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o Almost everyone believes that Quantum
Chromodynamics (QCD) is the theory of the
strong interaction.

o Great successes have been seen for
large-momentum-transfer reactions, where
perturbation theory is applicable.

o Effective field theories such as chiral perturbation
theory provide a rigorous calculational approach at
very low momentum transfers.

# We know little about the terrain in between.
Lattice QCD is still in its infancy.

°

# Therefore, the rich phenomena of QCD, from
proton structure to pentaquarks, remain largely
undiscovered.
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# Suppose | want to calculate %17,

o Let’s expand in a Taylor series:

V1T =14+0.17/11 4 (0.17)? /2! + ... = 1.18445, which is
not far from 1.185304851. (QED quod erat
demonstrandum).

o Now suppose | want to calculate !7-17.

® 14+17.17/11+ (17.17)%/2! = 165.57445 which isn’t even
close to 28630982.68! (QCD)

# We could decide that ¢! "7 isn’t interesting ... or

» We could invent renormalization:
elT 1T = cececececececeecee(1 + 0.17/1! + (0.17)?/2!) =
28610333.79.

o But what about sin(17.17)? (Ask afterwards Iif
VO U ’I’e C u rl O u S) NIKHEF Colloquium 031107 — p.3/4
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# 4-vectors:

lepton: k£ and &’
nucleon: p and p’

virtual photon: ¢ =k — k&’

#® nucleon mass: M I

o Lorentz invariants:
v=p-q/M = (E— E)p

Q* = —q-q= (4EE'sin® §)a
r=—q-q/2p-q=(Q*/2MV)1
y=p-q/p-k=(v/Eap
W?2=(p+q)* = (M*+2Mv — Q*)1ap

S = (k —I—p)2 — (QEM + M2)lab

# Need two (e.g. z and Q?) to describe inclusive scat-
tering
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: g Th

( 'Hf.'rr__i_{ € 0f

WILLIAM & MARY

N
Structure Functions Nﬂﬁﬁ'
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. z 0.3 ; ____ BB : 0 L
T Uy 7 GRSV 005 |
dy 02 [ TE
6? (dbar-Upar) * 5 E -0.1 ;
4 01 > 015 -
= i e :
I a2 M
\\\H‘ Il Il \\\\H‘ Il Il \\\\':H _0.25 E Il Il \\\\H‘ Il Il \\\\H‘ Il { I
107 10° 10 107 107 10
X X
R 2 0.02
S~ S 175 & AC NLO i
1 T 1 EoX x) = |_ 0.01
3 4 5 6 .7 8 15 E () B
125 © ) : 0
1 BB N
075 GRSV 001 F e
. 0.5 ; ___ AMC [
’ Above- CTEQ, HILI 025 - oW 0.02 - —— BB
- 0 éfff—' v.f'ff‘.f>...4’../. T \ - 0.03 i GRSV
Lai etal., Eur. Phys. J. C12 I e S

(00) 375. e R
# Right: J. Blumlein and
H. Bottcher, Nucl. Phys.

1 ' - = = '
8636 (02) 225. parton distributions are empirical!

NIKHEF Colloquium 031107 — p.6/4.



ol The Coll

&2 WIL LIAM &MARY

o Hall B, JLab

» Fp QQ f() g1(z Q2 »
® E.=1-6 GeV =

® ¢; measured in res-

onance region and be-

yond

# Combined with high- =

energy data for integrals

012 —
01 —

008 —

VERY PRELIMINARY

002
0
O

LG - e EGI1b(Data+DIS)

002 O EG1b(Data)
Burkert-loffe
| Soffer-Teryaev
1

004 —1 ---- GDH dope

i | | | | ‘ | | | | ‘ | | \- _\ - T PQ\(:D\ DI\S ‘ | | | | ‘ | |

0 05 1 15 2 25

2 2
Q7 (GeV/c)

NIKHEF Colloquium 031107 — p.7/4.



&2 wiLiamemary Black Body Radiation Nﬂ*ﬁ'

» Wien’s Law (empirical; de- o AL R v
rived from classical thermody- 351 eRayleigh-leans -
namics) sl _
o Rayleigh-Jean’s Law (de-

rived from classical electro- . *°[ "
magnetism) g 2f -
» Planck’s Law (derived with = .| _
light quanta)

» Black body radiation is T -
dirty and complicated, but it 05 |- N -
started two revolutions: quan- o
tum physics and the big bang. 012345678910

Frequency

NIKHEF Colloquium 031107 — p.8/4.
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#® Where does mass come
from? The glue!

o QCD: color field is con-
tained in the vicinity of va-
lence quarks.

# When valence quarks are
close together, color field is
small; object remains color-
less to the outside world.

# When two quarks are
pulled apart, the color field
forms a flux tube, much like
a string connecting the two
quarks.

hadronic o o« mR2

NIKHEF Colloquium 031107 — p.9/4.
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# Brodsky and Muller, 1981 e
o Consider elastic ep
scattering at high e

momentum transfer Q2. u\ §
u

o The only way for the
proton to survive the D
absorption of a photon on
one quark, is if two gluon
exchanges carry the other quarks along.

# Reaction time decreases with @2, implying that the
guarks must be close together to react quickly.

» Transverse size b(Q?%) ~ 2/Q from uncertainty princi-
ple: Q7 ~ 1.

NIKHEF Colloquium 031107 — p.10/4.
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Pointlike Objects Nﬂ*ﬁ)

1.0
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0.6 —
Y :
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Qo =
o L
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QO 0.2 —

>~ okyrmion

~ |
o~
~ |
~

0.0

® Various calculations’
show decreasing trans-
verse size with increas-
INng momentum transfer
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0.22
F o2f »  New Resault
0.18] » 1998 Result
0.16
0.14[
0.12]
01f
0.08]

—A—

0.06F

R L L L L R
=
L»—l—«
1

0.041

—A—

0.021

® A. Leksanov etal., PRL 87 (01) =« J
212301

® pA — ppX

e 7T — Opp QE

Upp elastic off —shell

# Rise and fall of 7: nuclear fil- - |
tering (nucleus reacts differently = + * %“*T\[,
to long and short-range scattering T
terms)? Not CT! Y e uomentim et

s 1998 Result
. » 1988 Result

©
o
T

Transparency T
o
T
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® In PWIA dS¢/dE.dQ.d3p =
O-epS(Emap_%)

# F and Q) are
energy and solid angle
outgoing electron

e

# p IS momentum of outgoing proton

o S(E.,,p;) Is spectral function (probability of finding
a proton with initial momentum p; and separation
energy E,,)

® 0., IS the off-shell ep elastic cross section
® Transparency T = oyeasured/ TPWIA

NIKHEF Colloquium 031107 — p.13/4.
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1.2
oS!
1.0 q g g g -
® SLAC ESA . !
s T.G. O'Neil etal, ¢ P
PLB 351 (95)87 - o6, | : :
# No sign of a | i " i Fe |
rise in 7 with Q? as ‘ % Au
many expected 0.2 § I
0.0
0 2 4 6 8
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:N“@ ] | \HHH‘ | \HHH‘ [

» O'Neill, ibid. 5] T,

o Solid: classical attenuation ] i
model (Glauber) I
o Dashed: A“ fit : -
Q? =1GeV?% a=—-0.18£0.02

Q? =3 GeV?: a=—-0.24 £ 0.02

Q? =5 GeV?: a=—-0.24 £+ 0.02

Q? = 6.8 GeV?: a = —0.20 £ 0.02

# No increase in a with Q% (no CT)
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o K. Garrow et al. PRC
66 (02) 044613; large
solid

o D. Abbott et al. PRL 80
(98) 5072; small solid

o O’Nelll (SLAC); large
open

# G. Garino etal. PRC 45
(92) 780 (BATES); small
open

Transparency

0.9 -

0.8

o
\'

o
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JLab A(e,e'p) NJJEF)

i D
*

_m C

® Fe

o
~
T T
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o Garrow, ibid.
o Fits to A«:
Q? = 3.3 GeV:
a=—0.24 £ 0.02
Q? = 6.1 GeV:
a=—0.24 £+ 0.03
Q? =8.1 GeV:
a=—0.23 £ 0.03

Transparency

08 ©
06 -
04 ©
02 T

08 [

04 [
02 [

08 [
06 [

02 -

® (Q%=8.1[GeV?/c?

Atomic Number [A]
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o Garrow, ibid.
® T =2 [dpy(F)x
exp [— | dZ'oegpa—1(7)]

# Just what you'd expect:

30 mb

Op.n [MDb]
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0225 £450 2 T T T T T
c 2 c : "Aitala’ +——
2200 | 2400 - . T '
175 | 350 Ler O v oo’ o |
150 300 - 16 L } l i
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0 , , %0 02 04 06 08 08 L -
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06 |- -
= | | | | | |
o E.M. Aitala etal. PRL 86 (Ol) 4773. 14 16 18 2 22 24
k_T (GeV)

® 1A — 2 jets (diffractive dissociation of x)
® o0 = 09A%, coherent amplitude « A

# [ntegral of elastic scattering form factor
[ exp(—BR2t)dt o« A=2/3 since Ry oc A/3; o oc |A|2A72/3

» Transparency (A%/3) is different from normal hadronic in-
teractions that see only the nuclear surface (42/3).
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lo =

ZF — 3 p)
L: length of absorption trajec-
tory
VN

UA — e_LPOUtot
Ac);

,00' nuclear density
o/ V. V-N cross section

nuclear radius

Uncertainty Principle Argument:
AFE = my: —my; Mass = (my: + my)/2
v =v/mass; {p = v/AFE

NIKHEF Colloquium 031107 — p.20/4.
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[~
Vector Mesons 'ﬂ""

log

do
dt

re

a~30GeV2 o

Coherent Nuclear: photon scatters from the nucleus

P, W QY

e~at distributions

as a whole, which remains in its
ground state.

)~ 3 GeV-2 t. squared
Quasi—elastic: photon scatters from a nucleon momentu m

within the nucleus, knocking it

out, but not exciting it. tranSfer
2 ~

a~0.5GeV2

Inelastic: photon scatters from a
nucleon within the nucleus,
breaking it apart.

—t NIKHEF Colloquium 031107 — p.21/4.
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o K. Akerstaff et al.
PRL 82 (99) 3025; A.
Airapetian et al. PRL
90 (03) 052501

® cA — €ppA’ coher-
ent and incoherent
production

Events

HERMES p, NI
8
107 frssmmstenssnastens AR T
1O7é°. 0 SHe x 1ozé
106_; '....‘.. o 1H
5; ....QQE!Q .

10 éDDD * *s. 9
4 A “Sagg T
10 é DDDDDDDDDDDD §
10" 4 2"

" %% 000 oo :
102é OOOOOOOOQO
3 SlereNe
1 ]
10+ RRRRRRRRA RERRRRRRA RRRRRRRRA ARRARRRA
.0 1 2 3 4 9)
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30 =1t
3
(\IO $ i
ar 0.5 F
2 r I—E 1+

I T e 05 1 —+

| [fm]

> T — A/(AO-P). TiIlC — Olnc (AO'p) o [fm]
=20/ (Q* + M ) bp =2v/(MZ, — MZ)
o Box shows reglon of ‘constant’ /. for analysis
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~~ ~~
NO: L <l>= 135 fm | 145 fm | 155 fm | 1.65 fm NO: .
(@] [&]
P N
iy =
/ + .
0 't IR TR I NI 7 i N S AT ST NN ST S T SN NN AU NN AN NN SN A A 0
1.75 fm 1.85 fm 1.95 fm 2.05 fm
1r- — — — 1
0.5 /H/’/ —/é/‘/ % / .
0 |||||||||||||||||||||||||||||||||||| O
2.15 fm 2.25 fm 2.35 fm 245 fm
1r- — — 1
- M/V%/ 05
0 |||||||||||||||||||||||||||| +| ||||||| 0
0 2 40 2 40 2 40 2 4 0 2 40 2 40 2 40 2 4
2 2 2 2
Q° [GeV] Q7 [GeV]

# coherent slope: 0.070 4+ 0.021 +0.017; CT model: 0.060
# Incoherent slope: 0.089 + 0.046 + 0.020; CT model: 0.048
o CT model: Kopeliovich et al. PRC 65 (02) 035201
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® A — J/pA at FNAL

at 120 GeV B0

® Sokoloff et al. PRL 57 Poradus

(86) 3003 60 |

o Coherent production - formation length =
depends on A® with a = £ 40 Al radive g
1.40+0.06 +0.04, which is & / >
consistent with o« = 4/3 20 | NIN separ ation

(CT)

® Photoproduction: pp: o0 — el

Zc — O66V > €F _ 026V, 0.0 10.0 E(r)].grgy(;e(z./g) 40.0 50.0

J/@D: be = 0.04v < bp =
0.10v
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®» M.R. Adams et al.
1525

# 470 GeV p exclusive incoherent

po production

25 20 15 10 ST

PRL 74 (95)

FNAL E665 p, NI

—
=}

® o = 2/3 at low Q* (opaque) and

rises toward o = 1 at Q? = 6 GeV?

o Hint of transparency with poor

statistics
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-om
508 e JLab E94104
P s | e Glauber with CT
O 3 — Glauber
o7 |

Hall A, JLab
PRC 68(2003)021001 [ 1 __________________ { ------

yn — 7 pin iHe 0.6 1 --------------
E.=1.6-45 GeV _ N
6% Cu radiator

Measure p and 7~ 05 -
CT increases with ¢

Ndata(4He) 04 | . | . | .
4 Numc(*He) /2 Y05 1 15 2 25
T'(*He) = w1 (“H) It|(GeV/c)?

9
9
9
K
9
9
K
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o |f PLC expands to normal size within the internucleon
spacing, then the smallest nucleus is the best

® 0= |PWIA+ FSI? = |PWIA|? + 2R(PWIA*FSI) + |FSI|?
® |FSI|? is called double scattering; 2R(PWIA*FSI) is called
screening because It Is negative

# Either deduce recoil neutron momentum from struck pro-
ton, or measure recoil proton momentum directly

NIKHEF Colloquium 031107 — p.28/4.
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o Frankfurt, Strikman,
Sargsian
o Contours of

7 — [PWIA+FSIP
= T [PWIAP

® p,: transverse recoil
momentum of specta-
tor 7

12

-~ ‘ //
NN NN \ Y

NS
©2 s SRS

Lo SCreening» “ce
_— = 25 N/ ¢
e ) 3 01 015 g Pt Ge /

2 0.05
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Jefferson Lab
CLAS Detector

E.=5.8, 4.2, 2.6 GeV
LD target

Luminosity: 10%*/cm?s
green. EM calorimeter
magenta: Cherenkov
red: TOF scintillators
blue: drift chambers
yellow: SC magnet
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1.2
1

0.8

# Need to select quasi-
elastic events

o
>
b 0.6

, G

# Cuts on missing mass =*

and two regions of recoll
momenta

0

x 10

10000 |
8000 |
6000 |
4000 |

2000 |

JLab D(e,e'ps)n

e5-data,4.2GeV, d(e.dp)n,a,=

. Nipger

1+0.05

0.8

1
M., GeV

1.2

14 1.6 1.8 2
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/
# Light-cone fraction of e+ d - €+ p+n,576Ge, MsL1

momentum carried by .| o7 |
spectator: | |
a = (Ep — pp cos an)/M 061 0.6 1
® Cuton o and zp; = .| os | A fl
Q?/2Mv near 1 o | 0
» Spectator model: g o 04 |
En:\/MQ—I—p,,% 203 0.3 |8
E, = /M*2 + p2 7 |
En _|_ Ep _ 2M 0.2 | 0.2

01 | 01 A°

%5075 1 12515 %05 075 L 12515
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# In pure spectator
model p, momentum
distribution follows
deuteron wave function
# |n reality, clear devia-
tion above 300 MeV/c

c
-
=
<
>

JLab D(e,e'ps)n

d(e,e/p)n,5.YGGeV,MX<1.1,a:

p,GeVic

10 °p

7\\\‘\\\\\\\\\\\\ e b b
O 02 04 06 08 1 0O 02 04 06 08 1

. Nipger

1+0.1, Curves-dWF

p,GeVic
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#® Realistic models of
p, Momentum distribu-
tion include FSls
® These models over-
predict cross sections
above 300 MeV/c

JLab D(e,e'ps)n

[ERN
o

do/dQ°dp dQ., ub/GeV°>Str do/dQ’dp,dQ,, ub/GeV Str
5

d(e,e’p)n, 5.76 GeV, M, <1.025,

-4

10

Q%=2+0.25

Curve - Laget

10

10

| | 10
Q*=4+0.25
= Curve - Laget
10
- e
Y 10
@
| Qe . o0 ¢
10

. Nipger

a=1+0.1

Q*=3+0.25

Curve - Laget

Q*=5+0.25

Curve - Laget

L L | L L L L L L
0.2 0.4 0.6

P, (GeV/c)
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o Upper: p, distribution
with event selection re-
gions

p, ~ 0.2 GeV/c
(screening)

pn, ~ 0.45 GeV/c

(double scattering)

® Lower: enormous dif-
ference In ratio with and
w/o FSIs
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o Top: 3 data sets
compared
# Bottom: average ratio

do(pr,=0.45) : )
7o (=03} with  calcu

lations of expectations
with FSls

# Depletion In ratio Is
clear evidence for CT

JLab D(e,e'ps)n
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o QCD is remarkably rich in phenomena.

# A first generation of experiments has established
the rough outlines of color transparency (formation
length effects) and color coherence (coherence
length effects) for both mesons and baryons.

o These experiments provide the first glimpse of the
space-time evolution of hadronic wave functions.

o Data and theoretical models agree in broad
strokes.

# The next generation of precision measurements
and rigorous calculations Is yet to come.

» Like for PDFs, many different experiments are
required.
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