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I. Status of the Nuclear Physics (peréonal view)
e Potential Models
e Meson Theories

e Strong QCD

IT. From Intermediate to High Energies

e New Kinematics

e New Simplifications and Challanges

@Nuclei as a Micro Lab for Studies in Hadronic Physics
@Cold-Dense Nuclear Matter

@Probing the Strong Forces
o AGS is “closed”
e Confusion Theorem

e Hard Exclusive Nuclear Reactions




Potential Models

Nuclear Hamiltonian:

V2
H=—Z%+Z@+ > V%F,;‘+

<3 i<j<k

2N _ y/7m Heavy Mesons
Viim =V +Vy

(attractive scalar meson, and repulsive vector meson exchange)

(attractive two-pion exchange and repulsive core potentials)

-\Nijmegen group hnalysis of 1955-1992 data at energies below the pion

threshold of 350MeV .

- NN interaction models which fit the Nijmegen data are called .modefn.
(Nijmegen LII, Argone vig, Reid 93, CD-Bonn).

- Some models have nonlocalities ( Nijmegen I, CD-Bonn)

Three-Nucleon Interactions:~ choics of pion exchange models

Relativistic Corrections- Mainly Boost Corrections
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Meson Exchange Models

Strong Interaction could be described through

Scalar and Vector Meson Exchanges

Pomeranchuk, Landau - 1950’s
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J 1 — 5(Z)in(4)

Infinite interaction occurs at transferred momenta 2@\/{ eV/cor at

internucleon distances A@F m.
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It seems we have a problem about which Nature is not aware ~
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Y .Pomeranchuk

All formal quantum field theories with Yukawa type in-
e
teractions contain the problem of the “Zero Charge” Pomer-
S
anchuk, Sudakov, Ter-Martirosyan, Phys. Rev. 1956
Still meson theories are attractive since they can provide both attraction
(scalar exchange) and repulstion (vector exchange) between hadrons.

From practical point of view it is possible to construct the lagrangian
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with proper parameterization of the coupling constants and use Feynman

diagrams to calculate the scattering amplitudes in hadronic interaction.

Quark Structure of the nucleon posses new challanges/puzzles to Me-
M -
son theories. Constituent quarks phenomenologically very successfull in

IR
discrabing even static properties of the nucleons. However they can not

accomodate the meson excnages between nucleons.
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( \ Pure QCD seems to justify only pion exchange as a result of Sponta—

neously Broken Chiral Symmetry of QCD Lagrangian - Pions - Goldstone
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Strong QCD

Jefferson Lab - Strong QCD * Institution

Many approaches in Strong (Nonperturbative) QCD, Lattlce Large

#"‘m‘

N approximation, Soliton modles of nucleon, Instanton models.
L NEPC LN S P i SRR
For purposes of understanting the NN interaction - another approach
is to understand the lower energy limit of high momentum transfer ap-

proximation, in which we have a picture of NN interaction as a result of

quark-interchange forces.

* This termin I found in one of Nathan’s paper, where he attributed this definition to F.Close
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II. From Intermediate to High Energies

e New Kinematics

Momenta involved in the reactions, p > few GeV/c.

RN

Emergence of new small parameter *

TR el R o~

p+\;yE_psz2<<1
p—) E+p, 4p,

e New Simplifications and Challanges

Consider Exampleof e +d — €' +p+n




Some Basic Features of High Energy Small Angle Rescat-
tering

e -.a-'.n

e the emergence of pract1cally{€rﬁa?§y 1ndependent total cross section of
hadron-hadron interactions at lab momenta > 1 — 1.5 GeV/c (total cross
sections are being constant up to momenta of 400 GeV/c).
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¢ New (Approximate) Conservation Rule

Due to FSI the reconstructed missing momenta does not coincide with
the actual momenta of the bound nucleon in the nucleus (for example py, 7
Pm = Ps —4)

For this let us consider the propagation of a fast nucleon with four-
momentum k; = (€1, k12, 0) through the nuclear medium.

We chose the z axis in the direction of ky such tha k7‘n‘— RS 5% < 1.

After the small angle rescattering of this nucleon with the bound nucleon
of four-momentum p; = (E1, p12,P11), the energetic nucleon still attains its
high momentum and leadlng z direction having now the four-momentum
ky = (eg, ko, kou) with —zé- « 1 and the bound nucleon four-momentum

becomes p; = (E2, P2z, Pu)

The energy momentum conservation for this scattering allows us to write
for the “—” component:

ki- 4+ pi- = ka— + p2-. (4)

4
pb éz. A
Ap- D2 — P1- k‘l_ R kg_.
= =2 — 1, ,
— — ag — o1 \—77;—7‘ < (5)
where we defined a; = P'—‘ i = 1,2 and used the fact that —%, %v— & 1.
Therefore a; = ag.
, W
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e Reduction Theorem:

High energy particles propagating in the nuclear medium can not interact
with the @e lg_o'u,nd "n/u.cleon(a second time after interacting with another
bound nucleon.

P Ty T, T3 P3
——— e s m—
I : I
I I Py
i i
PD
NN Psy | Fs2 Pg

Apd — _/ d4p31 d4p32 T3(p3 _ p,z)Tz(p4 — (pD —,psl))Tl(ps2 - psl)
e i(2“)4 'i(27'(‘)4 D(p3 + Ds — ps2)D(p1 + Ds1 — ps2)
I'pnw (6)
D (psZ)D (psl)D (pD - psl) ,
where D(p) = —(p? —m?2+ie), we neglect the spins since they are not relevant
for our discussion. '
GH ~pyy>mandp;_ ~p3_ L<m !
. Pag N~ Pa— ™~ Psy ™~ Ps— M »

ae
~

- | |
K d’kz1 dK_dks_ T3(k2)To(ps — (pp — ps + K))Th (K — k3)

1
Apdrppn = 4 (2m)4 (2m)? P-‘H@)PH("’% — K_ + i)

(ps - k2)—(ps - )—D(pD Ds + K)

.(7)

dka_dK_

/ (o T ie) (ko —K_+ie) ()
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Feynman Diagram Rules for the Scattering Amplitude
in GEA

e We assigns the vertex functions I'4(py,...,pa) and I'y_;(p}, ..., pa) to
describe the transitions between "nucleus A” to "A nucleons” with
momenta {p,}, {p,} and "(A — 1) nucleons” with momenta {pn} to
“(A — 1) nucleon final state” respectively.

e For 7v*N interaction we assign vertex, F
I 4

e For each NN interaction we assign the vertex function F'N (pg11, Pyq)-
This vertex function are related to the amplitude of NN scattering as
follows:

@(p3)u(ps) F¥ N u(pr)u(p2) = s(s — 4m2) fNN (p3, 1)0xx = sV (p3, p1)a

(9)
where s is the total invariant energy of two interacting nucleons with
momenta p; and py and

fN = atoN(z +a)e 2 7 (ps— p1)2 (10)
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where oY), o and B are known experimentally from NN scattering

data. The vertex functions are accompanied with é-function of energy-
momentum conservation.

e For each intermediate nucleon with four momentum p we assign prop-
agator D(p)~! = —(p — m + ie)~!. Following to Ref.[?] we choose the
“minus” sign for the nucleon propagators to simplify the calculation of
the overall sign of the scattering amplitude.

e The factor n!(A —n —1)! accounts for the combinatorics of n- rescatter-
ings and (A —n — 1) spectator nucleons.

¢ For each closed contour one gets the factor W with no additional sign.

Using above defined rules for the scattering amplitude of Figure 12 one
obtains:

ka0 = S ,HUH [ 20 i
(5 g~ Py~ Pac) =n+264(pm )
Ta(p, .-, P4) FF(@% \fN '(P2 P2) A i (Pn+2,Pn+2) y
D(p1) D(p2)--D(Pn+1)D(pr+2)--D(pa) D(p1 +4q)  D(h)..-D(lt)--D(ln-1)
I‘A—I(P,2: -p:;+17 -pn+2--7pA) (11)
D(p).-D(Pnt1)
1 FA(p17p2) pA) (12)

¢A(p1’p2’ pA \/Tﬂ')%)A 1 D(P}) 3

where wave functions are normalized as: [ |¥4(p1, P2, .p4) PP ps..dPps =
1.
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L‘i.?i Relation of GEA to the Glauber Theory )

Yo(p) = 3 [ &rép(r)e™, (21)
)}
and using the coordinate épvacg:_{epr‘éééﬁﬂféf'ciontof the nucleon propagator:
1 - 0
= —i [ d2%0(20)e!PesPes+B)2° 29

we obtain the formula for the rescattering amplitude:

\/2Ts/ d’k,
./ (2n )2
\/_/da

d3,’.¢(,r)fp"(kl)a(_z)ei(Paz_A)zei(pa.L—kL)b

AY = —j*(ps+4q,ps)

= —j*(ps +q,Ds) (—2)TP(A, —z, —b)e™, (23)

-

where 7 = 7, — 7, and we defined a generalized profile function I' as:
M
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1 Electro-disintegration of the Deuteron

[32 >1GeV? qrps>1 GeV/c and |pg| < 400MeV/:§1 (13)

T s

'1
q P'YN P[ q r‘YN P ¢
L5} Py
Ii)NN Pg IDNN Py Pg
(a) (b)

A PERONMATION
1.1 Plane Wave Impulse Approximation

A= U(Ps)U(Pf)F“'N [Pp — ps +m] - FDNN

(b0 — 5t — 2 + i .
A = @R 0(p)5 (P ). (15)

1.2 -Single Rescattering Amplitude

To calculate the amplitude corresponding to the single rescattering - Figure
13.b, we apply the Feynman rules of Sec.VII which results:

/ d*p, a(ps)a(p,)Fnnlp, +ml[pp — B, + G+ m]
(2m)4 (rp — P, +q)? —m2 +ie
. v[pp — P, + m|Tpyn (16)
((pp — PL)? — m? + i€)(p? — m? + ie)

- integrate the above equation over d%p,; [p’z m?+ie]1d%) by —i(27)/2E ~
—i(27) /2m. —

N o

- using the relation o@d ps+m13 Zu,\(pd pL)ar(pa—p,) and p,+m ~
X (5) 8 (7))
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_(@m}VeE,

At =

2m
[ dgp; 8 fon(PsL — Ps1)

(2m)s (pp — p, + 0 —m® L de - fn(pp — B, + 0,0 — ) - Y0 (B)).
B

(et

_we a,nalyze the propégé,tor of knocked-out nucleon:

\ > (- p,+q)2 —m? +ie = m3 —2ppp,, + 2 +2q(pp —p,) — Q% —m’ +ie. (17)

the relation of\energy-momentum conserva,tlo )

(pp — ps + q)> = m? = m% — 2ppp, +m? +2q(pp —ps) — @%,  (18)
b SHALL
i §N ,r -
L / 2 9 . ' q0 Ps — m2
> (po—pha)P—mP+ie = 2[d [psz ~pu+ (B, ~ m) ﬁl——?(E m) 2

ol
Rty

- keeping only the terms which does not vanish with increase of g

AP = _(277)%\/57'7;/ @,  fon(psL — P}1)

- .t - _ + ’ —_ . ,
1 (27m)3p,, — Psz + A +ic jyn(PD = Py + 9, PD = Ps) - ¥n(Py)

where

Va- TI" (E, — m). | ' (20)
o q| ~

NOT VANISHING

VT en)IE ; Pk
Al = — i / (2m)?

kt sz_ ps.l.; Ds (ﬁsz ’ ﬁsl) ps (psz A yPsl — kJ_)

fom(ke) - 35 (PD — B+ 4, PD — 52 o) —wp(p,)](
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1.4 The Cross Section of Deuteron Electro-disintegration

One can calculate now the cross section of the deuteron electro-disintegration
trough the electron and deuteron electromagnetic tensors as follows:
do E! a?

v o4
dEédQ;d3pf/2Efd3ps/2Es = E?Wﬂ% ) (PD +q—py— Ps), (25)

Tp' = 3 (Ao + A1)*(Ao+ A1), (26)

spin

EACYORWED
\PPROXIYMOTIO M o

dEddp;

= p}0enSp(py, Ps)- (27)

The distorted spectral function can be represented as follows

2
S(pf7ps) 'l)bD ps — / kot ["»bD(ps) ’H,bb(ﬁs)] . (28)
o TA+FSI S D |
oA |¢(II))€PS|)2' (29)
> SCREENING
T.Lf. 1 _l ¥p(ps) - ff’;—,’f)*zfm(kl) Wp(Bs) — iWp(Bs)] .
B W5 (ps)
N
f\ [f (ﬁ)zfpn(ki 1/,[;5,?;8)_1%@8)] ‘ 0

A ] ] >
AL R o

11 L e ATYRRICE
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1.6 Relation to
Approaches

the Calculations Based on Intermediate Energy
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- Usmg advances in understandmg the wave functlons of the few-

il EREEES ———EETo W I D

RATE L. R

nucleon systems at relatlvely small 1nternal momenta

¥ iom——— e oy EER A,

e g

- Using the simplicities emerged due to high energy kinematics - FSI,
W
MEC

e
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IV.

Cold-Dense

Nuclear Matter

Motivation

- study the nuclear structure at very short space-time intervals

e nature of short-range correlations in the nuclei

e up to which limit nucleons are the relevant degrees of freedom ?

e when (if) the onset of quark-gluon degrees of freedom happen in

nuclei ?

e what is the mechanism of the transition from hadronic state to quark-

gluon state in nuclei ?

o if these studies probe superdense nuclear fluctuation - what is their

astrophysical implications?

temperature T (MeV)
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o

04, (Q27 CEB)/Al

Al —
RA2(Q2, $B) B UA2(Q2a .’L'B)/Az’

¢ Scaling (zp independence) is expected a{({Z}eV2 for 2§ < zp <

2 where z% is the threshold for high recoil momentum.

e No scaling is expected at{Q? < 1 )(GeV/c)2.

e For zp < 1% the ratios should have a minimum at zz = 1 and

should grow with xp since heavy nuclei have broader momentum

distribution than light nuclei for p < 0.3 GeV/c.

¢ The onset of scaling depends on Q%. z% should decrease with in-

creasing Q2.

e In the scaling regime, the ratios should be independent of Q2.

e In the scaling regime the ratios should depend only weakly on A

for A > 10. This reflects nuclear saturation.

e Ratios in the scaling regime are proportional to the relative prob-

ability of two-nucleon SRC in the two nuclei.
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e Confusion Theorem
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3.8. Beyond the NN Interaction

Identifying the basic origin of the NN force in the “nuclear physics approximation” is
one of the fundamental tasks confronting us in our struggle to understand the role of QCD
mnm)ungtbeworldlhcmynu

If wo had only ¢t pe b

or the source of mterhndronic pot.entlda meson exchmge and quark

exdunge The “theorem” ndmpletoundenund qqexdmngele.dnwml the
™ owl' uunnum the exch of nd “o ! ‘ﬁ'

) e : . €800, &L some nwrmo&mtnmethen
are in Lmtothcoﬂonduxqunhthe atuqqpul’ when two nucleons exchange
quarks between themselves, there are never more than six quarks Eoent) both mechanisms
will lead one to an indentical parameterization of the effective NN potential. Without a
quantitative understanding of how to calculate the otrenith of a given t-channel contribution,
such parameterizations cannot disentangie the two mec

For this reason, studies of other interhadronic forces will prob.bly be essential in un-
ravelling the true origin of the NN force. The AN and EN systems are good places to
start extending our knowledge of such forces and CEBAF at Jefferson Lab and FINUDA
at DAPHNE have important roles to play. | believe it will also be vital to reach some un-
derstanding of the nature of the forces in other baryon-baryon channels like AN and A4,
and aleo in mesonic channels. [n this latter area, once again both CEBAF and KLOE at
DAPHNE expect Lo make major contributions to our understanding of the K K system by
defiming the properties of the fo(980) and ag(980) as potential K K molecules (1.e., mesonic
analogues of the deuteron).

4. CONCLUSIONS

These exam of some key issues and experiments, which we will be part of writing into
the history how QCD leads to the phenomenon that meke up the world asround us, are
necessarily supesficial. However, | hope they will have provided a sense of the excitement
that some of us feel as we begin this new era of strong interaction physics.

My optimism about the future is partly based on the existence of many new theoretical
tools at hand: the large N, expeansion, the lattice, heavy quark expansions, and heavy baryon
chiral perturbation

However, it is d‘mﬁcnm for this field that new data is af last starting to appear.
We are now seeing data Bonn, Mainz, CLEQ, SLAC, BNL, LEAR, and others. We
will soon be seeing results from Hermes and & ficod of new data from CEBAF at Jefferson
Lab, RHIC at Brookhaven, and DAPHNE at Fraacati Lab. In the longes term we can look
forward to powerful new inliglu from the 50 GeV JHP project.

1 conclude that there is every reason to believe that we are indeed on the threshold of a
twenty year journey to complete our understanding of strongly interacting matter.
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TABLE IL. Measured transparencies for D, C, and Fe. The first uncertainty quoted is statistical, the second
systematic. In the figures these are added in quadrature. The uncertainties in the figures do not include
model-dependent systematic uncertainties on the simulations. We note that a renormalization of these nuclear
transparencies with a factor of 1.020 (7o) and 0.896 (Tg,) is advocated in Ref. [30]).
o? Tp Tc Tk
(GeV/c)? :
33 0.8397%0.013+0.027 0.548+0.005+0.013 0.394+0.009:0.009 .
6.1 0917+£0.013+0.028 0.570+0.007+£0.013 0.454+0.015+0.018
8.1 0.867+0.020*0.026 0.573+0.010+0.013 0.391+0.012+0.009 .
dsion than of Refs. [89.27]. Our results at Q@2 129, and 1.17, respectively. As in Ref. [16], we compare

=33 (GeV/c)? agree well with the previous results for deu-
gerium [8,9], carbon, and iron [16).

Little or no Q? dependence can be scen in the nuclear
wansparency data above Q%= 2 (GeV/c)?. Excellent
constant-value fits can be obtained for the various transpar-
ency results above such Q2. For deuterium, carbon, and iron,
it values are obtained of 0.904 (£0.013) 0.570 (+0.008),
and 0.403 (£0.008), with x? per degree of freedom of 0.56,

_ Transparency
- I

FlG 4. Tmnspatency for(e e p) quasielastic scattering from D

 (sars), C (squares), Fe (circles), and Au (triangles). Data from the

present work are the large solid stars, squares, and circles, respec-
tively. Previous JLab data (small solid squares, circles, and ti-
angles) are from Ref. [16]. Previous SLAC data (large open sym-
bols) are from Refs. [8,9] Previous Bates data (small open
symbols) at the lowest 0 on C, Ni, and Ta targets, respectively, are
from Ref. [27]. The errors shown for the current measurement and
Previous measurement {16] include statistical and the point-to-point
Systematic (+2. 3%) uncertainties, but do mot include model-
%dmt systematic uncertainties on the simulations or
Wrmalization-type etrors. The net systematic errors, adding point-
¥:point, normalization-type and model-dependent errors in quadra-
Uite, ‘are estimated to be (+3.8%), (£4.6%), and (+6.2%) cor-
®ponding to D, C, and Fe, respectively. The emror bars for the
other data sets [8,9,27] include their net systematic and statistical
“rots. The solid curves shown from 0.2<Q2<8.5 (GeV/c)? are

ber calculations from Ref. [28]. In the case of D, the dashed
Wﬂé is a Glauber calculation from' Ref. [29].

with the results from correlated Glauber calculations, includ-
ing rescattering  through third order [28], depicted as the
solid curves for 0,2<Q?<8.5 (GeV/c)?2. In the case of deu-
taium.wedww(dashedwrve)ageneralizedl!ikonalap—

. proximation celculation, coinciding with a Glauber approxi-

mation for small missing momenta [29]. The Q? dependence:
of the maclear transparencies is well described, but the trans-
pareacics are underpredicted for the heavier nuclei. This be-
havior persists even taking into account the model-dependent
systemauc uncertainties. - '
Recently, a new calculation of nuclear tranSparencles has
become available [30] This results in a better agrecment
between Glauber calculations and the A dcpendenoe of the
nuclea transparency data.’In this paper [30] it was argued
that the uncertainty in the treatment of short-range correla-
tions in the Glauber calculation can be constrained with in-
clusive A(e,e’) data. This results in an effective renormal-
ization’ of the puclear transparencies for the '’C and *Fe
nucleus of 1.020 and 0.896, respectively. Such a renormal-
ization) is due to. integration of the denominator in Eq. (2)
over a four-dimensional phase space V in E,, and |Pul ar
gued to-be more consistent with experiments. That is, the
experitnent measures an angular distribution in the scattering
plane ‘rather than the complete |p,.|<300 MeV/c region
Thxsréduwsdremﬂwnceofslmt-mngecorrelauons T
nucleaf transparencies as given in Table II would have to b
multiplied by these renormalization factors, rendering value
more consistent with the A dependence of Glauber calcula
tions. Although such a renormalization may be appropriate
we quote nuclear transparency numbers consistent with th
procedure of Refs. [8,9,16), for the sake of comparison.
For the remainder of this section, wcwxllconcenu-ateonc
combined analysis of the world’s A(e, e’ p) nuclear transpar
mcydata.ﬁ;de:owsTasaﬁmcuonofA The curve
represent empirical fits of the form T=cA®2"), using th
deuterium, carbon, and iron data. We find, within uncertair
ties, the constant ¢ to be consistent with unity as expecte
and the constant a to exhibit no Q? dependence up to 0
=8.1 (GeV/c)?. A similar treatment to nuclear transparenc
results of the older A(e,e’p) experiments renders a nearl
constant value of a=—-024 for 0?=18 (GeV/c)2. Nu
merical values are presented in Table III. We note that usir
the renormalizations of the nuclear transparencies propose
by Frankfurt, Strikman, and Zhalov [30] would reduce th
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FIG. 2: The nuclear transparency of *He(y,p ™) at 70° C. M.
angle, as a function of momentum transfer square |{|. The
error bars shown are statistical uncertainties only. The dark
band shows the point-to-point systematic uncertainty. The
total systematic uncertainty is 4.8%.

tion appears to deviate from the data at the higher en-
ergies. The absolute magnitude of the calculations with
CT seem to disagree with the measurement, however, it
is the momentum transfer squared (|t|) dependence of the
transparency which is of greater significance. The [t| de-
pendence is not affected by the normalization systematic
uncertainties. The slopes of the measured transparency
obtained from the three points which are above the res-
onance region (above E., = 2.25 GeV ) are shown in Ta-
ble II. ‘These slopes are consistent, within experimental
uncertainties, with the slopes predicted by the calcula-
tions with CT and they disagree with the Glauber cal-
culations at the ~ 1 o (2 o) level for 6., = 70° (90°).
It is also interesting that the results are consistent with
the rise expected for CT at the same photon energy at
which the onset of scaling behavior was observed in the
cross-section for they n & 7~ pandtheyp = =+ n
processes [19]. Thus, these data suggest the onset of CT-
like behavior, but future experiments with significantly
improved statistical and systematic precision are essen-
tial to put this result on a firmer statistical basis.

In conclusion we have measured the nuclear trans-
parency for the fundamental process y n - 7~ p on
the “He target at 6.,, = 70° and 90° in the photon en-
ergy range from 1.1 to 4.5 GeV. These measurements
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FIG. 3: The nuclear transparency of *He(y,p 7~) at 90° C. M.
angle, as a function of momentum transfer square |t|. The
error bars shown are statistical uncertainties only. The dark
band shows the point-to-point systematic uncertainty. The
total systematic uncertainty is 4.8%.

TABLE II: The slope for the || dependence of the extracted
nuclear transparency obtained from the three points which
are above the resonance region (above /s = 2.25 GeV). The
uncertainties are statistical and systematic respectively.

establish the baseline for the study of nuclear trans-
parency in photo-pion reactions and provide important
tests of calculations based on the standard model of nu-
clear physics and on Glauber theory. The measured
transparency shows a very interesting momentum trans-
fer squared dependence which deviates from the stan-
dard nuclear physics predictions at the higher momentum
transfers. The observed momentum transfer squared de-
pendence of the nuclear transparency is consistent with
that predicted for the color transparency effect. Future
experiments with better statistical and systematic preci-
sion in this energy range together with improved theoret-
ical calculations are crucial for confirming these results.

We acknowledge the outstanding support of JLab Hall
A technical staff and Accelerator Division in accomplish-

C.M. angle Measured slope CT Glauber
(deg) (GeV/c)~~ (GeV/c)""| (GeV /)7
70 10.032 £ 0.027 £ 0.022| ~ 0.037 0.009 :
90 0.046 +0.016 + 0.014]| 0.024 0.006
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I believe we will eventually appreciate that only Yukawa’s original
meson will survive as a distinct contributor to interhadronic forces,
w»hz'le other mesons and quark exchange will be merged into a single
comprehensive nuclear theory of the future

Nathan Isgur, “The Quark Structure of Matter, JLAB-THY-97-15
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