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From Nucleons and Mesons
to Quarks and Gluons

Kees de Jager
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JLab Scientific "Campaigns”

The Structure of the Nuclear Building Blocks

How are the nucleons made from quarks and gluons?

How does QCD work in the 'strong’ (confinement) regime?
How does the NN Force arise from the underlying quark
and gluon structure of hadronic matter?

The Structure of Nuclei

What is the structure of nuclear matter?
At what distance and energy scale does the underlying
quark and gluon structure of nuclear matter become evident?

Symmetry Tests in Nuclear Physics
Is the "Standard Model” complete? What are the values of its free
parameters?
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From Nucleons and Mesons to Quarks and Gluons

- Introduction

+ The Nucleon-Nucleon Interaction
* Proton Knock-out
* Nucleon-Nucleon Correlations
- Two-Nucleon Knock-out
* Inclusive Scattering at Large x
* Transition to the Quark-Gluon Description
* The Deuteron
- Elastic Scattering
- Photo-disintegration
- The Lambda-Nucleon Interaction

* The Nuclear Medium as Laboratory
* Medium Modifications of Nucleon Form Factors
» Color Transparency

* Summary
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The Nucleus as Composed of Nucleons and Mesons

Describe basic properties of nuclear system
in terms of a realistic N-N interaction

- Single-Particle Description
* Mean-Field (Hartree-Fock) Approximation
» Electrons Interact with Single Nucleon Current
* Multi-Baryon Description
+ "Exact” Bound-State Wave Function or
Mean-Field Wave Function + Nucleon-Nucleon Correlations
- Two-Body Currents
* Meson-Exchange Currents (MEC)
» Isobar Configurations (IC)
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History - Charge Distributions
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In '70s large data set was acquired on elastic electron scattering (mainly from
Saclay) over large Q2?-range and for variety of nuclei

"Model independent” analysis provided accurate results on charge distribution
well described by mean-field Bensity-Bependent Hartree-Fock calculations
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History - Proton Knock-out (NIKHEF)
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History - Proton Knock-out (cont.)

Electron-induced proton knock-out has been

studied systematically since high duty-factor A
electron beams became available, first at 10} Moan Fiold Theor
Saclay, then at NIKHEF with ~100 keV energy I 4
resolution. 80
For complex (A>4) nuclei the spectroscopic 08 80 4, “d%0z 7
strength S for valence protons was found to be i P 1
60-65% of the IPSM value — sl
=
@ L
2 A ol
S, = 4x| S(E,.p, )p.dp,SE, ~ E,) 04
Long-range correlations account for about 10%, 0ol i
but the rest was ascribed to short-range N-N |
correlations, by which strength was distributed - AL SIEIS B IO s
at energies well above the Fermi edge 0| i R A A L
| 10" 10?
These kinematics were not accessible at the
target mass —»
accelerators of that era, but are at CEBAF 9
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E89-003 16O(e e'p)
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* First high-resolution (~0.8 MeV) (e,e'p) experiment at JLab
* Forward-backward asymmetry A  at p,, ® 300 MeV/c show

need for fully relativistic calculations TG 7800
- Constant (q,») kinematics to minimize ALT — O-(¢ — )_ G(go — )
variations in reaction kinematics o(p=180° +co(p=-180°)
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E89-003 *O(e,e'p) (cont.)

< 10 10! = 2.5% <Pjss> = 50 MeV/c
. L L0 MEC+IC+Central
* Cross-section data at E,, up to v 1, MEC+|C+CT:ntr2|
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340 MeV/c 210,
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* Broad peak at E,, # 40 MeV due to %=- ] 0,01 = 8°, <Dyjec> = 145 MeVic
knock-out of 1s,,,-state protons o -
1/2 o 10
: . : S L
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as of the valence states, a large @ 0 F
cross-section excess is observed B 10 L T
e = 16, =16°, <p,....> = 280 MeV/c
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10 =
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. . .
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Laget's Calculations

3He Three-Body Disintegration

Ground-State Faddeev WF (Paris potential)
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E89-044 3He(e,e'p)d
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Cross-section data both forward and backward of q up to over 0.6 and 1 GeV/c, resp.
Well described by diagrammatical calculations by Laget (including correlations)

color coding indicates different kinematics
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E89-044 3He(e,e'p)d (cont.)

* The left-right asymmetry A + was also

extracted from the data

0.5

E.=4.8 GeV

q=156GeV/c; ® = 840 MeV

* £89-044

Laget Full
Salme sp.f.+CC1 :
Udias RDWIA
-------- Udias RPWIA

- Udias' calculations did not use a
correct 3He wavefunction, so that his
results for the cross section can not 0
be compared to the data

Asymmetry

- Both Laget's and Udias' relativistic
calculations for A rare in qualitative
agreement with the data
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E89-044 3He(e,e'p)pn (cont.)
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- Earlier Saclay measurements of three-body break- i . W il
up (PRL 60, 1703 (1988)) showed a bump in the 2 =l N
cross section at E, -values increasing with p,,, o B
: T - P VS P =270MeV/c ]
interpreted as indications of correlations 2 s
© 10 f —

; R _;
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p 20 ® EB9044 Preliminary E
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- However, the Saclay kinematics were in the dip o ;
region, increasing MEC contributions sb . T e, &
° E89'O44 repeaTed the SGCIGY measur‘emenfs, but in 0 ?::::::::l::::'.:>::‘.::::l:::‘::::::I:'.:.::::ﬁ'.'.::.:_%
x=1 kinematics o , P =430MeV/c B E:Z::...ga .
— 3 8¢ L:ECFL‘re:‘?::iibuIl:M _
* A similar bump was observed, at smaller E,-values T * e :
than predicted by Laget’s calculations $
- In addition, FSI effects are shown to dominate in =
x=1 kinematics =
e
=]
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E97-111 “He(e,e'p)

=> 4He(e,e'p) cross section in PWIA shows
sharp minimum at ~450 MeV/c due o s-

E{=4.045 GeV .
' wave Short-Range Correlations

T IHe(e,e'n)H = How to Suppress FST in (e.e’p)?

> 102 : higher momentum transfer

= - momentum of outgoing proton
= increases

g1 - FSI (elastic rescattering)

% Constant(q,m) | decr.eases .

g ’ parallel kinematics

o - in perpendicular kinematics:
rescattered low p_._. nucleons
& can contfribute at larger p, .
Constant(g,m) Il * Generalized Eikonal Approximation

it - always selects minimum p, .

10
2. 2 : . e
} W =Lel ey predicts minimal sensitivity to FSI
10° for parallel kinematics
0.2 0.3 0.4 | 0.5 0.6

P, [ GeV/c ]
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E97-111 “He(e,e'p) (cont.)

PY2
E,=3.17GeV

% preliminary |

0

P Y. V. V. V..

-:‘(_fjfiffé*za*'fiff Cate — w— Thomas Jefferson National Accelerator Facility

L A N’

100 200 300 400 500 600
pmiss (Me\//c)

Operated by the Southeastern Universities Research Association for the U.S. Department Of Energy

Parallel Kinematics Q? = 0.85 (GeV/c)?

theory works at low missing
momentum

PWTIA predicts minimum

including FST the minimum
vanishes

MEC and IC give only minor
contributions

no minimum in experimental data

calculations by J.-M. Laget
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E97-111 “He(e,e'p) (cont.)

W CQuw?2

EO = 3.95 GeV
w = 525 MeV

- =178 (GeV/c)?*-

Perpendicular Kinematics

PWIA (dashed):

? ’ minimum at 470 MeV/c
E & T “ preliminary including FSI (dotted):
T 100 r minimum mostly filled in
I~ . .
~ full calculation (solid):

3 i includes FSI + MEC + IC
N minimum mostly filled
tqi experiment:

- no sign of minimum at all
10° -
|
200 300 400 500 600 calculations by J.-M. Laget
P (MeV/c)
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Proton Knock-out at JLab

E94-004 2H completed cross section for x=1up to p,, ®# 1 GeV/c
E91-013 2C,Fe , Au completed R /Ry for T, 0.4,10GeV, c for T, 0.7,2.0 GeV
E94-139 12C completed color transparency up to Q? = 8 (GeV/c)?

E97-006 C,Al Fe Auanalysis  S(p,.E,,) for (p,.E,) up to (750 MeV/c, 75 MeV)

EO01-020 2H analysis R rat Q%% 0.9-3.3 GeV? and p,, # 0-400 MeV/c

c in 1/// kins for x -0.5-1.5 and p,, ® 0-400 MeV/c
E00-102 10 analysis R, at constant (q,0) p,, To 0.5 GeV/c E, to 150 MeV
E01-108 “He approved R tat constant (q,0) p,, to 0.5 GeV/c

o for p,, to 1.2 GeV/c
RL/RT fOI" Q2 ~ 0.8-4.1 Gevz
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Direct Observation of Short-Range Correlations

- Inclusive scattering at large |y|
- Multi-nucleon knock-out

A~
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Inclusive scattering at large x
E91-009

Be fine y as the xz-value at which the 3t 12

Minimum p,.ss €xXceeds Pegomi S25F °
an .
SRC model predicts: = 2t
< 1.5
. i 2 2 = T
Scaling for xg >y and Q¢ > 1.5 GeV % 1}
* No scaling for Q2 < 1 GeV? 0.5}
» In scaling regime ratio Q2?-independent 0
and only weakly A-dependent —25f
o C
Glauber Approximation predicts: “51 z :
- No scaling for xz < 2 and Q? > 1 GeV? = '1 §
+ Nuclear ratios should vary with Aand Q@2 R 5t
0 o
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Inclusive scattering at large x

»

;— 12C
E 1.4<Q°%<2.6

N

30(A)/Ac(’He)

et

Curves - SRC Model

.t

56Fe
1.4<Q%<2.6

30(A)/Ac(’He)
= N

=
S =W hnhothh =t D0 Wnas

N PR T PR SR T N T
1 1.2 1.4 1.6 1.8

x =Q%2Mv

Cross-section ratios closely follow
predictions of SRC-model

Analogous results from E89-008 in Hall C
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@ (A4) = Zo,+No,

a, is Q?-independent and increases
from ~4 (*He) to ~6 (°¢Fe)
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What Are Correlations?

Observable: an NN-pair with
* large relative momentum
- small total momentum
-~ Distinguish between Correlations and Currents

Correlations Currents

Z 22
ﬁ;
<
m
@)

<

IC

L

222

Two-Body Currents (MEC + IC)
*  Not a Correlation
*  Strongly enhance effect of correlation
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Select proton/neutron with large o

300
2 GeV CLA§ !589-027
2 {asa.P" Preliminary results
- N P, > 250 Mev/c eading p
5 i 200
A
E S SCOOoEET 3 BOdy Abs .

0.5} szadsoie. - Two protons detected with
100 p > 250 MeV/c > prerp,
EELEIEEEEH ot : reconstruct neutron
-o000oo0cpDoDD ooo COo, -

G:'?.‘?'?TT':??Z?;IT‘?T‘.‘.D?... 0 ! ! !
0 0.5 1 -1 -0.5 0 0.5 1
Proton 2 T/w cos(2 fast nucleon angle) SZIQCT pr'oTon/neuTr'on WlTh
almost all transferred ener
WL 2 GeV 5
£ st (/o= 1)
= |3 Pu>250 Mevic . Clear evidence of back-to-back
8 [ excess over three-body
o EEEEE .

W 40 absorption followed by phase-
amsniaioiodcs space decay simulation
izsesassssooonoe. 20
EEE SR e
-o00ojococcoooo oooooda- -

-obfofcssssssseasnann oO0o
c ............ I ............ . G I I I
0 0.5 1 -1 -0.5 0 0.5 1
Proton 2 T/w cos(2 fast nucleon angle)

e W W e e W
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Select Quasi-Free Knock-out-> Isotropic Angular Distribution

Nent=9591 | | Nent = 3006 | P perp<300 MeV/c

1 300F
Ty leading p 2 GeV: fast pp; neutron|
=~
E o fastpn 4 leading p
€ odl o | 200 fast pn a0~
: 0.6 ul |IrI|“IIPI i hI‘rll 1
= L l. r | | i 1
é 0. il iyt ..d#) Pl 1.1
N LE wu | Ik
2 [, 100 20
902F o
n.g i P perp <300 Mev/c ] . - .
0 1 1 1 0 1 oL 4 -1 -0.5 0 0.5 1
E -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 cos(neutron q angle)
< cos(2 fast nucleon angle) cos(2 fast nucleon angle) > lsotropic Fast Pairs
é Cut on leading nucleon P, < 300 MeV/c to g . _ _ :
= select quasifree knockout (reduce FSI) Z -> Pair not involved in REACTION!
m =
E ;Pp,erp d 2 GeV: fast pn; proton
| o
leading a0
nucleon hole in the :
Fast pn back of CLASE
opening -
q1 -0.5 0 0.5 1

cos(proton q angle)
o W e ¥ e W e W
e iy N B | . oy
(] (qu{fe-zwﬁz Cull s Thomas Jefferson National Accelerator Facilit:y
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Summary of E89-027

Select Quasifree Leading Nucleon in 3He(e,e'pp)n
Fast NN Pair is:
- Back to Back
Isotropic with respect to q
- Small Momentum along q
= Fast NN Pair Not Involved in the Reaction
Similar Total and Relative Momentum Distributions for:
* pp and pn pairs
05<Q2<1 and 1 < Q2 < 2 (GeV/c)?

WE ARE OBSERVING BOUND-STATE CORRELATIONS!
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Transition from Nucleon-Meson to Quark-Gluon Description

- Deuteron
> Elastic Scattering
> Photo-Disintegration
=>Polarization transfer

P Y. V. V.v.."
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Two Views of Deuteron Structure

i ® o Two nucleons interacting
. B via the (pion-mediated)

e . Do NN force
A4
Po%, Yiemea @l g Two multi-quark systems
q.%w%% a a :?ﬁw %Z interacting via the residue

0d gy 3 &%% ®q of the (?Iuon—media‘red)
3 q oot W, 0 QCD color force
q qqgg@q

PV e Ve T ¥
s Thomas Jefferson National Accelerator Facility
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JLab Data Reveal Deuteron's Size and Shape

100

101

102

108

104

105

108

107

108

:_'(r: ) :'_::
m o /{.i{fc 8011 CﬁZ{f{

10°1

\fi o previous data o previous data
% + HallA MMD, S2, D
‘ = HalC 102 - MMD, 0, D
8§  —— MMD,S2,D
% ..... MMD, 0, D A Hall A, Preliminary
% 103
104
105
106
107
108
109 i
00 05 10 15 20 25
Q? (GeV?)
| | I Combined bta ->
/,w Beuteron's Intrinsic Shape
1 The nucleon-based
description works down

0.0 0.5 1.0 15 2.0

Q%GeV?) t0< 0.5 fm

P Y. VoV V"
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For elastic e-d scattering:

d
%z(}'ﬂ, |A+ B tan® ¢]

AQH) =G2+17°G2 +21G
B(Q*) =41(1+1)G?,

e 3rd observable needed
to separate G and Gg,

— tensor polarization t

20

Thomas Jefferson National Accelerator Facilit:y

S&T Review, June 25-27, 2003, 26



pQCD Counting Rules

/ 0500 ' ® JLab Hall A N '
| O SLAC E101 2 e ®° e ¢ ]
q 0.100 | ol -
0.050 | » 3
[ w ]
\ ; / + [ 890. Deutelmn2 ForglGFactor T
0.010F _
p s § PTA b Fa(@)(@®)°]
; 0.001 — —— .
[ \ )
/ ; \ 0.04 - +¢ \\ Reduced Deuteron Form Factor -
ook '\ 1(Q%)=Fa(Q%)/Fy*(/4)
Dimensional Scaling Quark Model 0025_ ‘%\' }
A~ "V n=6 quarks ouf ® slab Hall A m‘&hfdﬂy « ﬂ'}qm k
Perturbative QCD e e 3 s 3. e
Q" [(GeV/c)"]
2 5 2 V0"V m
JA = M Zd an_ I ta indicate that pQC Dscaling
0’ e e A2 is fulfilled for Q2> 5 GeV?
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Transition o the Quark-Gluon Description

* Beuteron photo-disintegration probes

Loom e momenta well beyond those accessible in
. O SLAC NE17 900 (e,e) (GT 90 B EY:I Gev = QZ: 4 GCVZ/CZ)
1 B\ _Conventional ©  SLAC NES 1+ Conventional nuclear theory unable to
R l}_ggﬂlegwu_’ _________ reproduce the data above ~1 GeV
T T ER- _TITTT - Scaling behavior (do/dt o s71) sets inat a
J O A S A consistent t =— 1.4 (GeV/c)? (see 1)
e 1 = seeing underlying quark-gluon
S A _Zorzy description for scales below ~0.1 fm
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Exploring the Transition Region: E99-008

"
Do we see the effects of Yd —>pn
quarks and gluons in a \ g DSLACNES. T Amec :
. - % # JLab E99-008
nuclear reaction ? | [ % OlabEs-on
T Y 2) E=16 GeV
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e Complete angular distribution | ot W
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i 0., (degrees)
e Quark-exchange model is
consistent with the data. E.C. Schulte etal., PRC R042201 (2002)
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Exploring the Transition Region: CLAS g2

— QGSM e HRM
- ¥ SLAC B TJNAF, HollA @& TJNAF, HollB & TJINAF, HollC 0O Moinz
Quark Gluon String Model
. . = (LG5 GeV = (.85 GeV
- A microscopic theory for the Regge o -~ * 200 o ;
phenomenology. dwo | emei oE
- Non-perturbative approach 200 Yoy | o
(V.Grishina et al., EPT A 10 (2001), 355) . L, *
) 0 -, E, = 1,45 GeV
0 30
2 20
* Production in the infermediate £ 10 o
states of a color string leading fo g 10 = Ry~
M . =2 I
factorization of amplitudes 3
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2
. 2
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Polarization Transfer in °H Photo-disintegration

E89-019: yd ->pnat 90

0.00 ————-—é—--é -------- -
"d 4
-0.50 |
4 Stanford
® Tokyo
Kharkov
A JLab E89-019
——=~ Helicity conservation
Kang er al. (Bonn)
-1.00
0 1
E, [GeV]

In pQCD region hadron helicity should be conserved
Appears valid in P, (induced pOlC(I"lZClTIOH) not in C,
(polarization ‘rr'ansfer') and marginally in C,

Clearly the pQCD region has not been reached
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The Lambda-Nucleon Interaction

 Electron-induced Hypernuclear Spectroscopy
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Hypernuclear Spectroscopy - Introduction

* A hypernucleus AZ, is a hyperon impurity in the nuclear medium,
hence without Pauli blocking

* Hypernuclear spectroscopy aims at a study of the A-N interaction

* Practically all data so far obtained with secondary meson beams,
significantly limiting the energy resolution (~2 MeV)

Viw=V(r)+V_ (r)S,-Sy +V,(r)(Sy +8,) Ly, + V:(1)S,

central spin-spin spin-orbit tensor
B,
Elec’rropr'oduc’rlon offers the possibility \
* o improve the energy resolution (~0.3 MeV) \
* increase angular momentum ftransfer Y d Ag | | Vis Ve
* probe spin-flip amplitude { g [TERARES
* Yo produce A throughout nucleus \ l
S
. . N— U,~30 MeV
' + Pojtential depth
e+’ Z—>e+K +(Z-1), !
~~ o~~~ A potential
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Hypernuclear Spectroscopy - E89-009

SOS Spectrometer SplittingMagnet - :
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First successful electroproduction of hypernuclei 10 5 o s

Using "zero degree” virtual photon tagging B [MeV]

Good energy resolution (< 1 MeV)
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Hypernuclear Spectroscopy - E94-107
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Hypernuclear Spectroscopy - EO01-011
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Second-generation experiment in Hall C with specially desighed HKS spectrometer
(Tohoku University) with greatly improved production rates and energy resolution
Expected to run in 2004
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Using the Nucleus as a Laboratory

* Medium Modifications
» Colour Transparency
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Polarization transfer in “He(€,ep)

Medium Modifications of Nucleon Form Factor

- E93-049 (Ent, Ulmer)

* Measured “He(€,e'p)3H in quasi-elastic kinematics

for Q2=0.5, 1.0, 1.6 and 2.6 (6eV/c)?

using Focal Plane Polarimeter
- Extracted R,,, = G¢P/GyP

1.1
» Compared to calculations
by Udias without and with < 10
inclusion of medium o
effects predicted by ~
Thomas et a/. (Quark = 0.9

Meson Coupling model)

* New proposal approved by /

PAC24
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Color Transparency

CT refers to the vanishing of the hadron-nucleon interaction
for a hadron produced in exclusive processes at high Q2

At high Q?, the hadron involved fluctuates to a small
transverse size - called the point-like configuration (PLC)

+ The PLC experiences a reduced interaction with the nucleus
- it is color screened

* The PLC remains small as it propagates out of the nucleus

* So far, no hint of CT in (e,e'p) reactions
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Results from E94-104 (y n —n~ p in 4He)
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* Calculations use Glauber theory and correlations from Argonne vy4 and Urbana VIII
(T estimated from quantum diffusion model, normalization can be chosen arbitrarily
- [ta show t-dependence seemingly at variance with traditional nuclear physics

* Clear need for extension to higher t-values
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Summary

CEBAF has a broad and vibrant program of nuclear physics in all three halls

- The single-nucleon response is being studied through proton knock-out over a
wide range of kinematics (in momentum transfer, missing momentum and missing
energy) in few-body and many-body systems

* Nucleon-nucleon correlations have been clearly identified

- A variety of studies has established that the description of nuclei in terms of
nucleons and mesons is valid down to a distance scale of less than 0.5 fm

- This description, however, is unable to reproduce photo-disintegration data above
~1 GeV, revealing the underlying quark-gluon description at scales below ~0.1 fm

* A ground-breaking experiment has established the feasibility of electron-induced
hypernuclear spectroscopy with potentially excellent energy resolution

* The nucleus is being used as a laboratory to study the effect of the nuclear
medium on nucleon properties and to search for the onset of color transparency
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