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Low Energy Inclusive Processes
and High Energy Exclusive R.eactions

in Heavy Nuclei 1
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~ffect of short range correlation. (SaC). We .hall lee that I-loop correction. to the
mun field (a precise definition of them being deferred to the next aection) critically
depend upon the q-behaviour of g', "hich can by no meanl be conatant. Thus only
~xperimenh at high tranaferred momentum, like (e.e'2p) or (e,e'pn). able 1:;. detect
SRC, can provide the needed informatione to con.iltently dacribe thOle propertiel
which critically depend upon the pion propagation in the nucleul.

In sect. 2 we shall introduce the formalilm defining the meaD field and ita quantum
fluctuations, in lect. 3 we Ihall di.cul. the effect of SRe, Icct•.•, 5 and 6 will be
devoted to the analysis of the binding energy, the Dumber of A'I in nuclear matter
and the longitudinal e.m.. responle respectively. Finally leet. 7 i. dnoted to the
description of the exclusive experiments which, hopefully, can lolve the uncertainties
displayed by the previous calculations.
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2 The Formalism

To illustrate the formalism, Wt> introduce a simplified model of nonrelativi5tic (n.r.)
nucleons and pions interacting via the n.r. lagrangian

(l)

(2)

L In.( r.) = 1 ~:"1i' t (:r:) (\' .6T . ch(:r:») 1IJ(z) .
m"

This hecaus(" b)' one side we are mainJy interested to pion propagation, and, on the
other one, this model is sufficient to fix the language and provide the ideas we need.
Generalizations will be introduced when required.

Next we add ft coupling with an external pion-like clusical source, i(z), in term
of which a generating functional can be defined as

ZIJ"'J - JV'·j,t. ::; 's·'fds"t'I(s)(~.6".](.»\I>(S)- ·~ ... ,1,I"lV:e

ABS'l'RACT. Some low energy properties of nuclei, namely binding energy,
number of 6-resonances in the ground state and longitudinal electromagnetic rc·
sponle to low momentum probes are examined in the frame of a bosonic loop f>X

panlion within a melonic theory. It is shown that these quantities require a I-Iuop
calculation. Furthermore, it it Ihown that at this order in the loop expansion tht'
reluhs are extremely .enlitive to the high momentum behaviour of the effective in
leraction. A high energy electron accelerator is shown to be the mosto convenient
tool to explore the effective nuclear interaction in the required region.

with

1 Introduction s = Jdz dy {1j1t(Z)G;l(Z, y),p(y) + ~i(z)DoJ (z, Y)i(Y)} +Idz liDI(Z) (3)

(4)

,

The prelent paper il mainly devoted to low energy nuclear phenomena. We shall
conaider, in particular, the binding energy, the number of 6-resonances in the gronnd
state e.nd the relponle to an electromagnetic probe at low momentum transfer.

This kind of topici seem. not to fit with the purpose of the workshop, namely tu
study which kind of information on nuclei can be achieved with a 15 GeV aleetron
accelerator. We wilh to show the contrary, i.e. that only high energy expe;ttl1ents
can .olve the uncertaintiel hidden in low energy phenomena like the above I;Uted
ones. ::0

This .eemingly paradoxical statement will be discussed and (we hope) cl~ed
throughout thil paper. We only anticipate here the key of our reasoning. ~'1) is
well known, the pion propagation in the nuclear medium is unavoidably linketk!o U

INk praented at the Workthop on European Elechon Facility, Main., October 7-9, 1992

o

U,-
~.

(

-orr
ti~,
~\
J.u.'

s
"'-'-~

:1

"f'~

Go a.nd Do being the free nucleon and pion propagators respectively.
Once Z is known, many quantities can be accessed by means of functional deriva

tives 111: to exemplify the polarization propagator is

n,j ( ) . 6
2
log Z I

101 Z, 11 =,6Ji ( z )6J,(II) 1=0

In the present form, eq. (2) can be expanded perturbatinly or at moat lOme
dasses of diagrams can be .ummed up. What i. lacking il a criterion to chooae the
class of diagrams, besides of course the feasibility of the caIcuJatiou.

To get it we integrate functionally on the fermion field. in (2), thua con.tructing
an effectin action S:r containing as true degreea of &eedom only the boIonic ona,
but on the other hand exactly equivalent to (2) as far .Pt;lical reaul" are concernfli
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(5)zli1 = / v[i]eiS!:r +Jdr~.f

8 1/... ...
Sef{ = '2 dz dyq,(z)D;l (z,y)t/J(y) - V".

the effective vertices of the theory being

with

(see ref•. 11,2,31 for morc det.ail. on the derivationI'. See 11.11'0 14] for field-theoretica.l
applications). With a shift of the integration variable q,(z), in fact, Z turns out. to

be

The multilinear nonlocal vertices contained in Vlf keep memory of the presence of
nucleons, as they describe closed fermion loops with any number of external pionic

legs (see fig. 1).

Vtt = -iTr f !. {i ftt (D" V;· i) Go}"
"=2 n mlf

(7)
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Figure 3: Possible processes at the mean field level
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The effective action is the tool we need, since we can carry out a semiclassical
expansion starting {rom it. Without describing technical details, which can be found
in the above quoted references, we give here a qualitative discussion. Thanks to the
absence of tadpoles the mean field propagation of the pion is given by the bilinear

terms of the effective action, i.e.

~Jdzdyi(z)D;~r.(z,y)i(y) = ~JdZdyi[Dt~l(z,y) - n(2)(z,y)] i(Y) , (8)

II(2)(z,y) being the first term of the series of fig. 1. The corresponding pion propa

gation is illustrated in fig. 2.

Figure 1: The vertices of the effective action Vr

We remind that this classification is purely topological, no matter what kind of
1r- N interaction and of nucleon propagator (relativistic or not) we choose neither it
reminds the presence (or the absence) of the nuclear medium. So for instance the
1r - 2'lr process is forbidden in the vacuum and in an infinite nuclear medium, while
it is allowed in a finite system.

Finally we discuss the mean field property more relevant to us. For any proceu
we are con,idering at the mean field level no integration, are allowed on the me,on
momenta. The only integration occurJ in the fermionic loop.s hidden in Vr , but thi,
i4 alway, cut by kF. Thu.s the energy range ezplored at the mean field letJel i.s the
one of the ezternal momenta plu.t, at mo.st. kF • Thus a mean field calculation is
self-consistent also in the sense that internal processes involve the same energy and
momentum range as the external probes.

The situation is dramatically different at the next level of complications.
The classification of the diagrams is, again, very simple. The semiclassical expan

sion is indeed a loop expansion, the loops being counted in terms of the mean field
boson propagation (again the dash-dotted line of fig. 2). Thus the quantum fluc
tuations around the mean field (I-loop corrections) correspond to all the diagrams
with one bosonic loop. To exemplify the I-loop corrections to the pion propagator
are shown in fig. 4.

Now, at I-loop level no cut eziltoS, in principle, on the ha,on loop momentum.
Consequently new energy and momentum regions are explored.

Two comments are in order:

- + ...-¢-i
-'4

--.....

,/

--exi
-5i -0--Vll' = -2-

Figure 2: Mean field pion propagation

Other possible processes at the mean field level are for instance '7l' - 2'7l' or 2'7l' 

2'7l', as illustrated in fig. 3
The clusification of the possible mean-field-level diagrams is very simple: they

are all the tree diagrams with respect to the mean field pion propagation (dash-dotted

line in fig. 2).

1. A physical cutoff must nevertheless exist, in order to force the convergence of
the loop integral.

2. Situations exist (and we shall examine some of them) for which the mean field
approximation fails. In these cases the previously quoted cutoff becomes the
crucial parameter of the theory.
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Figure 5: A self-energy insertion

g(q) being the Fourier transform of g(r). qc iii usually taken of the order
of the w-meson mass.

g(r) being the pair correlation function. A simple model for g( r) is also
suggested by [6] in the form

(11)VOPEP(r) - g(r)VOPEP(r)

(a) following [6] we make the replacement

2".'
g(r) = 1 - io(qcr ) :::::::;. g(q) =6(3)(q) - -26(1)(9 - 9c:) (12)

9c:

p2 factor in the numerator of (10). Why relativity weakens the p-behaviour of
the '7T' N N vertex? The reason is that a compensation comes from the antinu
cleon components. This sets to 2M (M being the nucleon mass) the natural
cutoff imposed by the relativity. Such an outcome is not satisfactory: would
this be the main reason ensuring convergence, then all dynamics up to 2 GeV
should be accounted for in order to make I-loop calculations reliable: a very
hard job.

2. The nucleons are not pointlike: a form factor at the '7T'N N vertex should also
ensure convergence. We know (see for instance the analysis of ref. (51) that a
good value for the cutoff is in this case A". ::::: 1.3 GeVIe: quite an improvement
with respect to the previous item, but still a big value.

3. Finally let us remind SRC. We see that VJ~E~ - 1 as p _ 00. In coordinate
space this means that a cS( r) is active, while we know that SRC suppress it.
Thus YOPEP must be replaced by its correlated version. This can be done in
two different ways:

we see that in fig. 4 we have to evaluate it between a particle-hole pairs in the
spin-longitudinal channel, where VOPEP reads

/
2 2

V;(lona) = _---!.... P (10)
OPEP m~ m~ + p2

and we immediately recognize that the loop integral over p diverges.
This statement seems to be (and it is, indeed) ingenuous, since it is clear that the

diagram mwt converge. The point is to explain why it does: there are at least three
good reasons for that, listed below, the most relevant being the last one:

1. we know that in a covariant renormalizable theory (like the pseudoscalar one)
the diagram is finite. The disturbing divergence quoted above comes from the

+ _._.-(]}._.-

+ - . __ .-(}._.- + _._.-Q b-._.-

3 I-Loop Corrections and SRC

Now we wish to clarify the meaning of the last comments. Consider for example the
subdiagram of fig. 5, contained in one of the diagrams of fig. 4 (more precisely the
one with a self-energy insertion in the fermion loop). This is the simplest pathological
diagram and has the advantage of displaying the disease in an immediate way.

Let p be the momentum circulating inside the boson loop. If we assume for the
pion exchange the classical form

V. J: (O'J •P)(O'2 •p) - -
OPEP = - - Tl • T2

m~ p2 + m;

Figure 4: I-loop corrections to the pion propagator and their explanation in terms
of fermions

5 6



\

(b) Correlationa are usually accounted for in the pion propagation hy emilody
inl them in g'. Even from the ddinition of th~ LAndAu )lATn.melcrR it. ill
dear however thAt thia is correct in the limit of flmall pion momentum: in
order to get the correct high-momentum hehaviour too, we have to write
VorEr, projected on the "pin.longitudina) chatlnd, aft

(IonII) I: p
2 .1; { I . p' }

VOI'Ef' = - m~ p' +m~ --4 ~~ 91,(P) -- p2-t tn~ ( I:1)

r-~··:-·· 1

1\)

.. -) {) ()O_ -0
\, ~)'

- l --0__0 - b)

with the condition
g~, -1,.-""- (14) Figurf' 6: Binding energy diagrams: mean field (a> and I-loop corrections (b).

4 The Nuclear Binding Energy

One of the molt widely studied topics in the nuclear physics, namely the saturation
point of the nudear matter, is the fint example we 8hal.l be concerned with. l.et \IS

resume some well known facts:

1. the long range part of the N·N potential (usually ascribed to the one pion
exchange) i. re.ponsible (or a great part of the nuclear binding. As an en.mple,
in fig. 7 the D.E. is plotted for the Reid Soft Core potential (calculation" follow
the .cheme of ref. (B]) with Ilnd without the pion tail. Neccllc8fi to "I\~', tile
difference is dramatic.

2. We know that the deuteron ground state i8 well dellcribed by meanR of \'c ll'E1 ,

only and that its tenlor part is decisive in providing the binding, the central'
part being largely insufficient. The same is expected in nuclear matter too.
But tlae mean field approeimation (fig 6a) i, known to kill the ten..or !orr.r.
eontri6utioru. Thus at leut two pion exchangu have to be accounted ror: ju""
what 1.100p c:offtdion, do. Thus to account for the main contribution to tht>
nudear binding we cannot IItop ourselves to the mean field level, but a I-loop
calculation ill required.

(16)l!,E~ _ ~'; _ -:1 J_r!~~_log [1 - !.~ (g'(k) - k 2 V,,(k)) nH(k)]
N -- N 2p (27r)1 m~

Next we look to the number or 6 '5 in the ground state. Thi. i. again a good check for
a I-loop approximation because, simply. a mean field calculation provides a vanishing
result.

5 ii-components in the Nuclear Ground State

whf'rf' p denoh~s the- nuclear densit)·, nil is the UIUll! Lindhard function and Eo denotes
the un correlated ground state energy (actually the kinetic term). To be more realistic
onl" has to add tht" 6-holrs contributions as wen, and this is done by adding to n°
the corresponding ~·hole Lindhard function with the correct coupling constants and
form factors.

In fig. 7 the results of the calculation are reported: solid line represents the
standard lowest order Bruckner theory with Reid Soft Core (RSC) potential and the
dotted line is the same calculation but without tbe pion tail in the RSC interadion.
Dashed and dot-dashed line,; represent the repulsive part of RSC plus the correlation
energy evaluated according to eq. (16) with different values o( q, (600 MeVIc and 900
M~V Ic respectively). Hert g' has not been included at the lowest order level, since
such a contribution has been already accounted for in the RSC repulsive part. Of
course the procedure of simply adding a background coming from RSC·OPEP to tbe
results of the Briickner-GrllMann formula is questionable and the results cannot be
thought IlS realistic. Our aim was however to show how the results depend upon tbe
critical pa.rameter qt. and this scope has been clearly reached, as fig. 7 sbows: for the
chosen va.lue of g~ in fact the existence or not of a cutoff in the effective interaction
is decisive in establishing even the !Itability of tht nuclear maUer.

To this purpose we generalize the Bruckner-GellMann Cormula (g,IOI, used in
evaluating th~ correlation energy of an electron gas in the jellium model, which sums
up the class of diagrams of fig 6b. The explicit calculation for tbe jellium model is
a classical result whicb can be found in textbooks 110); its generalization to tbe pion
physics, even in presence of A potential-like residual interaction summarized by g'
does nol present any conceptuAl dif1lrl1lty: the explicit derivation can be found in
~ I t I a.nd the final formula r~adl'i

(lr' )

In the present calculations we shall put

g~Jp) = 1 + (g:, - 1) [ , ~ ,]'
p q..

where g~ denotes the value of the Landau paramr.ter in the static limit.

The two posllible versions of the correlated interaction are morr. or lellfi rCllIivl\
lent: al pointed out in rer. 171 the correlated Pion plus Rho Exchangr Potrntial
hu the correct behaviour at high momenta and correflponds, in the Rtati(' limit.
to g~ ~ 0.65, a quite reasonable value.

In the remaining of thill paper we wish to fihow the f1cnllitivity of Rome IOw-I'fl('r~y

properties of nuclei to the paramder qr, which is the lowest one of the 3 CUf,Offf;

dillculled before and, consequently, the dominant one in the I-loop cR.1clllalinn~,

7 8
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Figure ,8: Diagrams for the evaluation of N~

qc = 500 MeVIe qc = 800 MeVIe
P~~(1r) 0.17% 0.62%
PN~(1r) 0.15% 0.68%
P~~(p) 1.8% 2.8%
PN~(p) 1.9% 2.9%
p~ot 4.04% 7.0%

1.4 1.6
k" IF'm·I ).

1.8 2

6

Table 1: Percentage of ~'s in nuclear ground state

The Longitudinal Electromagnetic Response

Here B.E. means nuclear binding energy and hM is the mass difference between the

Ii. and the nucleon.
Next we choose the class of diagrams to be summed up. For sake of simplicity

we report here the results corresponding to the diagrams of fig. 8 with 1("- plus p
meson exchange and using the expressions (11,12) in order to account for correlations.
Calculations are carried out with qc = 500 MeVIc and 800 MeVIc respectively. The
cut-off in the 1rN N and pNN vertices is assumed to be in both cases A = 1.3 GeVI c.
The results are listed in the table below (with obvious meaning of the symbols). More
details concerning calculations can be found in [13J.

The result we are presently interested in is the following: by changing the range
of the correlations from 500 MeV/ c to 800 MeV/ c we have almost doubled the per

centage of A's in nuclear matter.
Let us remind, to conclude this section, that a much more refined calculation based

on a microscopical input like the Bonn potential can be found in ref. [12J, giving more
or less the same final result. It is clear however that there the correlations are fixed

once {orever.

Figure 7: Nuclear binding energy versus kF

The starting point is the relation [12,13]

8_ R.E .
N~ = - 8(hM)

(17)

The last topic we want to discuss is more a hope than a proof of the relevance of
I-loop corrections. As a matter of fact it is well known that it has been impossible,
up to now I to simultaneously explain the size of longitudinal and transverse e.m.
responses in the Quasi Elastic Peak (QEP) region. In particular in the longitudinal
case the peak seems to be strongly reduced with respect to the indications of the Free
Fermi Gas (FFG) model and, moreover, strongly reshaped too (see for instance the
experimental data of refs. [14,15]; see also [Ii for a companson with the suggestions
of the FFG model).

From a theoretical point of view, what we called before mean field approximation
turns out to be nothing but the Lindhard function, i.e. we find the FFG again.
Detailed calculations are given in [2], but for a shortened discussion it is sufficient to
remind (2) and replace the external source with an external classical e.m. current.
Then calculations proceed along the same path, but the mean field, instead of being
provided by the series of fig. 2, simply reduces to the first term of the series because
the intermediate pion has quantum numbers different from thOle of the incoming
1'-ray.

Since, as we have already reported, the mean field approximation in this case
seems to fail, it is at least reasonable to look for the I-loop corrections. Aside we
observe that they are insufficient to explain experimental data (aee [16})i on the other
hand one could improve the agreement with the data by including, in different com
plicated ways the SRC (there are in fact calculations which provide a good agreement
with the experimental longitudinal response: for a recent extensive review see [17]),

9 10
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1. I-loop correction are often decisive in providing a good description of the nudear
ground stAte and low energy processes like the response in tbe QEP even at
not too high momentum transfer (for lighter values of q our reasoning holds a

fortiori).

2. The crucial parameter in the 1-loop calculation is the range of the efFective
interadion (qt) al it dominat.es the convergeace of the loop integral.

Thus we conclude that only a good knowledge of the effective int.eraction in the
various channels (here we focu!led our attention on the pion chanael but tbe argument
can and must. be generalized) can provide the input for a reliable t-Ioop calculation
and hence to determine consistently the prenously discussed nuclear properties.

1I0wever, the relevance of determininl qc goel wen beyond the topia discussed
in this paper. In fad, depending upon it. wue, we shall have informatioD. about
the physics which must be accounted for in order to have a predictive theory. Two
scenarioll aft' pOl!llible: either this cutoff is low enough to Itin allow a description in
terms of nucleons and melons (plus at mo.t .ome relonance) or it j. 10 hiSh that the
quark structure of hadron. comes into play. Thus the knowledge of qc can siTe UI

important insights on the feASibility of a mesonic field theory in nuclei.

/ ,fl"

• "' .,' I t I I I , I ,,,,.

lit NE'RG Y ," ,.-

Figure 10: Th~ I-loop corrections to the longitudina.l response with a transferred
momentum of 300 MeVIe

- - - - -- - - - - - - - - -- - - - -- - - - - - - - - - - - - - -- - - - -- - - - - - - - - - - - - - -- - - - -- - - - - - - - - -\

hut in luch a cue the tranllVcrllc response ill llYlltemfltira)Jy underelltimatccl.
We are prelen,ly carrying out further calculations to estimate the effect of the 1'

meson exchange at the I-loop order both in the longitudinal and transv~rr;(' rhanlld;
in the pre.ent paper however Wit' are InnkinK fur t.1lf' flf'J1Rilivity of l-Inop "lllc-utlll.in"Pi

to the range of sac.
The diagrams we evaluate are those of fig. 9, other I-loop corrections (those

Figure 9: I-loop diagrams for the longitudinal response

containing the pion-in-flight and the contact terms) being by far less relevant in th,.
longitudinal channel.

Numerical calculations are very heavy even tilling the simplifying results of rd.
(I8) which enable one to drop out all but one 6-funetions in the integrals. For p;akf'

of brevity we reproduce here only one set of rellults at 300 MeV Ie. In fig. 10 lht'
oae loop correction. are presented with qr = 600 MeVIe (dashed line) l\nd q. ,mUl
MeVIc (80lid line) and in fig. 11 our results are compared with experimental data
(.arne conventionl U fil 10; dotted line denotes the relults of the FFG) Sn far the
corrections are not sufficient to explain the lowering of the longitudinal response. To
improve the agreement with the data two further corrections are needed:

1. the p-melon must be included in the calculations. Its effects on the numh('r
of 6'. in the ground state (seet. 5) gives some insight on its relevance in the
present eue),

2. the efl'ective interaction in the scalar-scalar and 8calar-js08calar channels (Lan
dau parameters J ud /') should also be accounted for.

Concemins the former topic, calculations are still in progress. The latter corr~etion

can Itron&11 improve the result. (a calculation is reported in II6}) but the problem is
I tranllated to the determination of the Landau parameters: in fact the complicated
II structure of the diagrams explicitly evaluated there affeds the definition of f and J'
II (in other word. one has to avoid double counting). So these kind of rC!lultlll i" not
II &ee from ambilwtiel.
I, Nenrtheleel fig•. 10 and 11 again display the dramatic dependence of a I-loop
',calculation from the parameter qt: jUllt our initial purpo!le.
,

,

",'1 Conclusion: the Exclusive Reactions

-,-,0-,--,-
~- / ~+ -.-."'--/.-.- +- ._- '-C) \-j

,

'~oncludinl our dilcullion we have seen that
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(19)

(18)q = 2Esin~
2

we immedia.tely obtain

cos2 ! 4E2 _ q"1
f1'M = e4

"1 = e"---:--=~
4E2 sin4 ~ q2

Thus the best situation is obtained for a high energy of the beam and a small scat
tering angle for the electrons, 50 to maintain q fixed.

Thus in conclusion experiments with a many GeV electron beam are required
to achieve the experimental informations needed to self-consistently describe many
nuclear properties even in the low energy and momentum domain.

the one required to separate the contributions of the different relative waves for .the
two nucleons), simple kinematics shows that a transferred momentum of atleut
1.5-2 GeVIc is desirable. Furthermore the luminolity .hould be .ufficient to detect
the two nucleons in an energy and momentum region in which the crOll sections
can be very small: (we are indeed far from the QEP region, and we mow that the
tails of the QEP are mainly due to pion emissions, a reaction in which we are not
interested in: thus reasonably we could estimate in a 10% at mOlt of the QEP the
2p-2h contribution).

Thus, in order to improve the counting rate, we look for a favourable kinematical
situation able to increase fl'M. From
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Figure 11: Experimental and theoretical longitudinal response at 300 MeVIe. Data

from refs. [14,15] References

Now we ask for an experimental determination of these crucial quantities. Clearly
we need exclusive processes like that of fig. 12, which cross section (at least in the

,jJ._.\J
Figure 12: An exclusive process able to determine qc

low density limit) is directly proportional to the effective interaction in the selected

channd.
Thus we have to look for reactions like (e, e'2p) or (e, e'pn). The relative momen-

tum of the two ejected nucleons must reach at least 1 GeV Ic (or more) and we have
to look for angular corrdations and for spin polarizations of the outgoing nucleons
to select the corresponding Landau parameters. Since we have to account for the
momentum eventually carried by the holes inside the daughter nucleus and since we
cannot select a particularly convenient kinematics (at least jf we need a 411' measure,
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