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H.-J. Pirner
[nstitute for Theoretical Physics
Philosophenweg 19
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Abstract

We give an overview of current results and problems in deep inelastic scatiering of
leptons on nucleons and nucle1

| .Deep Inelastic Lepton-Nucleus Scattering

PARTON MODEL OF THE NUCLEON

The most natural way of studying the nucleus in detail is to look at it with a
high resolution microscope. Nowadays high energy electron, muon or neutrino beams
are the best instruments to investigate hadronic structure, at short distances.
The resolution &4 of these microscopes is related to the maximal momentum transfer

Q
A = 1/Q (1.1)

which is a function of scattering angle and incoming energy. In the post-war his-
tory of nuclear and particle physics we saw lepton scattering experiments with in-
creasing resolving power. In the 1950s Hofstadter (1963) and his collaborators
studied the sizes of nuclei with elastic electron scattering. In the 60s SLAC's
(Stanford Linear Accelerator) new GeV accelerator was used to study the charge and
current distribution of the proton. In Cornell and DESY many interesting experi-
ments were done on nuclei, .especially shadowing (Grammer, jr. and Sullivan, 1978)
due to the hadronic component of the photon was measured at GeVY energies. Only in
the 1970s (Bloom, 1975; Friedman and Kendal, 1972}, with a beam energy of 20 GeV,
were the hard constituents of hadronic matter - the quarks ~ discovered in deep
inelastic electron-proton scattering. Very recently at CERN (Drees and Montgomery,
1983) muons have been used to map out the motion and distribution of partons
(quarks and gluons} in hadrons. Muons have the advantage that radiative QCD cor-
rections are less important. Deep inelastic lepton scattering experiments were of
fundamental significance for the establishment of Quantum Chromodynamics (QCD) as
the theory of strong interactions (,Wilczek , 1982). A change of parton structure
function with photon resolution AQZ can be attributed to a weak, i.e. asymptoti-
cally vanishing (QCD-interaction between quarks and gluons. It is this success of
parton models which has triggered also the development of bag models (Chodos and
others, 1974; Thomas, 1982) for the static structure of baryons. In these bag mod-
els free quarks are imprisoned in a cavity by the QCD-vacuum fluctuations. How the
confinement of quarks (Hooft, 1980) really works is an intensive topic of actual
research. Lattice gauge theory (Kogut, 1982) seems to be the most promising method
to demonstrate confinement and calculate the mass spectrum of hadrons. However, it
is still not clear how to combine the picture of the proton obtained in deep in-
elastic scattering with the static description of the proton.

The electromagnetic interaction of a lepton with a hadron is mediated by the ex-
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p=(py. p) -

@2=-q2=(k-k')2
v=E-E'=p.q/m
x=Q2/2mv

Fig. 1.1. Basic kinematic variables for deep inelastic
Tepton scattering.

change of a virtual photon with four-momentum q. The basic variables of the photon
are its four-momentum square (e.g. Fig. 1.1)

Q¢ = -q2 = =(k - k') = 4 EE' sin%/2 > O (1.2)

and its energy
v =F-E (1.3)

where E, E' (k, k') are the laboratory energies (four-momenta) of the incident and
scattered lepton. The photon can have transverse (helicity ¢+ 1) or Tongitudinal

(h = 0) polarization, ‘The momentum and mass of the hadron are p and m. Gne can re-
express the lepton-energy loss in the laboratory with Lorentz-four vectérs as

v = p-q/m. (1.4)
Instead of v it is also possible to choose H2

» the mass squared of the hadronic
system after scattering, as second variable:

2
W= (p+q)? =l v 2m(1 - L) (1.5)
or the Bjorken variable x = QZ/Zmu such that
¥=mz+¥é-1y (1.6)

For elastic scattering W = m2, i.e. x = 1, Because of eq. (1.2) 0 < x < 1.

In general the inelastic cross-section of a lepton (e,u) from an unpolarized tar-
get can be reduced to two structure functions due to the two polarizations of the
exchanged virtual photon. The polarization vector of the photon is e(x) with heli-

city A = + 1 for transverse photons and helicity » = 0 for longitudinal scalar
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+ . .
photons  is given as

e{hA =t 1) =3 y 21, 0),

1
(0, 1
7

0y = 1 (402 +v2, 0, 0, v},

3

where we have chosen the three-momentum of the photon in z-direction
g = (v, 0, 0, |q). The above vectors are normalized to £,e¥ =e-c = 1 and satisfy
gauge invariance which demands €.q = 0. The scattering amplitude for inelastic

scattering of a target T leading to a final state X is (Bjorken and Drell, 1964;
Close, 1979)

(1.7)
e{A

2
Se. = i(2m)ls(k + p - k' - px)ﬁ(k')Y‘IU(k)ig< Pyl P> (1.8)

Jy, is the hadronic component of the electromagnetic current. For unpolarized lep-
ton and target the inclusive cross-section £ + T + 2' + X becomes for relativistic
lepton energies E >> u(u = mass of the lepton, M = mass of the target nucleus)

2 o3k 4.4
do = E L (2m)8"(k +p - k' - p ()
EE (Zﬂ)g < ( 'IT) ( x);z
(1.9)

1 wk o v
7 vy 27y EEJPE1< Pl 3, (0) p, >< p, 9 (O)]p >.
This formula is derived in Bjorken-Drell (Bjorken and Drell, 1964) for a current

J]_i given by a massive spin-1/2 particle. The I includes the averaging over ini-

Pol
tial polarizations. The trace over the lepton spin gives

5 Triy* TR ’ZCT) " ‘gl?(k“k“’ + K7k - ¢Vkk ). (1.10)
i)

A1l the physics of the hadron is contained in the current-current correlation func-
tion '

: 4.4 ’
Mo =T @8 (R - p - a) T < pld(0)]p >< B9, (0] >

X
= 1 7 d% ¥ pla (x)a (0)]p > (1.11)
Pol H v
using
< plo(x)] p, > = & {PPIX < plogo)|p, >. (1.12)

Because of the symmetry under exchange of u and v in eq. (1.10) W,, has to be
symmetric, too. Gauge invariance demands W,y = 0; consequently wdepends only

on two unknown functions wl(v,qz) and Nz(v,qz) (M = mass of the target nucleus)

"Note: Four vectors are written as (ao,al,az,a3) if not indicated otherwise.
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- 2y 2, 1 ) )
Wiy = Wy (v290) (—ag— - 9,) * Wp(vag) ;F-(pu ﬁ% a,)(p, g% q,)-
(1.13)
The cross-section can then be expressed with (%%JMott' the Mott cross-section for

the scattering of a relativistic electron in a Coulomb field (Bjorken and Drell,
1964)

2 o2 2
do _ 8a” E'" cos“8/2
(@vott = 2 (1.14)
as
o = (DyoreMy + 2 tale/21. (1.15)

In general it is not easy to measure large angle scattering. Therefore w2 is better
known than V..

1
Using the polarization vectors e(A) {eq. (1.7)) it is conventional to define longi-

tudinal and transverse response functions SL and ST in nonrelativistic nuclear
physics (Donnelly and Walecka, 1975)

2 x 2 2
sL(u,qz) = %2 e e: WY = %2{-w1 +fgz W,)
. (1.16)
ST(v,Qz) = £ EAU er WY = 2u. .
Ast]

Note the additional factor 32/02 in eq. (1.16) for the nonrelativistic definition
of SL(v,Qz). Then the double differential cross-section has the form (02 = -qz)

2 2
T = Dot 3L 00 (E? + s-0v,08) (ta%072 + g—a’“' (1.17)
q

In relativistic deep inelastic scattering the virtual scalar-iongitudinal ag and
transverse Oy photon cross-sections are defined such that {Close, 1979)

or = FNI
2 | (1.18)
‘JL = I‘(-Nl + —5-2— Nz).

I' contains the photon flux K= v + 02/2u and the coupling constant «, i.e.
2
I = 4dna/K.

The most important consequence of the high energy experiments was the existence of

point-1ike substructure in the proton. These experiments were performed at SLAC

around 1967 - 1970, A review of the results is given by Bloom (1975) and by Fried-

man and Kendal (1972). Theoretically the naive quark-parton model of the nucleon

can describe the essential features of deep inelastic lepton-nucleus scattering.

[ts main assumptions are the following ones:

(i) partons (= quarks and gluons) behave like free particles,

(i1) a fast-moving hadron Tooks like a jet of partons moving in the same direction
as the hadron.

The assumption (ii) is based on the cut-off of transverse momenta {p? ~ 300 MeV]

observed in all hadronic reactions. Hypothesis (i) is related to the asymptotic
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freedom of Quantum Chromodynamics. Stated differently the interaction time of the
photon in deep inelastic scattering is so short that the partons are quasifree.
This assumption is similar to the Fermi Gas Model of nucleons in the nucleus. When
the energy transfer v >> ’nwsheH mode]® We can neglect the residual interaction.

In the same way we expect when v >> fiw = 600 MeV that the incoherent

quark model
summation over final states is valid.

The ideal formulation of the parton model is in a reference system, where the bound
state moves very fast with P_. Intuitively because of Lorentz time dilatation, the
internal motion of the constituents is slowed down. The fast-bound state momentum

P, can serve as a reference scale if the transverse momenta of the constituents
are 1imited, then in the limit

P >>-J< *LE > + m? (1.19)

one can expand the "nasty" relativistic energy operator of each constituent i
around the z-component of its momentum

pZ,i =1y Pm {1.20)

and obtain 2 o

5
i 2.2 2. 7 . Peyg ™0
H,j —'\[(:11- P.) +DL,1- tmo=ng P +Wl (1.21)

This expansion allows to represent the total Hamilton operator as a sum of opera-
tors H.,
i

P
P T 1.22
H—}'_%Hi—Pm"l'.iEl—zvp;—- (' )

which look very similar to operators in nonrelativistic Schrodinger mechanics.
Since we can use the conservation law for the momentum fractions of all constitu-
ents, we have

A
=In., P =P or
i

1 00 o

|
o
~N
-
|

(1.23)

In this infinite momentum frame the wavefunctions will depend on n and kis as
¥(n.k,), and evolve with the Hamilton operator of eq. (1.22). A more general
framework than the heuristic discussion given above is the concept of Tight-cone-
coordinates. It amounts to a new choice of coordinates rotated by w/4 from the
regular system and has all the advantages of the infinite momentum frame without
sharing its limitations {eq. (1.19)).

We define Light-Cone-Coordinates, a new time T and a new z-axis £ and the corres-
ponding momenta

T=%t+ 2z

L=

H 4]
m m
| +
o =

(1.24)

oy T
¥+

-
1

> o4 UMY
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The scalar product a-b = 1/2(a+b' + a”b+) - gigl- The integration volume

f d4x =f dtdzd?(l = f 1/2drd£d£l. The coordinates of a particle on mass shell are
normally

(py3) (p"2p72B1)
o 2 (1.25)
= 2 + mzs Elapz) = (P+! Eéiim“’ EL)’

i.e., in the same way as normally the energy is constrained the p -component is

constrained by the on-shell condition. The free wavefunction propagates in 1ight-
cone time 1 as

. 3 _i,3 3 _ 1,9 3 \a-ipot+ipsz .
Pa= v > = sag t3plv > = zEg tgzie O "EpgaPusp, >
1 1 {1.26)
= 5Py = PV > =7 p_[¥ >,

i.e. off the p -shell. The role of the Hamilton operator is played by the p -
operator » 2 2

- A p, ; +m

p = L ——i——;——— : (1.27)

i=1  n4P

which has the same form as eq. (1.22) when one identifies

P, =VPS + M +P_ = 2P

for large bound-state z-momentum P,. For a longer discussion of the Tight-cone-
formalism we refer to Brodsky (1982), Chemtob (1980), Frankfurt and Strikman
(1981) and Kogut and Susskind (1973). In Fig. 1.2 we give the derivation of the
Bjorken variable for cartesian and light-cone-variables. We neglect the transverse
momentum of the partons. In the Breit-frame the initial parton momentum pz is re-
versed after the collision with the photon. Applying the parton model to deep in-
elastic scattering we obtain the current-current correlation function of the pro-
ton (egs. (1.11) and (1.13)) by an incoherent summation of scatterings of the lep-
ton on each parton with charge €. Let Ni(n) be the probability to find a quark i

with momentum fraction n in the proton. Then the current-current tensor < J .J\J >
for massless spin-1/2 quarks is given by H
1/2 1 1 BV
w " =Tr <pld p'><p'|dip>=%Triy s'y s =
HY S,s' H Vl 4 (1.28)

2(ppy + PPy = 9,PP')
with pu = nPu and pu = pu + qu.

To get Nuv for the proton we add incoherently the quark contributions demanding
that the quark in the final state is on the mass shell qu = 0:

oy (v,0%) =éﬁ;: eizfr;ﬂni(n) w&ézé((p-i-q)z). (1.29)

The §-function yields §(2nP-q + qz) = §(2mv.n - Qz) or for n we get the Bjorken
value n = Xg

¢
3= . | ‘ (1.30)

g
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CARTESIAN COORDINATES: p=(p,.p,.p,)

-
P=(YP2+M2, 0, P,)

piz(szz-n-mz, 0, pz)
H—

et}

p=(Vp2+m?2, 0, -p;) q=(0,0,-Q)

B AT ATV W L W]

P-qg=Mv=P;-Q: szlopzz; m x=Q2/2MV=f;—z'(Pz)>M)
z

LIGHT CONE COORDINATES: p=(p* P=p1) = (py+p,. Py=P,. p)

1

i 2
2 m
P=(Pt X5 0) pi=(nP*, [55. 0)
P el NSNS NN
DT +
pg=( np* wP*, 0) q=(-Q,+Q,0)

1
P-q:Mv:iP*'Q: Q2=T|2P+2: n x:szzMV=T|

Fig. 1.2, Light-Cone-Coordinates versus cartesian coordi-
nates for the absorption of the virtual photon
on a constituent in the Breit-frame.

4011-84 MPI H
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The representation of wl and H2 in terms of the quark distribution function Ni(”)

s obtained by comparing eq. (1.29) with eq. (1.13) for the proton with mass m and
momen tum Ru as target, i.e,

o ” Hl(v’QZ)(%‘;‘\i S 4) * p0.0°) i? Py - g% q,)(P, - ? q)-

(1.31)

For simplicity we set all terms containing qu to zero. We can reconstruct them

afterwards from gauge invariance. Then two equations follow from eqs. (1.29) and
(1.31)

1 2
Eﬁ§ ey [/ ;?rl N.(n) 'z}ﬁﬁ(n - xB){4n2Pqu - 2guu-nm.\)] =
(1.32)

=u 1 -
= W, ~ PPy - Gy W

Consequently we have the scaling of the inelastic structure functions of Bjorken
(1969) for spin-1/2-partons (c.f. Fig. 1.3)

uwz(v,Qz) = Xy ? eiz Ni(xB) = FE(XB)

(1.33)
am W (,0%) = B el No(xy) = Fo(xy).
1 e ;o1 B 18

EMC
04 b J
+\= e 079 Gev?
ﬁ§ O @ =27 Gey?
ot g A 0 48 Gey?
03 b $ 4
A £
2. 4

b g ]

B

Fig. 1.3. Measurement of the structure function qup(x,QZ)

Ig mﬁon proton scattering (Drees and Montgomery,
83). :
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Bjorken scaling states that Nl and N2 become in the limit 02-+ = ,v +« functions

of one variable x,. For spin-0-partons onfjgould find an expression similar to eq.

{1.28). Only the %urrent—current tensor Y is replaced by

0 . |
Mo = (R * RUR, + Ry (1.34)
This tensor produces a vanishing Nl as can be easily seen (eq. (1.32))

0 2y _ 2,0
VK, (v,Q%) = Xg L e, Ni (xB)

Spin-0-Partons (1.35)
2n W, %0 ,0%) = 0.

A good way of measuring the spin of the partons is the ratio R = oLﬁsT (eq.

(1.}8)). For spin-1/2-partons one obtgins R+ 0, _whereas for spin-0-partons the
ratio R+ <, In the scaling 1imit v,Q¢ + = but 02/2nv fixed R can be expressed by
F1 and F2 2. 2

(1 +v°/Q°) W, - W F, - xF
- 2 1 2 1
= " - T . (1.36)
T 1 1
If the fraction of scalar partons weighted with their charges squared is y(x), i.e.

pX e].2 Nio(x) .
y(x) = " » , {1.37)

L oe;” Ny (x) +¢2 e.” N.(x)

o]
—

R =

Q

one finds for R

X

Riheor = To by = 0-20 ¢ 0.10 (SLAC)

0.03 + 0.10 (EMC) {Orees and Montgomery, 1983),

(1.38)
where the larger experimental value is obtained for 02 ~ 10 GeV2 typical of SLAC.
This R = 0.2 corresponds to a fraction of scalar partons v < 0.25. So most charged
partons have half integer spin. The physical picture to explain a vanishing longi-
tudinal cross-section for quarks is easy to understand. In a head on collision at
high energies the helicity of the quark is conserved, i.e,

e 4 b
— HnnAnna- before

after

A

—

This can only occur if the helicity of the photon is A = t1, i.e. for transverse
photons. On the other hand consider a spin-O-parton, then only a photon with heli-
city A = 0 can be absorbed. Allowing for an 1nit191 transverse momentum and finite
mass u of the spin-1/2-parton one obtains R = 4(k{ + uz)/Q . In QCD (Reya, 1981) R
becomes of order ocs the QCD-coupling constant, due to the recoil of the quark

having emitted a gluon. Unfortunately, up to now a reliable experimental determi-
nation of R does not exist (c.f. for reasons Drees and Montgomery (1983)).

Commonly one differentiates between different flavors in the quark distribution
functions and their charges
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Ni(x)s u(x)  c(x)  t(x)  d{x) s(x) b{x) u(x)...

e; : 2/3 2/3 2/32  -1/3 -1/3 -1/3 -2/3...

The antiquark distributions are denoted by u(x), d(x), etc. For the proton the
following normalizations have to be satisfied ‘

Slu(x) = u(x)ldx = 2
FTd(x) - d(x)1dx = 1 (1.39)
Iis(x) - s(x)1dx = 0 etc.

Fz(x) is given by correctly weighting the individual quark contributions, i.e.

sz(x) = X {-% [u(x) + u(x)] + %—[d(x) + d(x)] + % [s(x) + E(x)](z,ébi_

In neutrino reactions a charged W7 s exchanged between the leptons and hadrons.
Again there are three helicity states of the weak current and one can define cross-

sections g{(A = +1), o(A = ~1) and o(A = 0). Note, however, the current correlation
function contains in

weak weak
JU {(x) J\J (0) = {Vu(x) - Au(x)}{vv(O) - Av(O)}, {1.41)
terms which are parity violating (-AV-VA); and two contributions (VV+AA) which are
parity conserving, For a derivation of the cross-section of inclusive v and v-
scattering we refer to the literature (Close, 1979), it is (M = target mass)

Y i
3% g2 2 ™ 2
INWE' 5L = + QZ)
o
- {2 sin%8/2 + W, cos?8/2 + s (E*E") <in%s/2 . (1.42)

The photon exchange in eq. (1.42) Ezrhas been replaced by G = 1.2.107° GeV'z, the
weak Fermi coupling constant®, the ‘extra factor mWZ/(mw2 + 02) corrects for the
finite W-mass and can be ignored for all existing experiments. wl and w2 para-

metrize the parity conserving interaction. W, arises from the interference terms
-AV-VA, For the proton with mass M = m,w1 o 3 are related to the parton distri-

butions according to egs. (1.43). The neutrinos measure down (d) and anti-up (u)
distributions and vice versa for the anti-neutrinos.

2m Wy" = 20d(x) + U(x)] = F ¥ (x),

vh,' = xF Y (x) = Foo (%), (1.43)
iy = 20d(x) - U(x)] = Fy'(x).
The sign difference in W’ in egs. (1.42) and (1.43) concerning particle anti-

particle conjugation is related to the change in the relative sign of the V and A
terms in the weak current, when one goes from particles to anti-particles

1

+Ne set cosh =1,

Cabibbo




N

L\'J =J‘(U 1 -v
e { § 5Py . . (1.44)
L =VHYO[Y (1 -yl v & =vy (L+ygh.
For anti-neutrinos we have from eq. (1.43)
2m wl“- = Lu(x) + d(x)] = Fl"-(x),
i =T (x) = £ (), (1.45)
vw; = A u{x) - d{x)] = F3\r(x).

The fraction of momentum carried by anti-quarks in the proton can be extracted
from the ratio

B = I x(FjU * Fav)dx _ 20 xd{x) + u(x) - u(x) - d{x)]dx .

f (FZ\T £ F)dx 7 xlu(x) + d(x) + u(x) + d(x)]dx

(1.46)

One obtains for < x >_ = 0.05. The anti-quarks carry only 5% of the momentum of
the proton. Thereforeqone attributes them to the sea of soft partons. How much of
the momentum do the quarks carry? An isoscalar target with baryon number 1 can be
represented as the average of a free proton and neutron structure function. This
average is denoted with N, then

Jodix(u+tu+d+d+s+s) =7 dx(9 erN - %-FZUN) x 0.5, (1.47)

So only fifty percent of the momentum is carried by quarks and anti-quarks. The
residual fifty percent have to be attributed to gluons, the uncharged colored vec-
tor bosons medicting the strong interaction. Looking at the nucleon with this num-
ber in mind one would expect that also at rest about 50% of the energy® is quark
energy, the rest is contained in the bag or the confinement. This division goes
well with string-like confinement, where the kinetic energy of the quarks N/R and
the potential energy oR add up to the total energy

Eyor = N/R 4 oR. (1.48)

Minimizing the energy 3E/3R = 0 makes both contributions equal. Substituting typi-
cal values for N= 3xo = 6 and o = 1 GeV/fm one gets for the optimal size R= 1 fm.
Unfortunately, the MIT—Bag—Modg] (Chodos and others, 1974) and several similar mod-
els give a bag energy 4r/3(B.R?) of the volume type. Thereby the ratio of quark to
bag energy becomes unbalanced: quarks/bag = 3/1. Topological solitons (Kahana,
Ripka and Soni, 1983) have the nice feature of giving an energy formula of the

kind of eq. (1.48), unfortunately with constituents which have (qd) substructure
Tike pions. Probably such strong-binding solutions can be ruled out from deep in-
elastic scattering,

Giuttner and others (1984) have analyzed the longitudinal wt electroproduction data
e+p+e+n+7tin terms of a pion distribution function of the proton. This
interpretation is based on the assumption that the pion can be considered as a
parton in the nucleon for low momentum transfer Q2. We found a total percentage of
3% + 0.5% (m*n) in the proton. Adding up the other pionic components (wOp, ma, nN*)
we obtain as an upper limit less than 8% pionic content. The amount of momentum
carried by the pions would be = 1.6%. Consequently the nucleon has to be described

+Using light-cone-coordinates xP* becomes x-mass at rest and we obtain the naive
extrapolation above.
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in terms of gluons and quarks. Nevertheless it is interesting to lock at (qq) cor-

relations at Tow 02. This domain can be analyzed very well with the SURA machine.
It is well known that the naive parton model with Bjorken scaling has to be cor-

rected for low 02 and very high 02. At low Qz-g 5 GeV2 correlations between quarks
are important in the same way as the two-body nucleon density pij(ki'kj’Q) is rel-

evant for low q2 nuclear structure functions, Final state interactions (Fig. 1.4)
may also play a role at low 02 The Bag Mode] {Chodos and others, 1974) should be

useful to calculate power corrections 1/0 to deep inelastic scattering (Figs.
1.4a, 1.4b). If the momentum transfer is small, the time At ~ 1/Q is suff1c1ent]y
long so that the struck quark can 1nteract w1th a quark or anti-quark in its neigh-
bourhood. These power corrections 0{1/Q2) (“higher twist" corrections) have caused
some prob1ems in determ1n1ng the parameter AQCD related to scaling violations at
large Q In the Timit of Q >> AZQCD the strong interactions between partons be-
come weak and can be treated perturbatively. The deviations from naive scaling due
to QCD are one of the cornerstones to establish Quantum Chromodynamics as the the-
ory of strong 1nteract1ons (Figs. 1l.4c, 1.4d). Deep inelastic lepton-nucleus scat-
tering at large Q2 has to take these effects into account, too, Therefore let us
discuss them now; for more detailed reviews see Buras (1981); Nachtmann (1980);
Pennington (1983); Reya (1981).

A photon with invariant mass Q resolves distances ar, ~ 1/Q and (11ght cone)
times at ~ 1/Q. The 1nterpretat1on of the deep inelastic scattering in terms of

d1str1but1on functions Ny(x ,Q2)can be maintained, when one distinguishes the
"size" of the const1tuents which the photon can resolve. At low (2 a quark and

%010-84 MPIH

(a)

{d)

Fig. 1.4. Correlations (1 4a) and final state interac-
tions (1.4b) important at low Q2 (“twist-4
contributions"). Scaling corrections (1.4c,
1.4d) at large Q2 (“twist-2 effects"). Dotted
lines are gluons.
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Fig. 1.5. Softening of the x-distribution for "smaller"
(I/Q2 < l/Ql < 1/00) constituents.

gluon nearby at ar, < 1/Q look like one quark with a "size" 1/Q. We do not have to
calculate their interaction, they form one effective quark. We treat deep inelastic
scattering in impulse approximation for this effective constituent of size 1/Q. In-
creasing the resolution of the photon, however, resolves the composite quark gluon
system. It increases the number of partons, which will manifest itself qualitative-
ly as a softening of the structure function because more "smaller" partons have a
smaller average momentum fraction each (Fig. 1.5). The amount of sea quarks in-
creases, whereas the valence quarks lose momentum due to radiating soft gluons.

We will take the dependence of the d1str1but1on functions on the effective quark
size l/Q into account by defining N. ( .02} as the probability to find a quark of

size l/Q with momentum fraction x. Ne can keep the relation between the structure
function uwz and the quark distribution function, i.e.

WMy (v,0%) = T e XN, (x,09). (1.49)
i
How do the quark and gluon distribution functions change with Qz? Assume the part-
on distribution Ni(x,Qg) is known and we want to calculate Ni(x,Qﬁ) with
2 2
Q> Q- (1.50)

Due to the increase on the cut-off of transverse momenta from Qg to Qi new modes
of the QCD-fields, i.e. new quark and gluon modes, can become occupied.

The gluon distribution ANG(X) resulting from the bremsstrahlung of a quark having
momentum fraction y = 1 is obtained from first-order perturbation theory (Fig. 1.6}
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Fig. 1.6. Quark radiating a gluon. The gluon mode is only
allowed in the transverse space Qg‘g kf_g Qi,
which is resolved by increasing the photon mo-

mentum from Qg to Q%.

k1 oy 1 3. w R.p
AN (x) = f r§°(F - D' - K)S{x - )
G 3k, 3p
ogskiioﬁ )7 o (o) P §
< G (kg IHQCD[CI(P) > _ (1.51)
P I

2
2,22 2 @@ 2,72
_ g&(fg 141+ (1-x) ]nb% - Sg(,g_l PGq(x)A'InQZ.
O 1l

One recognizes the familiar logarithmic dependence of bremsstrahlung weighted with

the running coupling constant of QCD gz(Qz), which at large Q2 has the dependence

{ Wilczek , 1982; Reya, 1981)

2:n2
ag(0?) < L) - u

(1.52)
(11 - 2£/3)1nQ%/A°

where the scale parameter of QCD is A =~ 100 - 300 MeV and f is the number of fla-
vors 1mportant in the problem, For a general initial d1str1but1on of partons

Ni (v, Q ) the Altarelli-Parisi equation summarizes the Q -evolution of the distri-




bution functions. Generalizing eq. (1.51) one obtains (Altarelli and Parisi, 1977)

2
3N, (x,Q%) 2,42, 1 1
i - 9°107) 2
— = Sody fdz P,_.{(2) N.(¥,Q7) 8(x - zy), (1.53)
31nQ gl 0 0 iegt?) N300 o

where i and j mean quarks or gluons and Pjj(z) is the probability of a constituent

J to emit a constituent i with momentum fraction z. Pi=g]uon,j=quark has been gi-

ven in eq. (1.51); for others consult the literature {Reya, 1981; Pennington, 1983).
Since the folding in eq. (1.53) is multiplicative, the moments of the structure
functions cobey first-order differential equations. The moments of the non-singlet

distribution function NNS(x,Qz) behave particularly simple. How is the non-singlet
function defined? It corresponds to the average structure function when neutron
and proton are in an I = 1 state. Similarly the average I = 0 deuteron structure
function defines the singlet distribution for flavor SUZ. For the proton we have
eq. (1.40) and for the neutron we use isospin invariance, which makes the distri-
bution of u(n} and d(n)-quarks in the neutron equal to the distribution of d and
u-quarks in the proton, i.e. u(n) = d(p) = d, d(n) = u(p) = u.

erp/x = g.(u+a) +‘é (d+d) +... = %g (u+u+d+d) +'é (u+u-d-d) (
1.54)

Fof/x = g (usld) + 4 (d+d) +... = g (utli+ded) - & (usd-d-3).

Consequently the non-singlet structure function corresponds to the difference

NS (x,0%) - (F,%° - F,2)/x. (1.55)

The Altareiii-Parisi equation for NNS(x,QZ) does not differentiate between quarks
and anti-quarks. Since it is an equation for probability densities, it contains

transition probabilities P;j» which are the same for quarks and anti-quarks radi-
ating gluons., Therefore the coupling between gluons and guarks drops out for the
non-singlet structure function.® Using egs. (1.52) and {1.53) one obtains for the

moments of NNS

1
M= (0%) = £ "L S (x,0%)dx (1.56)
0
the following equation
S,A2
dMﬂ(Q)_ 1 n NS,.2 (1.57)
z Z, 2 dqq Mo (Q7) )
d In Q In Q°/A
with the anomalous dimension dg
n -0 n-1
= d . 1.58
dqq m_—z-f-)-f zZZz qu(Z) ( )

n
The solution of eq. (1.57) (Mgs)_l/dqq must depend Tinearly on 1n Q°. The anomalous

: n
*The same holds for the average neutrino structure function F;N -% (ng + Fg ).
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dimensions d:q have a direct interpretation in the field theoretic treatment of

deep inelastic scattering where one makes a taylor expansion of the bilocal opera-
tor praduct ju(x)iv(O) (Reya, 1981). '

Let us summarize this chapter on the parton model of the nucleon. In the infinite
momentum frame the nucleon can be approximated as a jet of partons which interact
with the virtual photon as point charges. This leads to Bjorken scaling, i.e. a

dependence of the structure function vwz(v,QZ) and 2m wl(v,Qz) on x = Q2/2m only.

There are weak violations of Bjorken scaling due to QCD-radiation.
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ll. New Topics in Deep Inelastic Lepton Nucleon Scattering

1. Where is the proton spin?

One of the spectacular results in deep inelastic lepton nucleon scattering during the last
year has been the polarized spin structure function of the proton. By scattering polar-
ized muons on a polarized hydrogene target, one can measure the assymmetry A of the

difference of two cross sections do 1| —do TT over their sum Using known kinematical

_ de™ - de T T N
A = ST D (AreqAy) = DA,
factors one can deduce the difference of quark distributions of the species i with quark

helicity parallel and antiparallel to the proton spin. The quantization axis is the spin of

the proton.

gL Zel (5700~ t0)
. T et [t + LX)

The x dependence of this difference relative to the sum is shown in figure 1. There
are currently twe proposals to measure the same quantity on the neutron with a polarized

deuteron target or with a deuteron Jet target.Let us first discuss the integral over this
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difference which can be related to the total proton spin.

1
jd« ME W jol«gth) - 0.4224 0.043

Ax(4+R)

This quantity has attracted most of the attention. Why is it so exciting? Using the

known measurements of the neuntron 3-decay and hyperon -decays one con calculate from

Au- Ad = 4.23 0.1

Au+dd - 24s = 068 2004
the measured integral the flavor singlet sum of quarks with spin parallel minus antiparallel

to the proton spin.

1
Ag =H[qf()<)— 9(x) } + [’éﬂx)*é"f”"ﬁ"’"‘

o

i
023 = 2 § gutolx = T (Bu-dd)

+ f;} (du+ Ad-24s)
* %— [ Bu+ pd +45)

Au+Qd+As = 0,00 x 0,02

The result is zero, which is very surprising since we would expect in the constituent
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quark model that there is one more quark with spin parallel to the proton spin relative
to the antiparallel ones. The experimental result of zero for the same quantity prompted
the guestion: Where is the spin of the proton? As far as I can see there is not yet any
convincing answer to this naive question. Various theoretical ideas are circulating with
partial insight into this delemma. It is well known that there exists a problem with the
singlet axial current. Its divergence is not equal to the pseudoscalar quark density times
twice the quark mass as for free quarks but there exists an extra piece which comes from
the gluons. It expresses the product of E.B which is a pseudoscalar. The most clear
derivation of this property is given by Fujikawa[l]. It is based on the fact that under
chiral singlet rotations the fermion integration measure in gauge theories acquires a phase
due to different behaviour of right and lefthanded fermions in an external vector field. The
classical spin density is defined as the the spin density the divergence of which gives the
classical pseudoscalar operator. It then represents the measured quark spin density which
equals the quark spin density minus the gluon spin density. The measured result would
imply that the gluon spin compensates the quark spin. Unfortunately none of the pictures
of the proton we have gives any hint about this gluon spin. A more heuristic relation has
been discussed by Veneziano[2] and by Hatsuda {3]. It relates the singlet pseudoscalar
coupling (4 to the spin demsity. A natural consquence of the vanishing of the integral

Au+ Ad+ As is then the vanishing of the %' -coupling to the nucleon. Note it is the heavy
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7' which has the singlet SU(3) property. I personally find the x dependence of the function

§(n'W8) 4 VZ0y = dmy (Dusddeds) < Amu bp = O

91(z) as interesting as the integral. Qur complete inability to calculate the properties of
the proton manifests itself in this quantity in clear fashion. The constituent model gives
no x-dependence to the function g, , which would be equal to 5/9. Where does the x-
dependence come from? For the large x-region we know that the proton wavefunction
does not have the usual amount of u to d-quarks. Nature seems to prefer the u-quark at
large x. This can be seen from the ratio of F3(z) for the neutron to the proton. A simple
estimate gives the empirical value if u-quarks dominate. One can speculate that the up
quark coupled to the ud pair with I=0 and spin=0 combination in the proton wavefunction
dominates at large x .This residual up quark would then carry the proton isospin and the
proton spin giving the increase of g; to 0.7.

At low x the radiation of gluons will produce as many sea quark pairs with spin parallel
as antiparallel, whereas the parent parton has a preferred spin which it guards. In this
case the spin density of the constituent quark model is diluted and g, goes to zero,

2_ Shadowing and Antishadowing-New Aspects of the EMC-Effect

The EMC effect was discovered in 1983. Since then a huge experimental effort has been
devoted to measure the nuclear structure function over a larger domain in the Bjorken

variable x. Especially the low x-region is now vastly extended compared to the situation in
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1983 7], see fig.2. The current -current correlation function W,, is light cone dominated

b (08« 5 () ™ Cp | Dply), 200) 167

as one can see from the kinematics in the rest frame of the hadron. For fixed Bjorken
z = @*/(2Mv) the energy transfer v becomes — Mz + |g| — |g|. Therefore the exponent of
the Fouriertransform selects distances yy — y, = 0 which correspond to correlations on the
light cone. The quark times antiquark field operator in the middle of W . can be replaced
by the free propagator singularity. The symmetric Lorentz tensor in g and v gives the
probability of annihilating a quark a position 0 and time 0 and recreating it at +y, and
time yo. From the arguments of the exponential one sees that the distances involved are of
the order of 1/Mz in yo +y, whereas both ygand y, are on the light conei.e. yo = y,. This
simple algebra makes obvious that in the shadowing region we test quark correlations over
long distances in the nucleus. E.g. for ¢ = 0.05 we find the distance d = 4fm. In virtual
photon nucleus interactions a quark antiquark system propagates as a virtual state of the
photon through the nucleus the transverse dimension of which can be estimnated from the
transverse momentum over the longitudinal momentum multiplied with the characteristic

longitudinal distance 1/Mz, Here we take a transverse momentum of the order of the

-

T
T

AL ST S )

mr 4
LT Mx ~ ez Mx Mx v ol

pion mass. If the size of this state is of the size of a hadron, we see shadowing under the
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condition that the nuclear radius is much larger than the mean free path which is of the
order of 2 — 3fm for a hadron. As shown above the radial size of the ¢ and antig system
decreases with increasing Q?, thereforeshadowing will decrease with increasing Q*. Both
of these effects are nicely shown in a calculation based on the generalized vecot meson
dominance model by Schildknecht et al [4]in ﬁgﬁre 3. A very interesting physical picture
has been proposed also recently by Mueller {5] and worked out by Qiu and Close[6]. In
the infinite momentum frame of deep inelasic scattering the nucleus is Lorentz contracted.
Also the valence quarks in the nucleons inside the nucleus become thin as pancakes. The
sea quarks , however, have an extension which depends on a cut-off in x space which
normally is taken as .. = pf./A? or 2ae = pi/ Q? . It is invariant under Lorentz
boosts. Therefore at a given vy-factor of the boost the extension of the sea quarks of each
individual nucleon will be of the size of the whole contracted nucleus, The overcrowding of
the sea quarks leads to merging of the quarks and anti- quarks among them and therefore
diminishes the deep inelastic yield, we see shadowing. Up to now the model is not yet
quantitive but it promises to discuss the EMC effect in the low x-region in the same way
as in the intermediate x-region.

We would like to thank Profs. P.Quentin and Delorme for the kind invitation. I
enjoyed very much the pleasant atmosphere and stimulating discussions.
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Figure Captions
Figure 1. The spin structure function A; of the proton as measured by the EMC-

Collaboration [$].

Figure 2. The ratio of structure functions for Ca over deuteron, C/d and Ca/C from ref
(7]

Figure 3. Calculation of shadowing from ref [4] .Data from ref {7)
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