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The structure of a bound nucleon
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Abstract. We highlight some of the progress made in understanding the EMC effect and the NuTeV
anomaly using a chiral effective theory of QCD, that is, the Nambu—Jona-Lasinio model. A natural
consequence of this approach is that for nuclear systems the mean scalar and vector fields couple to
the quarks inside the bound nucleons and therefore nucleon properties are modified in the medium.
In particular, we demonstrate that the medium modification of nucleon quark distributions provides
a natural explanation of the EMC effect. We also illustrate how a proton-neutron asymmetry in
nuclei leads to an isovector-vector mean-field which couples to the quarks in the bound nucleons
and that this mechanism leads to an additional correction to the NuTeV measurement of sin? Ow .

Keywords: EMC effect, medium modification, NuTeV Anomaly
PACS: 24.85.+p, 13.60.Hb, 11.80.Jy,21.65.Cd

Since the discovery of QCD in the early seventies a central goal of nuclear physics
has been to understand how the fundamental degrees of freedom — the quarks and gluons
— give rise to nucleons and to the inter-nucleon forces that bind nuclei. A key milestone
on the path to achieving this goal is to understand how the structure of a nucleon bound
in a nucleus differs from that of a free nucleon. It was not until the EMC experiment [1]
in 1983 that the idea of a difference in structure between a bound and free nucleon was
widely entertained. This landmark experiment observed, in the valence quark region, a
depletion of the F; structure function of iron relative to that of the deuteron [1, 2, 3] .
This discovery, now known as the EMC effect, rattled the nuclear physics community at
the time and fomented a large experimental and theoretical effort in order to understand
its origin. Despite many attempts to understand this effect in terms of binding corrections
it has now become clear that one cannot understand it without a change in the structure
of the nucleon-like quark clusters in matter [4, 5, 6].

Although the EMC effect has received the most attention, there are a number of other
phenomena which may require a resolution at the quark level, such as the quenching of
spin matrix elements in nuclei [7] and the quenching of the Coulomb sum-rule [8, 9].
Important hints for medium modification also come from recent electromagnetic form
factor measurements on *He [10, 11], which suggest a reduction of the proton’s electric
to magnetic form factor ratio in-medium. Sophisticated nuclear structure calculations
fail to fully account for the observed effect [12] and agreement with the data is only
achieved by also including a small change in the internal structure of the nucleon [11],
predicted a number of years before the experiment [13].

The focus of this work is on nuclear quark distribution functions with a view to
understanding the EMC effect, as a consequence of the medium modification of the
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structure of the bound nucleons. We will also investigate an interesting correction to the
NuTeV analysis arising from the isovector-vector mean field in the iron nucleus.

THE NJL MODEL, NUCLEAR MATTER AND THE EMC EFFECT

To determine the nuclear quark distributions we use the Nambu—Jona-Lasinio (NJL)
model [14, 15], which is viewed as a low energy chiral effective theory of QCD and is
characterized by a 4-fermion contact interaction between the quarks. The NJL model
has a long history of success in describing mesons as gg bound states [16, 17] and more
recently as a self-consistent model for free and in-medium baryons [18, 19, 20, 21, 22].
The original 4-fermion interaction term in the NJL Lagrangian can be decomposed into
various gq and gq interaction channels via Fierz transformations [23], where the relevant
terms to this discussion are given in Ref. [20].

The scalar gg interaction term generates the scalar field, which dynamically generates
a constituent quark mass via the gap equation. The vector gq interaction terms are used to
generate the isoscalar-vector, @y, and isovector-vector, py, mean-fields in-medium. The
qq interaction terms give the diquark z-matrices whose poles correspond to the scalar
and axial-vector diquark masses. The nucleon vertex function and mass are obtained by
solving the homogeneous Faddeev equation for a quark and a diquark, where the static
approximation is used to truncate the quark exchange kernel [18].

To self-consistently determine the strength of the mean scalar and vector fields,
an equation of state for nuclear matter is derived from the NJL Lagrangian, using
hadronization techniques [24]. In a mean-field approximation the result for the energy

2 2
density is [24], & = &y — 4%—"0) - 4% + &)+ &y, where G, and G, are the gg couplings in
the isoscalar-vector and isovector-vector channels respectively. The vacuum energy &y
has the familiar Mexican hat shape and the energies of the protons and neutrons moving
through the mean scalar and vector fields are labelled by &), and &, respectively. The

corresponding proton and neutron Fermi energies are, e = Epot Vo =1/ Mi? + pr, +

3wp = po, where o = p or n, the plus sign refers to the proton, My is the in-medium
nucleon mass and pr, the nucleon Fermi momentum. Minimizing the effective potential
with respect to each vector field gives the following useful relations: wy =6 G, (P + Pn)
and pg = 2Gp (pp — pn), Where p,, is the proton and p, the neutron density. The vector
field experienced by each quark flavour is given by V,, = wg + pp and V; = wg — po.

Details of our results for the free and N ~ Z in-medium parton distributions are
given in Refs. [18, 20, 19]. For in-medium isospin dependent parton distributions our
procedure is as follows: Effects from the scalar mean-field are included by replacing the
free masses with the effective masses in the expressions for the free parton distributions
discussed in Ref. [18]. To include the nucleon Fermi motion, the quark distributions
modified by the scalar field are convoluted with the appropriate Fermi smearing function.
Our final result for the infinite asymmetric nuclear matter quark distributions, which
includes vector field effects on both the quark distributions in the bound nucleon and on
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FIGURE 1. On the left we illustrate the isospin dependence of the EMC effect for proton-neutron ratios
greater than one and on the right we have Z/N < 1. The data is from Ref. [25] and corresponds to N = Z
nuclear matter.

the nucleon smearing functions, is given by

My My v,
Xp) = = ——XA— = . 1
qa(xa) e qa0 (MN A i (1

The subscript AO indicates a distribution which includes effects from Fermi motion and
the scalar mean-field.

The EMC effect is defined by the ratio

R s _ Foy - duyg +dy
F;Xive ZF),+NEy, o 4Mf+df7

2

where g, are the quark distributions of the target and g are the distributions of the
target if it was composed of free nucleons. Results for the isospin dependence of the
EMC effect are given in Figs. 1. Fig. 1a illustrates the EMC effect for proton rich matter,
where we find a decreasing effect as Z/N increases. An intuitive understanding of this
result may be obtained by realizing that it is a consequence of binding effects at the
quark level. For Z/N > 1 the py field is positive, which means V,, > V,; and hence the
u-quarks are less bound than the d-quarks. Therefore the u-quark distribution becomes
less modified while medium modification of the d-quark distribution is enhanced. Since
the EMC effect is dominated by the u-quarks it decreases. The isospin dependence of
the EMC effect for nuclear matter with Z/N < 1 is given in Fig. 1b. Here the medium
modification of the u-quark distribution is enhanced, while the d-quark distribution is
modified less by the medium. Since the EMC ratio is initially dominated by the u-
quarks the EMC effect first increases as Z/N decreases from one. However, eventually
the d-quark distribution dominates the ratio and at this stage the EMC effect begins to
decrease in the valence quark region. We find a maximal EMC effect for Z/N ~ 0.6,
which is slightly less than the proton-neutron ratio in Pb. This isospin dependence is
clearly an important factor in understanding the A dependence of the EMC effect, even
after standard neutron excess corrections are applied.
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THE NUTEV ANOMALY

In 2001 the NuTeV collaboration announced the result of their measurement of the
weak mixing angle, finding sin® 6y = 0.2277 4 0.0013(stat.) + 0.0009(syst.) [26],
which has a 30 discrepancy with the Standard Model (SM) value, namely sin® Oy =
0.222740.0004 [27]. This disagreement became known as the NuTeV anomaly and was
immediately interpreted as possible evidence for physics below the SM. However, such
explanations have the unenviable task of attempting to explain the NuTeV result, while
leaving other electroweak observables unchanged. Such beyond the SM explanations
have thus far proven unsuccessful [28].

At the same time a number of SM corrections to the NuTeV analysis have been
proposed [29, 30, 31,32, 33, 21]. These corrections are likely to reduce the discrepancy
between the NuTeV result and the SM. However until recently a complete explanation
of the NuTeV anomaly within the SM appeared elusive [21]. This work focuses on an
important nuclear correction to the NuTeV analysis, that can explain a large fraction
of the discrepancy with the SM. Our discussion will be framed around the Paschos-
Wolfenstein (PW) relation, which motivated the NuTeV experiment, and serves as a
useful focal point for such studies.

The Paschos-Wolfenstein (PW) ratio is defined by [34]

RPW _ Oﬁé — O;:\;é‘ ~ (%f%sinzﬂw) <xAu;>+(%7%sin2 Bw) <xAdX>
vA VA <xAd;>f;—<xAu;>

Occ — 9cc
where A represents the target, NC indicates weak neutral current and CC weak charged
current interaction. In expressing the PW ratio in terms of quark distributions we have
ignored heavy flavour contributions, where x4 is the Bjorken scaling variable of the
nucleus multiplied by A, (...) implies integration over x4, and g, = g4 — G4 are the non-
singlet quark distributions of the target. Ignoring quark mass differences and possible
electroweak corrections the u- and d-quark distributions of an isoscalar target will

be identical, and in this limit Eq. (3) becomes Rpw N=2 %— sin® By . SM corrections

have largely focused on nucleon charge symmetry violating effects [35, 36] and a non-
perturbative strange quark sea [28]. However, effects from the medium modification
of the bound nucleon, in particular, the impact of the p° field have only recently been
explored in relation to the NuTeV anomaly [21]. As we have seen these effects are
potentially important because they are an essential ingredient in explaining the EMC
effect [4, 5].

; 3)

The NuTeV experiment was performed on a predominately S°Fe target, and therefore
isoscalarity corrections need to be applied to the PW ratio before extracting sin® 6y . For
small isospin asymmetry these corrections have the general form

(Xxauy —xady)
(xauy +xady)

ARpy =~ (1 —~ ;sinz GW) @)

NuTeV perform what we term naive isoscalarity corrections, where the neutron excess
correction is determined by assuming that the target is composed of free nucleons [37].
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However, there are also isoscalarity corrections from medium effects, in particular from
the medium modification of the structure functions of every nucleon in the nucleus,
arising from the isovector p° field. For nuclei with N > Z the p° field develops a non-
zero expectation value that results in V;, < V;, so the u-quarks feel less vector repulsion
than the d-quarks. A direct consequence of this and the transformation given in Eq. (1)
is that there must be a small shift in quark momentum from the u- to the d-quarks.
Therefore the momentum fraction (x4 u, —xad, ) in Eq. (4) will be negative, even after
naive isoscalarity corrections are applied. Correcting for the p? field will therefore have
the model independent effect of reducing the NuTeV result for sin® Oy, .

The NuTeV experiment was performed on a steel target with a neutron excess of
5.74% [26]. Choosing our Z/N ratio to give the same neutron excess, we use our medium
modified quark distributions [21] and the SM value of sin? By in to determine the full
isoscalarity correction to PW ratio, expressed via Eq. (4). Breaking this result into the
three separate isoscalarity corrections, representing the various stages of modification of
the in-medium quark distributions, we find [21]

ARpy = AR 4 ARESTM 4 ARDL = — (0.0107 +0.0004 +0.0028).. (5)

The NuTeV analysis includes the naive isoscalarity correction but is missing the medium
corrections.

The results expressed in Eq. (5) are for asymmetric nuclear matter. To estimate the
effect for an iron nucleus and therefore the NuTeV experiment, we use a standard
classical approximation based on the quasi-elastic electron scattering results of Ref. [38].
This means in practice to rescale the nuclear matter density by 0.89, and since the p°
field varies linearly with the density we simply multiply our nuclear matter result by the

same factor, giving ARf,(;V — —0.89 x 0.0028 = —0.0025. As an alternative we can also
use the NuTeV functionals [39] to estimate the correction to the NuTeV result, which

gives AR%, — —0.0021. Therefore we conclude that medium effects, in particular a
non-zero p? field, can explain approximately 1.5 & of the NuTeV anomaly.

CONCLUSION

Using a NJL model, where the quarks in the bound nucleons respond to the nuclear envi-
ronment, we calculated the quark distributions for asymmetric nuclear matter. We were
readily able to describe the EMC effect in symmetric nuclear matter and also found
a large isospin dependence in the EMC effect. Further, by including the effect of this
isovector EMC effect in the NuTeV analysis we where able to explain approximately
1.50 of the NuTeV anomaly. When coupled with the charge symmetry violation cor-
rection [29] the discrepancy between the NuTeV measurement and the Standard Model
completely disappears. Therefore, we propose that the NuTeV measurement provides
strong evidence that the nucleon is modified by the nuclear medium, and should not
be interpreted as an indication of physics beyond the Standard Model. In our opinion
this conclusion is equally profound since it may have fundamental consequences for our
understanding of traditional nuclear physics.

96

Downloaded 05 Dec 2011 to 192.43.227.18. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



ACKNOWLEDGMENTS

I would like to wish Tony a Happy Birthday and thank him for the rewarding research
that I have had the pleasure of participating in over the years. I also thank W. Mel-
nitchouk for a helpful reading of the manuscript.

REFERENCES

1. J.J. Aubert et al. [European Muon Collaboration], Phys. Lett. B 123,275 (1983).
2. A.Bodek et al., Phys. Rev. Lett. 51,534 (1983).
3. R.G. Arnold et al., Phys. Rev. Lett. 52,727 (1984).
4. D.F. Geesaman, K. Saito and A. W. Thomas, Ann. Rev. Nucl. Part. Sci. 45, 337 (1995).
5. J.R.Smith and G. A. Miller, Phys. Rev. C 65, 055206 (2002).
6. C.J.Benesh, T. Goldman and G. J. Stephenson, Phys. Rev. C 68, 045208 (2003).
7. A.Arima, K. Shimizu, W. Bentz and H. Hyuga, Adv. Nucl. Phys. 18, 1 (1987).
8. J.Morgenstern and Z. E. Meziani, Phys. Lett. B 515,269 (2001).
9. A.Aste,C.von Arx and D. Trautmann, Eur. Phys. J. A 26, 167 (2005).
10. S. Strauch et al. [Jefferson Lab E93-049 Collaboration], Phys. Rev. Lett. 91, 052301 (2003).
11. S. Dieterich et al., Phys. Lett. B 500, 47 (2001).
12. J.M. Udias and J. R. Vignote, Phys. Rev. C 62, 034302 (2000).
13. D.H.Lu, A. W. Thomas, K. Tsushima, A. G. Williams and K. Saito, Phys. Lett. B 417,217 (1998).
14. Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122,345 (1961).
15. Y. Nambu and G. Jona-Lasinio, Phys. Rev. 124,246 (1961).
U.

Vogl and W. Weise, Prog. Part. Nucl. Phys. 27, 195 (1991).

17. T.Hatsuda and T. Kunihiro, Phys. Rept. 247,221 (1994).

18. I.C. Cloét, W. Bentz and A. W. Thomas, Phys. Lett. B 621, 246 (2005).

19. I.C.Cloét, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 95,052302 (2005).

20. L.C.Cloét, W. Bentz and A. W. Thomas, Phys. Lett. B 642,210 (2006).

21. L.C.Cloet, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 102, 252301 (2009).

22. H.Mineo, W. Bentz, N. Ishii, A. W. Thomas and K. Yazaki, Nucl. Phys. A 735,482 (2004).

23. N.Ishii, W. Bentz and K. Yazaki, Nucl. Phys. A 587,617 (1995).

24. W.Bentz and A. W. Thomas, Nucl. Phys. A 696, 138 (2001).

25. I.Sick and D. Day, Phys. Lett. B 274, 16 (1992).

26. G.P.Zeller et al., Phys. Rev. Lett. 88, 091802 (2002) [Erratum-ibid. 90, 239902 (2003)].

27. D. Abbaneo et al., arXiv:hep-ex/0112021.

28. S.Davidson, S. Forte, P. Gambino, N. Rius and A. Strumia, JHEP 0202, 037 (2002).

29. J.T.Londergan and A. W. Thomas, Phys. Rev. D 67, 111901 (2003).

30. A.D.Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Eur. Phys. J. C 35, 325 (2004).

31. A.D.Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Eur. Phys. J. C 39, 155 (2005).

32. D.Mason et al., Phys. Rev. Lett. 99, 192001 (2007).

33. R.D.Ball et al. [ The NNPDF Collaboration ], Nucl. Phys. B823, 195-233 (2009).

34. E. A.Paschos and L. Wolfenstein, Phys. Rev. D 7,91 (1973).

35. E. Sather, Phys. Lett. B 274,433 (1992).

36. E.N.Rodionov, A. W. Thomas and J. T. Londergan, Mod. Phys. Lett. A 9, 1799 (1994).

37. NuTeV do not directly utilize Eq. (4) for their naive isoscalarity correction, because in their case,
details of this correction depend explicitly on the Monte-Carlo routine used to analyze their data.

38. E.J.Moniz et al., Phys. Rev. Lett. 26,445 (1971).

39. G.P.Zeller et al., Phys. Rev. D 65, 111103 (2002) [Erratum-ibid. D 67, 119902 (2003)].

97

Downloaded 05 Dec 2011 to 192.43.227.18. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



	AIP Rights template .pdf
	APC000092[1].pdf

	copyright1: 


