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Change of confinement scale in nuclei and the EMC effect
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Abstract. We study a model in which the confinement scale of quarks in a nucleus of mass 4
changes as A'/*, This explains the A dependence of structure functions (eMc effect) as seen in
muon, electron and antineutrino deep inelastic scattering from nuclear targets. We also
investigate a prediction of this model—an 4 dependence of the QCD scale parameter A.
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1. Introduction

Since the time when scaling and the existence of point like constituents in the proton
were observed in deep inelastic scattering (pis) of electrons from protons, lepton bpis
from nuclear targets has served as one of the principal testing grounds for qcp. It is
assumed that the lepton-nucleus interaction takes place viaa single photon (for pand e,
and Wor Z in the case of the v and 7) exchange (figure 1). One can then caleulate the
cross-sections for these processes as

d%ge* _ 8na’ME
dxdy = Q%

[V2xF1(x)+ (1 - y) F2 (x)], (1a)

2

2 Vi 2
4’6"  G*ME [y2xF () + (1 -.y)Fz(x)i(y—Xz-)x F3(x)], (1b)

dxdy = =«

where in the expression for the v, ¥ cross-section, the positive sign for F3 (x) occurs for v
and the negative for v. Also Q? is the square of the 4-momentum of the exchanged
photon, a is the fine structure constant, G is the weak coupling constant, E is the beam
energy, M the proton mass, y =v/E where v is the energy exchanged and x
(= Q?/2Mv) is the Bjorken variable. In the infinite momentum frame (1MF), x has the
interpretation of the fraction of the target longitudinal momentum carried by the
interacting quark.

Information on the quark substructure of the target is completely contained in the
structure functions F; (x), F, (x), and F;(x). Of these, Fy (x) and F,(x) are related by

(2xF1(x) ~ F5(x))/2xF (x) = R, ‘ 2)

where R is the ratio of the cross-sections for longitudinal and transverse photon
scattering from a quark. For spin half quarks, in the parton model limit, R = 0 and we
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Unobserved final state

target(A)

Figure 1. Deep inelastic lepton nucleus scattering with one exchanged photon.

get the Callan-Gross relation
F,(x) = 2xF; (x), )

At finite Q2, there are corrections to R that give it a finite and non-vanishing value. In

the scaling limit (i.e. at infinite 0?), the structure functions depend only on x. At any

finite Q2 there are scaling violations that go roughly as In Q2. This effect is predicted by
qcp and the verification of this has been one of the prime motivations for pis
experiments.

The structure functions can be written in terms of quark (antiquark) densities for the
target-q,(x) (g,(x)). These are the probability densities for finding quarks of
longitudinal momentum fraction x in the target.

Fhe(x) =x ;3} [g,(x)+3,(x)], (4a)
Fy(x) = x;[qf(x)—%ﬁf(x)], (4b)
Fy'(x) = ‘f/j [q, () —7,(x)]+2[5(x) —c(x)]. (4c)

The v and 7 structure functions refer to isoscalar targets whereas the y and e structure
functions are not so restricted. The corresponding isoscalar expressions for F 4 (x)can
be obtained by averaging over the proton and neutron F3s, remembering that the u
quark density in a proton equals the d quark density in a neutron and vice versa. The
quantitites g, (x) — gy (x) are known as the valence quark densities (¥ (x)) and g, (x)
— V (x) and g, are the sea quark densities. Throughout this paper, we assume a SU(3)
flavour symmetric sea—i.e., one with Z(x) = 0 and the u, d and s quark sea densities
equal.

Muon pis from deuterium and iron targets, performed recently by the European
Muon Collaboration (emc) has shown that F4(x) shows a marked variation with
nuclear mass 4 (Aubert et al 1983). These results have been verified for iron by the sLAC-
mit-Rochester group (Bodek et al 1983a, b) and also, more recently, by a series of
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electron pis experiments on different target nuclei done at sLac (Arnold et al 1984). This
A-dependence has been presented in the literature as the ratio

RAM(x) = F 4(x)/ F4(x), &)

where F 4 (x) is the structure function for deuterium. Previous expectations of R4/4(x)
(Bodek and Ritchie 1981a, b; Frankfurt and Strikman 1981; Berlad et al 1980) are shown
in figure 2 along with the emc data points. It is apparent that the low and medium x
behaviour of the emc data is the opposite of what was expected. However the rise in
R#M(x)at high x predicted by these models has been confirmed by the sLac experiments.

The strong enhancement of RF¢¥(x) at low x has not been seen by. the srac
experiment. It was conjectured that this may be due to shadowing effects which are not
present in the Emc data due to the high Q? range there. Neutrino pis experiments on
neon and deuterium targets done at esc also fail to show the low x enhancement
. (Cooper et al 1984). However, all the experiments are consistent with each other for x
> 0-2.

Several models have been advanced to explain this so-called emc effect. Excess pions,
isobars and large clusters of quarks in nuclei have all been invoked to explain the ratio
R##(x) (Llewellyn-Smith 1983; Ericson and Thomas 1983; Szwed 1983; West 1983;
Cohen-Tannoudji and Navelet 1983). We propose a different approach based on the
infrared regularization in Qcp (Gupta et al 1983). A similar picture has also been
considered by Jaffe (1983), Furmanski and Krzywicki (1984), Nachtmann and Pirner
(1983), and Close et al (1984).

o8

0.8 ) -

Figure 2. The ratio RF*/4(x). The EMc data points and a straight line fit through them are
shown. The rising curve is the prediction from the Bodek-Ritchie fermi smearing model.
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2. The model

The eMc measurements have been carried out at high values of Q*—ranging from about
9-170 GeV 2. The sLac data are at lower values of Q2 being restricted to less than
10 GeV 2. Nevertheless, the kinematic region of both sets of experiments is far above the
nucleonic mass scale (1 GeV). It is then reasonable to assume that at these Q?, the
photonic probe does not «see” individual nucleons but only the quasi free quarks and
gluons inside.

We therefore assume that the quarks and gluons (partons in an inclusive
nomenclature) are no longer confined within individual nucleons but only within the
nucleus as a whole. In that case, limits on the phase space of the partons are set not by
the nucleonic size but by the size of the nucleus. Thus, the lower limit to the momenta of
the partons is proportional to the inverse of the nuclear radius.

If, as usual we view the scattering event in the IMF, then the nucleus is flattened in the
longitudinal directionto a disk. The cut-off then operates on the transverse momentum
and is given by the inverse of the nuclear radius ro A'/°. Hence ’

(pt)min = bA—llaa | (6)

where b has a value between 100 and 200 MeV (being equal to 1/rq). The cut-off in p,
decreases as we go to heavier nuclei. Hence partons inside nuclei have a larger phase
space volume open to them than partons in a free nucleon. The evolution of quark
densities is controlled by processes occurring inside a phase space volume bounded by
(Pe)in and Q2. Hence, quark densities for one nucleus can be related to those for
another by a simple change in the scale of Q% We recapitulate the well-known
derivation of the Altarelli-Parisi equations (apE) (Altarelli and Parisi 1977) to show
how these ideas can be incorporated into the standard Qcp picture to yield the A-
dependence of structure functions.

2.1 APE and super APE

In the naive parton model, a non-singlet structure function F g is obtained by a sum
over all flavours /' of the convolution of quark densities V 9(y) in the target A with the
pointlike cross-section for quark photon scattering o

: 1
Fys(x) = ;J dy/y V?(x)"f (V) (7a)
with ’

a;(y) = efd(x/y—1) (7b)

The assumption is that the quark is on the mass shell and its momentum is a fraction y
of the target momentum. Also, the amplitude for the target-photon interaction can be
factored into two incoherent subprocesses—the probability of finding a quark in the
target and the pointlike quark photon cross-section. In this limit, there is no Q2
dependence of the structure function. :

In Qcp, this factorization is still valid but the pointlike approximation to the cross-
section can no longer be justified. The quark photon cross-section is obtained by
contributions from a large set of diagrams. To first order in the coupling o, one writes

Frs(x, Q%4) = ;J dy/y Vo) [ef8(e/y— 1) +A0; (0, Q% 4, (§)
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where A, (y, 02, A)is obtained by summing over diagrams of the type given in figure 3.
An explicit computation with the real gluon emission diagram (figure 3a) yields

Aoy (y, Q% A) = e} (a/27) Jdpr /v P (),

where P (y) is independent of Q% and A. The Q2 dependence of the cross-section comes
purely from the upper limit to the integral. This is set by kinematics. There is a
singularity at p, = 0, i.e. for a real collinear gluon emission. In general an infrared
regulator is placed at the lower limit of the integral to take care of the divergence. This
reference mass is set in our model by (p,),;,- Hence the cross-section becomes

. Aoy (y, Q% A) = e (0/2m)tP (y), )
where t is defined as ‘ '
t = In QA>3 /b?) (10)

Now, in (8), the term in ¢ can be factored out and absorbed in a redefinition of the
parton density, so that to order o we get

Fys(x, Q% A) = Zefj dy/y V; (3, Q% A)o(x/y - 1), (11)

where
1

Vi, Q% A) = V7 () + (o/2m)1 J dz/z V 3(2) P(x/y)
y
The renormalization effects due to the virtual diagrams in figure 3 can be absorbed
into o and the correct asymptotic form of the above equation can be written merely by
changing a to the running coupling a(f) and hence writing

1
dV; (x, 1)/dt = (a(t)/2m) J dy/yv,(» )P(x/y). (12)

This calculation can be repeated for the coupled singlet structure function Fg(x) and
gluon distribution g(x). Putting in factors like P(x/y) and integrating in the analogues
of (12), we see that they consist of the three coupled equations (Abbot et al 1980)

G
(a)
Y
Y
q
q
G q

Figure 3. Processescontributing to Ac, (y, 0%, A). Figure 3a shows real gluon emission. The
others are virtual processes contributing to the renormalization of the coupling.
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ad_FNS( £) = (){[3+41ﬂ(1—x)]FNs(x )

——Fs(x t) {[3—&-4111(1— x) ] Fg(x, 1)

+j dz( 2 [(1+z2)F5<f,t>—st(x, t):l
x 1-—-z z
))} (13b)

ad?g(x, 0= 3‘;(‘) {[Z—ln (1- x)]g(x, £)

' X
1 zQ(;vt)'—g(x: t) 11—z x
+_L dz( = +[z(1~—2)+-z———}g (;J)
+g[1+(1-z)2}ﬂ(§’t>>} (130
9 z "\z

These equations look exactly like APEs but contain an important new bit of
information. Once the definition of the parton density is fixed for any given Q* and 4,
these quantities are automatically defined at all other Q? and A by the super APE—
equations (13).

The Q2 and A dependences of the parton depsities are not independent but are
related through the variable ¢ (equation (10)). As a result, in the context of this model,
comparisons between structure functions of different nuclei are meaningful only after
an A-dependent scaling of Q2.

Since the momentum scale now depends on A, it is obvious that the extraction of the
QCD scale parameter A, from structure function data must be done only after the
scaling of Q2 has been done. Otherwise the observed scale parameters A7, obtained from
analyses of different target nuclei will be related by

fo = 2o (A) )P, | (14)

This is a consequence of the model open to direct experimental verification.

) Fyps(x, 1) —2F (x, z)])}, (13a)

le

Ha2 (-2 ]g(

2.2 Numerical method

To test this model, it is necessary to have a parametrization for the quark and gluon
densities and the value of A,,. We have restricted ourselves to isoscalar nuclei. All the

nuclei with 4 < 40 for which data are available happen to be isoscalar. Heavier nuclei
have been corrected for neutron excess assuming for the EMcC iron data (Aubert et al

1983)
F4(x)=(1-075x)F§(x),

and for the sLAc iron, gold, and silver data (Arnold er al 1984)
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Fj(x) = (1-08x)F%(x).

The structure function for an isoscalar nucleus then consists of only a singlet part and is
written in the form

F,(x) = 5/18 F(x).

We then gain the computational advantage of having to work with only {13b)and (13c)
instead of all three.

We parametrize F(x) and the gluon distribution g(x) for deuterium at
0? =20GeV? as (Abbott et al 1980)

Fyx) = C;(1 +C,x) (1 —x)%, (15a)
xg(x) = A, (1 —x). (15b)

The momentum sum rule gives one constraint equation among these five parameters
and is used to fix A, in terms of the other four. The four free parameters are varied along
with A,,and used thh the APE to give the best possible fit to the EMc data on F4(x). The
results of this fit are given in table 1.

Apart from these singlet functions, we need the parametrization for the sea and
valence quarks separately. Since we deal only with isoscalar nuclei, we do not need
separate u and d quark densities but only one for u + d. We parametrize the valence and
sea quark and gluon distribution for deuterium at Q? = 20 GeV? as

xV(x) = Ax%(1—x)b, ‘ (16a)
xS (x) = A, (1 —x)s, (16b)
xg(x) = A,(1 —x)Ps, (16c)

Again, the momentum sum rule is used to eliminate A,. Moreover the parameter 4, is
fixed by sum rule constraint j dx ¥V (x) = 3. Hence only five parameters are left free
The same data set as before is used to find the best values of these five parameters and
Ap,. The results are displayed in table 1.

Having obtained these parametrization and the value of A, the structure function
F#(x) for any other nucleus and the eMc ratio—R*“(x) can now be obtained using
super APE as predictions based on this model. We present these and a comparison with
experiments in § 3.

Table 1. Results of the 2 fits to the EMc data on
F45(x). The four parameter fit has a y?/DOF
= 62/47 and the five parameter fit has y2/poF

= 63/46.
Four parameter fit Five parameter fit
¢y = 065+002 o, = 0-53 £ 002
ey =27 +04 B, = 326 +- 0-08
¢y = 345+009 A, = 0147 £ 0009
a,=4+5 B =66 +02

p,=3+8
A= 961 Ay = 101733
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3. Results using super APE

Using the parametrization for F(x) and g(x) for deuterium (equations (15)) with the
values of the parameters given in table 1, we used super APE to compute F£¢(x). This
prediction is, of course, dependent on the A, value used. Varying A, over the range of
values allowed by the Emc deuterium data, we get the range of values for FE (x) that lie
within the shaded band in figure 4. The EMc data on F5¢(x) are shown for comparison.
Varying the other parameters over the range specified in table 1 does not change the
structure function noticeably. o

There is a clear systematic difference between the model prediction and the data for
x < 03. The model consistently underestimates F5°(x) at low x. As a consequence, the
low x enhancement in RF*(x) is absent. However at x > 0-3, FE*(x) agrees very well
with the data. With a lower x-cut of 0-35 on the EMc data, the 2 for a fit using super APE
turns out to be 108-5 for 46 degrees of freedom. This is to be compared with an
independent Qcp fit to the same data set which yields a y? of 107-1 for 58 degrees of
freedom. Hence, in this region super APE compares well with APE.

The sLAc data do not show the very strong enhancement in RF¥/?(x) at low x which is
the most noticeable feature of the EMc data. On the other hand they show R#4(x) very
close to 1 for very low x, increasing to a maximum at about x = 0-15 and then falling off
till x = 0+6. This is the behaviour we see in our predictions of RF¥(x). The predicted
values along with the data are given in figure 5. Similarly, our predictions for R4 (x)
agree well with the sLAc data for all the nuclei.

0.5 T

0.2 -

0.8

Figure 4. FI¢(x)computed in our model lies within the shaded band. The data points are the
Q? averaged data from the EMC measurement of F ¥e(x). The computed values have also been
averaged over Q2

a

£43

. e e s ey

-~




The Emc effect : 451

A further point to be noted is the Q? dependence of R*(x). Both the sLAC and EMC
experiments show very little 0 variation of the ratio. A computation using super APE
and Ay = 200 MeV shows that the maximum variation in R*4(x) over the range of Q>
from 20-200GeV? is about 7%. The 4 and x dependence of the Q2 variation as
calculated in this model is given in table 2. It is seen that the variation grows more
marked with increasing A.

The prediction of the apparent 4-dependence of A, has been tested by making an
independent Qcp fit to the Emc data on F5°(x) and extracting 455 Accordin gto (14), we
should expect the ratio A55/47, to be 0-329. The computed values are given in table 3 for

[»]

He | A
0.2 0.4 0.6

(b]

Be ! L
0.2 04 0.6

Figures 52 & b.
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Figures 5S¢, d & e.
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Figure 5. RA/(x)fora. helium,b. beryllium, c. carbon,d. aluminivm, e. calcium, f. iron,

g. silver, and h. gold.
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Table 2. The Q2 variations of RA/(x). The table shows the
percentage change in RA%(x) in going from Q?
= 20200 GeV ? for different x and A.

Afx 0-03 009 015 0-30 045 0-57
20 671 1-31 -099 -207 ~-003 2:69
40 753 1-54 -1:00 -224 004 303
60 7-86 1-64 -099 -230 -003 320
80 804 1-70 -098 —233 ~-0-01 337

100 817 1-74 -098 =235 0-00 339

Table3. The ratio AF8/19,for different x cuts on
the data. In all cases the ratio is close to the
expected value of 033 although the errors are

large.
xout A% (MeV) 5 (MeV) 2780410
035 277+ 138 9382 0341038
045 344187 167253° 0492553
055 7742381 2761243 03633

several different lower x-cuts on the data. The central values are seen to be close to
0-329. However, the data do not fix either Af; or A4, well enough for us to make a very
definite statement.

We have also calculated the ratio ¢ (Ne)/o” (d) in our model. The cross-sections have
been integrated over y for a comparison with the BEsc data on the ratio. This is shown in
figure 6. Unfortunately, neutrino experiments suffer froma low event rate as compared

V¥ (Ne)
oV (d)

08

X

Figure 6. BEBC measurement of the ratio of v DIs cross-sections from neon and deuterium
targets are compared to our computations (full line). The best fit to the EMC data on RF¢/d(x) is
given by the dotted line. The dashed line is the expectation for no A-dependence.

.. .
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to the muon or electron events, as a result of which the statistical errors are much larger.
Nevertheless, fits to the BEBC data using super APE are much better (y%/dof= 12-2/9)
than the other models considered by the BEBc—for example the best fit line from Emc
(x*/dof = 21-9/9) or the no nuclear effect line (y*/d o f = 16:0/9). We have used the data
cut at Q% = 45GeV2. This has an average Q2 of about 10GeV? We have also
calculated the Q? variation of this ratio and compared it with the BeBc data in table 4.
Again, within the range of experimental errors, our computations seem consistent with
the data.

We have used super APE to evolve the valence and sea quarks and the gluon
distributions to different values of A. The momentum fraction carried by each species in
different nuclei are shown in figure 7. It is seen that momentum is transferrred from
valence quarks to sea quarks and gluons as we go to heavier nuclei. This manifests itself
as the dip in the ratio R 4/ (x) at high x. It is also interesting to note that in heavy nuclei
gluons gain momentum at the expense of quarks. This means that the low x
enhancement of R4/ (x) does not balance out the high x depletion.

-59 T T T T |

57 :///

-55 GLUONS -~
] i L | ! |

15 T T T T T T

1 SEA QUARKS _]
! I ! | | 1

35 T T T T T T »
VALENCE QUARKS

‘33

=31

MOMENTUM FRACTION

29

27H _ -

| 2 5 10 20 50 00 200
A

Figure 7. A-dependence of the momentum fraction carried by valence and sea quarks and
gluons in a target.

Tabled4. The Q2 variation of the ratio of ¥ cross-sections for
a target of mass A to a deuterium target. The table shows the
percentage variation in the ratio in going from Q2
= 2-20GeV? for different x and A.

A/X 0-03 0-09 015 030 045 0-57
20 577 4-50 370 1-07 —346 624
40 725 5-55 4-47 1-13 359 -790
60 804 610 4-87 1-14 -410 883
80 8-58 647 514 1-14 —445 —-947

. 100 898 675 534 1-11 —472 —9-96
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4. Conclusions

The model we have presented here allows us to understand the emc effect in terms of the
normal qcp evolution. As such, it furnishes us with a framework for computing the A4-
dependence of structure functions without the addition of further parameters to be
fitted to experimental data.

The model predicts an apparent A-dependence of the qcp scale parameter A ;—an
effect that is probably seen in the data. A further check on this is possible only with high
quality prs data on a series of nuclei.

Predictions for F5(x) agree with the Emc data at x > 0-35 but deviate systematically
from the measured values at lower x. This is also manifested in our computation of
RFe/d(x)—which agrees with the Emc data at high x but deviates at lower x. However, the
model predictions fit the sLac data on R#/4(x) for a large number of nuclei. These data
are at < 0> > = 5GeV? whereas the emc data are at { Q* ) =40 GeV>. The Q
dependence—or the lack of it—of R4 (x) is well reproduced in our model.

Further checks come from 7 pis experimental data with neon targets from the BEBC
group. However, the errors in these data are so large that not much more than trends
can be analyzed. Nevertheless, as far as it is possible to conclude anything from this
data, it seems to fit our model—both. in the x and Q? dependence of the ratio.

The tests we have already performed can be made more stringent by high quality data
on a large number of nuclei. As far as the available data are concerned the model
explains the A-dependence of structure functions in the range 0-3 < x < 07 extremely

well.
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