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Light front treatment of the nucleus: Implications for deep inelastic scattering
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A light front treatment of the nuclear wave function is developed and applied, using the mean field approxi-
mation, to infinite nuclear matter. The nuclear mesons are shown to carry about a third of the nuclear plus
momenturmp™; but their momentum distribution has support only&t=0, and the mesons do not contribute
to nuclear deep inelastic scattering. This zero mode effect occurs because the meson fields are independent of
space-time positior].S0556-281@7)50207-X
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The discovery that the deep inelastic scattering structurésm is to use light front quantization, since the other three
function of a bound nucleon differs from that of a free onespatial coordinateé<™,x, ) are on a hyperplane perpendicu-
(the EMC effecf1]) changed the way that physicists viewed lar to a light like vector[7]. This light front quantization
the nucleus. With a principal effect that the plus momentunrequires a new derivation of the wave function, because pre-
(energy plus third component of the momentup?+p®  vious work used the equal time formalism.
=p*) carried by the valence quarks is less for a bound Such a derivation is provided here, using a simple renor-
nucleon than for a free one, quark and nuclear physics coulthalizable model in which the nuclear constituents are nucle-
not be viewed as being independent. Many different interpreens ¢ (or '), scalar mesong [8], and vector mesong*.
tations and related experimendd] grew out of the desire to The LagrangiarC is given by
better understand the initial experimental observations.

The interpretation of the experiments requires that the role 1 3 .2 , f
of conventional effects, such as nuclear binding, be assessed £~ 5 (9, ¢ ¢—Msd%) = VIV, + —=VEV,
and understoodi2]. Nuclear binding is supposed to be rel-
evant because the plus momentum of a bound nucleon is +y' (yM(id,~9,V,) —M—gsp)y', 1)
reduced by the binding energy, and so is that of its confined
quarks. Conservation of momentum implies that if nucleonsyhere the bare masses of the nucleon, scalar, and vector
lose momentum, other constituents such as nuclear p&ins mesons are given by, mg, m,, andV~"=grVr— g"VH,
must gain momentum. This partitioning of the total plus mo-This Lagrangian may be thought of as a low-energy effective
mentum amongst the various constituents is called the maheory for nuclei under normal conditions. Quarks and glu-
mentum sum rule. Pions are quark antiquark pairs so that éns would be the appropriate degrees of freedom at higher
specific enhancement of the nuclear antiquark momenturgnergies and momentum transfer. Understanding the transi-
distribution, mandated by momentum conservation, is a testion between the two sets of degrees of freedom is of high
able[4] consequence of this idea. A nuclear Drell Yan ex-present interest, and using a relativistic formulation of the
periment[5], in which a quark from a beam proton annihi- hadronic degrees of freedom is necessary to avoid a misin-
lates with a nuclear antiquark to forma"u~ pair, was terpretation of a kinematic effect as a signal for the transi-
performed. No influence of nuclear pion enhancement wason.
seen, leading Bertsott al. [6] to question the idea that the  This hadronic model, when evaluated in mean field ap-
pion is a dominant carrier of the nuclear force. proximation, giveq9] at least a qualitatively good descrip-

Here a closer look at the relevant nuclear theory is takenjon of many (but not al) nuclear properties and reactions.
and the momentum sum rule is studied. The first step is tThe aim here is to use a simple Lagrangian to study the
discuss the appropriate coordinates. The structure functiogffects that one might obtain by using a light front formula-
depends on the Bjorken variablg; which in the parton tion. It is useful to simplify this first calculation by studying
model is the ratio of the quark plus momentum to that of theinfinite nuclear matter which has no surface effects.
target. Thusg;=p*/k", wherek™ is the plus momentum of ~ The light front quantization necessary to treat nucleon in-
a nucleon bound in the nucleus, so a more direct relationshigeractions with scalar and vector mesons was derived by Yan
between the necessary nuclear theory and experiment is obnd collaborator§10,11. Glazek and Shakifi12] used a
tained by using a theory in whidk™ is one of the canonical Lagrangian containing nucleons and scalar mesons to study
variables. Sinc&k™ is conjugate to a spatial variable =t infinite nuclear matter. Here vector and scalar mesons are
—z, it is natural to quantize the dynamical variables at theincluded, and the nuclear plus momentum distribution is ob-
light cone time variable ok*=t+2z. To use such a formal- tained.

The next step is to examine the field equations. The nucle-
ons satisfy
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The independent and dependent Fermion degrees of freedomM?)/k™)], and an energy arising from the vector field. The
in light front field theories are constructed using projectionnucleon field operator is constructed using the solutions of
operatorsA . =9%y*/2, such thaty’, =A_.¢' [13]. The re- Eq.(7) as the plane wave basis stafé§]. This means that
lation between the dependent varialgte and the indepen- the nuclear matter ground state, defined by operators that
dent variabley’, is very complicated unless one may set thecreate and destroy baryons in eigenstates of (£).is the

plus component of the vector field to zero. This simplifica-Correct wave function and that Eq§) and(7) represent the
tion is a matter of a choice of gauge for QED and QCD, butsolution of the approximate field equations, and the diago-
the nonzero mass of the vector meson prevents such a choigdlization of the Hamiltonian.

here. Instead, one simplifies the equation 6r by trans- ~_1he computation of the energy and plus momentum dis-
forming [14] the Fermion field according toy' tribution proceeds from taking the appropriate expectation
—e 19,00y, with 9* A=V"*. This leads to the result values of the energy momentum tengdt” [10,11],
- — Ve 1
(0" =9,V )¢ =[a - (p.—9,V)+B(M+0sd) ]9, Pf‘zif d2, dx (TH#y, (8)
PR _ _ <,
107 =la (P =9,V +BMFgsh) by, ) We are concerned with the light front ener§y and mo-
where mentumP*. The relevant components @*” can be ob-
tained from Refs[10] and [11] and the field equations.
ITVHE=grVr— gy (4  Within the mean field approximation one finds
The field equations for the mesons are T =m2g?+2yt (10" —g,V ),
J, VA +mAV =g, gy, T =mAVa+2ylioty, . 9)
d,0"p+ m2¢p=—gsihif. (5  Taking the nuclear matter expectation value Tof~ and

T**, using Eq.(7), and performing the spatial integral of
The mean field approximatiof®] is implemented by as- Eq. (8) leads to the result
suming that the coupling constants are considered strong and

the Fermion density large. Then the meson fields can be 2.9 4 2 n ki + (M +ggeh)?
approximated as classical—the sources of the meson fields o oMt (277)§JFd kydk k* ’

are replaced by their expectation values. In this case, the (10)
nucleon mode functions will be plane waves and the nuclear

matter ground state can be assumed to be a normal Fermi p* o 12 4 ) ey

gas, of Fermi momenturkg, and of large volume) in its o - mVort (277)3de k dk7k™. (11)

rest frame. The number of protons is set equal to the number
of neutrons. Then the meson fields are constants given by The subscripE denotes thatk| <k with k3

Glazek-Shakif 12] relation

defined by the

Qs —
¢=——=(yy),
mg K= V(M F gad) 21 K2+ K2 (12
9y — 9up Y i i i -
VE==0 () = 800 B 6) Note thatV ™, associated by Eq.3) with the variablek™,

does not appear here. Using Eg2) allows one to maintain

the equivalence between energies computed in the light front
where pg=2k¥/37% The expectation values refer to the and equal time formulations of scalar field theorias]. A
nuclear matter ground state. similar equation has been used to restore manifest rotational

The quantityv# can be obtained from Eqé4) and(6). In  invariance in light-front QEL}17].
particular, V¥ =0 by construction. Furthermore, the condi- ~ YSINg Eq.£12)+aII0\£vs us to compute the energy of the
tions thatVi=0 andd'V*=gVO=0 tell us thatvi=0. Fi-  SyStema&=3(P"+P~). The resulting expression turns out

o= w0 o to be identical to that of the equal time treatmf®as can
n_ally a_V =97 V", so the only nonvanishing component of |5 seen by summing Eq&L0) and (11), and changing inte-
VHis V™=V, o gration variables from k* to k® [( dk'/k"

The fields¢p andV ™~ are constants, within the mean field —dk®/\/(M +9.¢)%+k?]. The equality of energies is a nice
approximation, so the solutions of E) are of the plane check on the present result, and confirms the use o Ey,
wave form~e'*'X. That equation can then be rewritten as because a manifestly covariant solution of the present prob-

lem, yielding the standard expressii®] for the energy, has
= k? + (M +gs)? been obtained18].
(17 =9,V )= Tkt b () Light front field theory is a Hamiltonian theory with states
built on a noninteracting vacuum, so the variational principle
The light front eigenenergfid~ =k ™) is the sum of a kinetic is expected to apply. In particular, setting/d¢ to zero
energy term in which the mass is shifted by the presence akproduces the field equation fe#, as is also usua]9].
the scalar field[recall that for free nucleoné.(*:(kf Moreover, the relatiorP*=P~ (which must hold for the
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: Some phenomenological models treat the two distributions
f(y) andfg(y) as identical. The distributions have the same
normalization:fdyf(y)=1, fdyfg(y)=1, but they are dif-
ferent.

The nuclear deep inelastic structure functibp, can be
obtained from the light front distribution functiof{y) and
the nucleon structure functidf,y using the relatiori20]

F
20 [ ayity) Fantay), s

wherex is the Bjorken variable computed using the nuclear

mass divided byA(M): x=Q?2Mv. This formula is the

. expression of the convolution model in which one means to

assess, vid(y), only the influence of nuclear binding and

Fermi motion. IfF,y is obtained from deep inelastic scatter-

ing on the free nucleon, other effects such as the nuclear

modification of the nucleon structure functiéand any in-

fluence of the final state interaction between the debris of the

. S struck nucleon and the residual nucld@4]) are neglected.

system gt re$t|§ a consequence of minimizing the_ ENergy consider the present effect of having the average value of

per particle at flxgd volume with respectke, or minimiz- y equal to 0.65. Frankfurt and Strikma@] use Eq.(15) to

'ng '[h62 er21ergzy with respeczt t02 th%\ vOlUrfiEZ]. The param- argue that an average of 0.95 is sufficient to explain the 15%

etersg,M*/m;=195.9 andjsM“/m;=267.1 have been cho- yanetion effect observed for the Fe nucleus. The present

sen[19] so as to give the binding energy per particle of \eq it then represents a very strong binding effect, even if

nuclear matter as 15.75 MeV witke=1.42 fm™=. In this  nis infinite nuclear matter result cannot be compared di-

case,g,V~ =330 MeV and solving Eq(6) for ¢ givesM  rectly with the experiments using Fe targets.

+9s¢=0.56M. It is interesting to compare the 0.65 fraction with the re-
The use of Eq(11) and these parameters leads immedi-sult of a relativistic calculation using the equal tirfed) for-

ately to the result that only 65% of the nuclear plus momenmalism[22]. In this calculation, which uses E¢l) and for

tum is carried by the nucleons; the remainder is carried byvhich the scalar and vector fields are the same as here, the

the mesons. The nucleonic momentum distribution which i$lus momentum of a nucleon was chosen as the sum of the

the input to calculations of the nuclear structure function isDirac eigenenergy ank:

also of primary interest here. This function can be computed

from the integrand of Eq(11). The probability that a kei=V(M+gs0)2+k>+g,VO+ k3. (16)

nucleon has plus momentuki is determined from the con- _ _

dition that the plus momentum carried by nucleoR§,, is Using this leads to an average nucleon plus momentum frac-

given by P /A= fdk k" f(k"), whereA=pgQ. Itis con- tion <y)et=(EF+gvV°)/E which when evaluated with our
venient to use the dimensionless variaptek™/M with M results forke, ¢, andV™, leads to(y).~=1.00. The big
=M —15.75 MeV. Then Eq(11) and simple algebra leads to difference between our result and the earlier equal time
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distribution functions

-

FIG. 1. The momentum distributiorf(y) (solid) and baryon
momentum distributiorfz(y) (dashed

the equation result— compare Eq$12) and(16)—arises from our use of
the plus momentum as a canonical momentum variable and
3 M3 K2 E 2 the consequent use a@f"# to construct the light front mo-
F F :
fy)=— oy —y)oy—-y )| — — | —=— ’ mentum and energy density.
y 4 ?gp_ ("= 8ly=y M? M y One might think that the mesons, which cause the large

(13 binding effect, would also have huge effects on deep inelas-
tic scattering. It is therefore necessary to determine the me-

wherey*=(Eg*kg)/M and Eg= VkZ+(M+gs¢)2 This sonic momentum distributions. The mesons contribute 35%
function is displayed in Fig. 1. Similarly the baryon number ©f the total nuclear plus momentum, but we need to know
distribution fg(y) (number of baryons pey, normalized to how this is dlstrlbut_ed over different individual values. The
unity) can be determined from the expectation value ofP@ramount feature is thak andV* are the same constants
1. The result is for any and all values of the space-time coordinates. This
means that the related momentum distribution can only be
proportional to a delta function setting both the plus and

fa(y)= E M_30(y+_y) oy—y )i | 1+ _EFZZ components of the momentum to zero. This result is attrib-

B 8 ki M2y? uted to the mean field approximation, in which the meson
fields are treated as classical quantitates. Thus the finite plus

k2 [Eg o I - momentum may be thought of as coming from an infinite

ﬁ_ M—_ - 52 =" W__ number of quanta, each carrying an infinitesimal amount of

plus momentum. A plus momentum of O can only be ac-
(149 cessed experimentally ag;=0, which requires an infinite
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amount of energy. Thus, in the mean field approximation, th&hus the specific numerical results of the present work are
scalar and vector mesons cannot contribute to deep inelastiar less relevant than the central feature that the mesons re-
scattering. The usual term for a field that is constant ovesponsible for nuclear binding need not be accessible in deep
space is a zero mode, and the present Lagrangian providesreelastic scattering.
simple example. For finite nuclei, the mesons would carry a More generally, we view the present model as being one
very small momentum of scale given by the inverse of theof a class of models, such as the conventional shell model
nuclear radius, under the mean field approximation. If fluc-and the quark meson coupling modi28] in which the mean
tuations were to be included, the relevant momentum scalBeld plays an important role. For such models nuclei would
could be of the order of the inverse of the average distanchave constituents that contribute to the momentum sum rule,
between nucleon&@bout 2 fr). but do not contribute to deep inelastic scattering. Thus the
The Lagrangian of Eq1) and its evaluation in mean field predictive and interpretive power of the momentum sum rule
approximation for nuclear matter have been used to provides vitiated.
a simple but semirealistic example. It would be premature to
compare the present results with data before obtaining light This work was partially supported by the U.S. DOE. |
front dynamics for a model which addresses chiral symmethank the SLAC theory group and the national INT for their
try, in which the correlational corrections to the mean fieldhospitality. | thank S.J. Brodsky, L. Frankfurt, S. Glazek,
approximation are included, and which treats finite nuclei.C.M. Shakin, and M. Strikman for useful discussions.

[1] J. Aubertet al,, Phys. Lett.123B, 275(1982; R. G. Arnold fects of a fundamental scalar meson. Thus the pion is an im-
et al, Phys. Rev. Lett52, 727(1984; A. Bodeket al, Phys. portant implicit part of the present Lagrangian.
Rev. Lett.51, 534(1983. [9] B. D. Serot and J. D. Walecka, Adv. Nucl. Phys§, 1 (1986;

[2] There is space to list only a few reviews. R. L. Jaffe, in Rela- Report IU-NTC-96-17, nucl-th/9701058, 1997.
tivistic Dynamics and Quark-Nuclear Physics, edited by M. B.[10] S.-J. Chang, R. G. Root, and T.-M. Yan, Phys. Rew, 133
Johnson and A. Picklesiméunpublishedt L. L. Frankfurt and (1973; 7, 1147(1973.
M. I. Strikman, Phys. Repl60, 235 (1988; M. Ameodo, ~ [11] T.-M. Yan, Phys. Rev. ¥, 1760(1974; 7, 1780(1974.
Phys. Rep240, 301(1994; D. F. Geesaman, K. Saito, and A. [12] St. Glazek and C. M. Shaikin, Phys. Rev4g, 1012(1991).
W. Thomas, Annu. Rev. Nucl. Part. Sdi5, 337 (1995. [13] J. B. Kogut and D. E. Soper, Phys. Rev.1D2901(1970.

. 14] D. E. Soper, Phys. Rev. B, 1620(1972.
3] M. Ericson and A. W. Thomas, Phys. Let28B, 112(1983. [ ) !
%4% R P IBickerstaﬁ M. C. Birse an(;/G A M:?Ier P(hys 3Rev [15] The same symba}, is used for the nucleon field operator and

; for its mode functions.
Lett. 53, 2532(1984; M. Ericson and A. W. Thomas, Phys. ;
Lett. 1488 191 (1984; E. L. Berger, Nucl. PhysB267, 231 [16] E. A. Bartnik and St. Glazek, Phys. Rev.39, 1249(1989.

[17] M. Brisudovaand R. Perry, Phys. Rev. B4, 6453(1996.

(1986. [18] B. D. Serot and R. J. Furnstahl, Phys. Rev4% 105 (1991).
[5] D. M. Alde et al, Phys. Rev. Lett64, 2479(1990. [19] S. A. Chin and J. D. Walecka, Phys. Le2B, 24 (1974).
[6] G. F. Bertsch, L. Frankfurt, and M. Strikman, Scie@58, 773 [50] Equation(15) is essentially Eq(5.2) of Frankfurt and Strik-
(1993. man, Ref.[2], with our Af(y) corresponding to their
[7] Our notation is that a four vectak" is defined by the plus, I dszp,T(a,pL)/a.
minus, and perpendicular components @+A%A°~A%,  [21] K. Saito and A. W. Thomas, Nucl. Phy&574, 659 (1994).
A,) andA-B=3A"B +3A B'~A, B,. [22] M. C. Birse, Phys. Lett. B299, 186 (1993.

[8] The use of scalar mesons is meant as a simple representatipp3] P. A. M. Guichon, K. Saito, E. Rodionov, and A. W. Thomas,
of the two pion exchange potential which causes much of the  Nucl. Phys. A601, 349 (1996; P. G. Blunden and G. A.
medium range attraction between nucleons, as well as the ef-  Miller, Phys. Rev. C54, 359 (1996.



