects. *?C, *°Fe, and'®’Au are obtained from the Fermi gas model with

We obtain this directly from our latest light front calculation values ofk;=1.2,1.3, and 1.34 fm' [22].

[15] of nuclear matter properties. This calculation provides

the integral quantity for the excess number of pions asillow a reasonable qualitative representation of the nuclear
Jodyf.a(y)=0.05, but not the functiorf /5 itself. How-  deep inelastic scattering ddi4,25,24.

ever in all models this function is expected to vanish for very ~ With the present model, it is the nucleonic effects which
large and very small values gfand smoothly rise to a maxi- control the computed Drell-Yan results. These are shown in
mum at abouty=0.2,0.3. Thus the overall strength of the Fig. 2, for values of the target plus momentum fraction, with
effects in Drell-Yan scattering ana, we wish to examine X, large enough so that the effects of shadowing are absent.
here are not expected to be very sensitive to details or havehe compuations are made using the experimental accep-
much model dependence as long as the overall normalizatialance[8]. We see that it is possible to reproduce the experi-
is constrained. Therefore we revive our old calculafibgy], mental data with a theory which is based on detailed nuclear
but now using parameters which yield 0.05 for the number oflynamics such as light front Brueckner thedhp.

excess pions in nuclear matter. The simplest way to achieve Can there be a signal to observe these pions? Thus we
this value is to vary the value of’. The relationg’

=0.795 gives the desired value for nuclear matter and alsc 110 T T T
provides that excess nuclear pions carry a fraction 0.016 o - 1
the nuclear plus momentum. We account for the difference 2

between Fe and nuclear matter by reducing the Fermi mo- I Fe/"™H - T i
mentum from 1.37 fm?!to 1.3 fm *[23]. This reduces the 105 |- |
excess pion number to 0.04 and the momentum fraction tc L i
0.135. The results for the pionic distribution functions are
shown in Fig. 1. -

We see thaf ,,\ o differ from zero fory~0.2-0.5, but
f sa Vanishes rapidly ay approaches.0This means that
pionic effects are irrelevant to understanding the HERMES
effect, which occurs fokg;~0.01.

Using ;o one can compute the contribution to the
dimuon production cross section in which a quark from the
incident proton is annihilated by a nuclear antiquéfiom
either a nucleon or a pigrto form a virtual photon which
emerges as a dimuga? - pair. The pionic contributions L J
must be added to the contributions of the nucleons. The oo b Lo Lo L LTy
nucleonic effects are computed using the formalism of 0.1 0.15 0.2 0.25 03
[24,25. The key parameter is the average separation energy, Xt
which is taken as 56 MeV, as obtained from an extrapolation FIG. 2. Ratios of the Drell-Yan dimuon ratio per nucleon, for
of the nuclear matter value of 71 MeV. Such parametergositivex:=x,—x,. The data are from Ref8].
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turn to the role of pionic effects omr_ for nuclear and 6
nucleon targets. The pionic contribution to the hadronic ten-
sor is given by

1

T\N MY —
oW 47TMA

f d4ge (P IE(H)ILO)|P), (3

where |P) represents the nucleon or nuclear target ground
state of total momentur®, and the momentum of the virtual

photon is q=(»,0, ,— V»?*+Q?. The current operator & 8
which accounts for the effects arising from the nuclear pions

s J4(8):
Je=i(¢p* I p—pd"d*), (4)

with ¢ as the complex pion field operator. The effects of the 1
pion charge form factoF _(Q?) are included below.
We are concerned withr , and use the standard general

a."(p) (ub

formula[27,28 0 0.2 0.4 0.6 0.8
Q24ﬂ'2a — o * —
o =——— 0 (5) FIG. 3. Pionic contribution to the photon longitudinal cross sec-
(Q%+1?)%2 tion on the proton, as a function @2 andx.

We now evaluates™W® by usingJ? in Eq. (3). Then insert - (A)/o+(D)Rp, which allows the use of parametrizations
a set of states which asymptotically contain a nucleus and fr F,(D) andR(D). Thus we obtain the result

free pion of momentunp”. The sum over nuclear states can

be performed using closure if one uses light front variables a (A) Q4 S5™W00

(9" =0q°+q°%) to describe the momentum of the photon and o (D) 1+ Q%+ 197 AFPR (1+Rp), (7)

of the nuclear pionK, ,k*). For large enough values of - 27D

the interactions of the struck pion with the residual nucleusyhich may be evaluated using E@) to be

may be ignored, the energy of the outgoing pion may be

taken asv, and the effects of nonzero values of nuclear ex- o (A) 2

citations energiegproportional toq*/q~) appearing in the ——=1+x5f.(§
) P : o (D) 3

energy-momentum conserving delta function inherent in Eq.

(3) may be ignored. Then the result of a straightforward

evaluation leads to the res(iz9—-31]

2 FA(QP)
(Q*+v%) F3Rp

(1+Rp), (8

where as usuat=Q?/2Myv. Note that only the pionic ef-
fects are included here. The effects of nuclear vector and
2 2 f vy (€) scalar mesons, so important in understanding the HERMES

STWIANA)= 507 3 = — F2(Q), (®

0.8 T T T | T T T T | T T T 1 | T T T 1T

whereF _(Q?) is taken as a monopole form consistent with
the observed mean square radius, and the factor of 2/3 ac
counts for the fact that only charged pions enter in electron L
scatteringwith N=2). Note that energy momentum conser- 0.6 [—
vation gives the relatiok” =M y£=Q?/q~, and ¢ is the i
Nachtmann variable.

The pionic contribution to the longitudinal cross section
for a proton o=N) target,o"(p), is obtained from Eqy5) 0.4 —
and(6), and is displayed in Fig. 3. Cross sections of this size "
are routinely observable. The decrease with increasg?d$
caused by the pion form factor. The value @f (p) for x
=0.2, Q?=0.7 GeV corresponds to a contribution ® A 0.2
of the proton of about 0.04, small enough to avoid any con-
tradiction with existing data.

—n

é/UL

We now turn to the case of nuclear targets. The standarc & I
general formula5) allows us to relates™ W to the corre- ™~ [ |
sponding contributioriper nucleoh 6" to the longitudinal T
cross section, so that the nuclear longitudinal cross sectior X
(per nucleonis given byo (A)=0 (D)+ 870 . It is de- FIG. 4. Enhancement of longitudinal cross sections, as a func-

sirable to present a ratier (A)/o (D), or equivalently tion of Q? andx.
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effect [19], are not included because these appear at mucbf v, but the outgoing pion energies are in the vicinity of the

lower values ofx than we shall consider.
The results of our calculation @f, on %%Fe are shown in

mr-nucleon resonance region, so that final state interaction
effects could change the shape of the curve. However, since

Fig. 4 which shows the difference between the left-hand sidehe variableo, involves an inclusive measurement the over-
of Eq. (8) and unity. Results for other nuclei can be obtainedy|| strength as represented by, e.g., the area under the curve,

by using the different pion distribution functions of Fig. 1.

Large effects are predicted for a quantity which is readily the substantial
measurable at Jefferson Laboratory. The largest effects o

tained with the lowest value dp?=0.3 Ge\?, correspond

to very low values ofiv~0.4 GeV, where there may be sub-
stantial corrections to the light-front closure approximation
because " is not vanishingly small. While there seems to be

should not be affected very much.

15-30% effects, for values of

l9<'~0.2—0.3, present an opportunity to observe a significant

nuclear enhancement of . This is an excellent opportunity

to unravel a significant long-standing mystery involving the

absence of nuclear pionic effects.

no reason why the effects of such corrections would cancel
the effects shown here, the interpretation of the data would This work was partially supported by the U.S. DOE. |

be simplified by observing effects at larger valuest In
this case one obtains smaller values)6f and larger values

thank H. Blok, S. J. Brodsky, and M. Strikman for useful
discussions.
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