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Abstract: The effect of the omega- mesom-{meson) on the unpolarized semi-exclusive structure fanstfor the incoherent neutral
pion electroproduction form the deuteron at different ealfor the squared four-momentum trangi¢?) and the virtual photon lab
energy(k{)ab). is studied. The study is carried out in the impulse appraxiom (IA) i.e. the final state interactions are neglecteue T
elementary amplitude for pion electroproduction is takemfthe MAID-2007 model. The contribution of-meson to the structure
functions is noticeable which decrease, it increasék{@b). While increasing K?) lead to a small increase in the effect@fmeson
contribution to the structure functions.

Keywords: pion electroproduction; the (782) resonance, Invariant Amplitudes, CGLN amplitudesj@ure functions, the impulse
approximation (1A).

1 Introduction In the incoherent proceg§[5], the nucleus ruptures

and thus fails to maintain its initial identity. The meson is
The present paper is considered as an extension géroduced in association with a nucleon (or an excited
previous work on single pion electroproduction on the state of the nucleon) and some new recoil "daughter”
deuteron 1][2][3]. In the first paper I] the incoherent hadronic system. Thus, the interaction starts with a a
single pion electroproduction on the deuteron with virtual photon and some nucleus and ends up with a
polarization effects is studied then in the second &je [ meson, a free nucleon (or an excited state of it) and a new
the contribution of single pion electroproduction to the hadronic system,i.ey*Xax — nMNXa_1. The process is
generalized Gerasimov-Drell-Hearn sum rule for thelabeled as "incoherent” because it occurs in kinematic
deuteron is studied where in the thi@] fhe effect of the  and physical circumstances similar to those of the process
A(1232) resonance on the incoherent pionthat produces a meson from a free nucleon.
electroproduction off the deuteron is studied. As an The pion electroproduction on the deuteron near
extension to studying the contributions of the different threshold has been studied in the impulse approximation
resonances to the incoherent pion electroproduction offising an approach based on the unitary transformation
the deuteron, in this paper the contributioncofmeson  method both experimentally 6] 7][8] as well as
decay on the process will be systematically studied. theoretically P][10)[ 11].

Deuteron was chosen since it allows one to study this  Nucleon resonances are excited states of nucleon
reaction on a bound nucleon in the simplest nuclearparticles, often corresponding to one of the quarks having
environment, so that one can take into account mediun@ flipped spin state, or with different orbital angular
effects in a reliable manner, at least in the nonrelativisti momentum when the particle decays.The symbol format
domain. It provides important information on this is given as N(M)Lp;, where M is the particle’s
reaction on the neutron. In view of this latter aspect, theapproximate mass, L is the orbital angular momentum of
deuteron is often considered as an effective neutron targghe Nucleon-meson pair produced when it decays, and |
assuming that binding effects can be neglected to a largand J are the particle’s isospin and total angular
extent. momentum respectively. Since nucleons are defined as
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having 1/2 isospin, the first number will always be 1, and section 3. At the end the conclusion and an outlook are

the second number will always be odd. When discussingresented.

nucleon resonances, sometimes the N is omitted and the

order is reversed, givingy23(M). For example, a proton

can be symbolized asN{(939)S;1” or " §1(939)" ,.Delta 2 FORMALISMS

resonances can be symbolized%g(1232” and Omega

can be symbolized agJj(782)". The basic formalism for electromagnetic single pion
The decay w — 1 + y studied intensively electroproduction on the deuteron has been presented in

experimentally by the CBELSA/TAPS collaboration in detail in previous work J]. Therefore, we review here

photoproduction reactions on nuclel[13|[14[15.  only the most important formulas for reaction kinematics,

Moreover,w mesons in cold nuclear matter have beenT-matrix and cross section.

investigated via the dilepton decay channel by E325 at

KEK [16], CLAS at JLAB [17][18] and HADES at GSI

[19]. While E325 claimed aw mass shift without any i i

broadening, the CLAS data indicate a broadening of thez'l Kinematics

pandw. The experimental study @ — 7+ 7°+yand  pe following theorem characterizes the nature of the

p — 1m0+ 10+ y decays by SND Collaboratl_osn obtained gqyilibrium pointk.. The kinematics of the neutral pion

the value B o — n°+ n° + y) = (6.60.6)10°° for the electroproduction in the one-photon exchange

branching ratio of thed — 71°+ 7°+ y) decay P0J. approximation is very similar to photoproduction in
Their result is in good agreement with GAMS rgpiacing the real photon by a virtual one with transverse
Collaboration measurement of Bo(— 1° + 70+ y) = [1]

(7.22.5)107° [21], but it has a higher accuracy. '

On the theoretical sidey — 1°+ 1° + y decay was first V(K +d(pg) — n(py)+p(p2) +12@),  (2)

studied by Singerd2] who postulated that this transition

proceeds through theo — M +p — M +1°+y  Where K = (ko,k) , pg = (Eg,d),q = (w,q), and
mechanism involvingw meson intermediate state. The p; = (E1,p1), p2 = (Ez;p2) denote the four-momenta of
contribution of intermediate vector mesons (VMD) to the the the incoming virtual photon ,initial deuteron, the
vector meson decays into two pseudoscalars and a singleutgoing pion and the two outgoing nucleons,
photonV — PPy’ was also considered by Bramon et respectively.

al.[23 using standard Lagrangians obeying the SU  The energies are given by:

(3)-symmetry, and in particular for the branching ratio of

the decayw — 1° + 1 + y they obtained the result B ( Eq=1/M3+d?, Ei=/M2+pZ, ©)
w — 0+ 0+ y) =2.810°%. TheV — PPy decays have

also been considered within the framework of chiral E2=1\/M2+p3 and w=/m&+q?. 4)

effective Lagrangians using chiral perturbation theory.
Bramon et al. 24] studied various such decays using this
approach and they noted that if chiral perturbation theory
Lagrangians is used there is no tree-level contribution to
the amplitudes for the decay processes» PP)/ , and
moreover the one-loop contributions are finite and to this
order no counter terms are required. Simgeneson has
the possibility to decay as follow2[l][ 22][ 25][ 26].

As coordinate system we choose a right-handed

w— +m+y 1)

It is interesting to study the effect @ meson decay A
on the structure functions afi® electroproduction from /
the deuteron.

In this paper the effect ofw on the unpolarized :
semi-exclusive structure functions of the incoherentr;y 1. Kinematics of single pion electroproduction on the
n®-meson electroproduction off the deuteron is studied aye teron.

0.01, 0.05 and 0.1GeV? squared four momentum

transfer,(K?) , and different values of the incident virtual

photon lab energyk®) The present paper is organized as orientation with z-axis along the photon momentgrand
follows; the formalism ofr® electroproduction off the y-axis perpendicular to the scattering plane along
deuteron in the IA is briefly given in section 2. The results ke x k. We distinguish in general three planes: (i) the
are summarized and some discussions are presented $tattering plane spanned by the incoming and scattered
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electron momenta,(ii) the pion plane, spanned by theone can determine the quasi-free lab pion eneE&Sr'ab
photon and pion momenta, which intersects the scatteringnd finds 1]

plane along the z-axis with an anglg, and (iii) the

nucleon plane spanned by the momenta of the two
outgoing nucleons intersecting the pion plane along the
total momentum of the two nucleons. This is illustrated in

Figure.()

qu,lab( laby 1
n T o((EANP)2_labeosglab)

xcg%bEg,‘:," 2 1 |dabcosglab
x\/ (Cl2P)2 — ame((EA')2 - Koo lgb)

(16)

For the description of the two outgoing nucleons we USE \here we have introduced

the relative(p,) and the tota(p;) momenta as defined by

pt =p1+p2=-Q

1
Pr=5(P1—P2) (5)
Then one can express the nucleon three-momenta as
1
P1= 5Pt Pr (6)
P2 = 12p: —pr (7)

For their Energies of these particles are then fixed by

2

Ef=p§+M=p?+qZ—pr.q+M2 (8)
And
q2 2
Ef=p5+M=pi+-—-+p.q+M 9)

4
from subtract of Eq.9) and Eq.(8) we get

E? — EZ = Eqo(E1— Ez) = 2pr.pt (10)
Then from Eq.L0) one has
£, E,— 2P (11)
=P
and thus finally for the single-nucleon energies
Ei2 | 2pr.pt
E, = —< 12
1=+ Ex (12)
And E )

2= Ex (13)

In order to determine the absolute valugipfve evaluate
using Eq.p)

p? = E2 + E2 — 2M2 4 2p1.p2

B o2 Pl 1) (1)
2 “EZ, 2
from which one finds as final result usipg= —q
2 1ER,(Ef,—0?—4M?) (15)

"4 EZ—q2cosh

O = (B f Wi
f
= (M7 )? — i —M'®
With M%f as invariant mass of the active quasi-free ?N-

system. InL6the "plus” sign should be taken for<Q 6; <
T otherwise the "minus” -sign. The corresponding quasi-

free missing mashzflfﬂf is given by.

M" = /2M (Mg + K2 — EL)

2.2 The T-matrix

As in photoproduction, all observables are determined by
the T -matrix elements of the electromagnetic pion
production currentl,,; between the initial deuteron and
the finaliNN states.

Tsmg, umg = —(_)<plpZSfT157pn|\]yn7u(o)|pd1n'H> (17)
wheres andms denote the total spin and its projection on
the relative momenturp of the outgoing two nucleons,
and md correspondingly the deuteron spin projection on
the z-axis as quantization axis. In the expression on the
rhs of [4] non-covariant normalization for the initial
deuteron and the finatNN-states is adopted. As already
mentioned, all kinematic quantities related to the T
-matrix refer to the/* —d c.m. system.

Introducing a partial wave decomposition of the final
states, one finds

Tamg,umg (W, Q2, prr, Qr, Qp) = &(H-Ma—ms)9r
XtSfT\s7[,ll'T‘H (W7 Q27 pna eT(, ep7 qopn)

where the small t-matrix depends besitfésQ? and p,
only on 6r,6p, and the relative azimuthal angle
Por = Gp— P

It had shown in 4] that, if parity is conserved, the
following symmetry relation holds fou = +£1

t37%7“*W (W7 Qza P, 67'[7 epa (Ppn) = (_)ermerqumd
Xt3m57NnH (W, Q27 P, em epa _(ppn)

In the present work we include as e.m.current the
elementary one-body pion production current of
MAID-2007 [27] which has been developed for nuclear
applications for photon energies up to 2 GeV. It contains
Born terms, nucleon resonancgs(1232), P;1(1440),

(18)

(19)

For the semi-exclusive reaction, where besides theD;3(1520), $1(1535), S31(1620), $1(1650), D15(1675),
scattered electron only the produced pion is measuredr;s(1680), D33(1700), Pi3(1720), F35(1905), P31(1910),
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! y ! hd / " Fig. 3: Spectator model diagram for pion electroproduction off
wp,. the deuteron.
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(d) (¢) (f) Tamimy = (psms,pn|TnNGnN[Jynu(Wml,Q ) (24)

+dympu(Wing, Q)] 1mg)

whereTNN andT™ denote respectively thdN- and
Fig. 2. Diagrammatic representation of the elementary pion N scattering matrices andGNN and G™ the

electroproduction on the nucleon. (a) Kroll-Rudermantte(b) corresponding free two-body propagators.
Born direct term, (c) Born crossed term, (d) Pion Pole term,

(e) Nucleon resonance exchange (direct), (f) Nucleon eesom

exchange (crossed), (g) Vector meson t-channel term. 2 3 Cross Section and Structure Functions

The well-known spectator model Fig@én which the
pion production takes place on a single nucleon inside the
deuteron while the other nucleon acts as a pure spectator
is used to produce the matrix element of
lectroproduction off the deuteron.
he final expression for the semi-exclusive differential
cross section is defined in Redf][ and the reader is
referred to this work for full details of the next

F37(1950) and vector meson exchange, see F2y. (

As in [1] we split the T -matrix into the impulse
approximation (IA) T'A, where final state interaction
effects are neglected, and the rescattering contributio
TNN and T™ of the two-bodyNN- and riN-subsystems,
respectively.

Tanumy = TIAIde JrTN N _’_Ter}ﬂsN“nU (20) expressions.
. . ' . do _ o &(— Rr
For the IA contribution, where the final state is Gelgoldog™ ~— (2m2(K?)? pe pr
described by a plane wave, antisymmetrized with respect (25)
to the two outgoing nucleons, one h§p][ 3]. +%5LRL - %ﬁj RLTCOSQE™ — prRyrTcos2¢S™)
1A
Tanumg = (PSTs, Pr [‘]V"7N(1)+‘]V"7N(2)2]|1md> where the structure functiorRy (a = L, T,LT,TT) are
= V23 o (Ml (Prldymu(Winy, Q%) IPa — P2) (21)  given in detail by

X Guton, (3Pd — P2)[1My) — (1 +— 2)) R =Who, Rr=Wiy,

where JyzuJynu  denotes the elementary  pion Rt = —V2ReWio, Rrr =Wy 1.

photoproduction operator of the MAID-2007 modé,
the invariant energy of the yN; system,
P12 = (d+Pd—Pr)/2EP.
This expression reflects the well-known spectator mode
in which the pion production takes place on a single
nucleon inside the deuteron while the other nucleon act
as a pure spectator (see Figusp (

Furthermore, g, is related to the internal deuteron
wave function in momentum space by.

These structure functions depend on the invariant mass
W, the squared four-momentum transféf, and on the
'oion angleds™.

3 RESULTSAND DISCUSSION

In this section we present and discuss our numerical
results for the unpolarized semi-exclusive structure
(p, 1mg|1me)@ = @, (p) functions of the neutral pion electroproduction from the
=3S1-02 znli'-(Llerrg|1nu)uL(p)Y,_an( ) deuteron in the IA. As already mentioned, the realistic

. L ... MAID-2007 model P7] has been used for the evaluation
The two rescattering contributions have a similar ¢ yhe elementary pion electroproduction operator on the
structure. free nucleon. The electromagnetic production amplitude
TS},'\T‘]'S\‘“,T1d (psm, pn|TNNGNN[Jy,w(Wy,\,1,Q ) (23) is parameterized in term of CGLN amplitudes given as
+Jymu(Wing, Q )]|1md> numerical tables in the pion-nucleon c.m. frame. This
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amplitude had to be generalized to an arbitrary frame ofunpolarized semi-exclusive structure functions of the
reference in order to be incorporated into the reaction omeutral pion electroproduction from the deuteron without
the deuteron. This was achieved by constructing from the=SI at  squared four momentum transferee
MAID-2007 model Lorentz invariant amplitudes. This (K2 = 0.01GeV?) and virtual photon lab energi®) =
generalized elementary production operator was ther250 MeV, the contribution ofw results in a notcible
used to evaluate pion electroproduction off the deuteronincrease iR , Rr andRyr, it reaches its maximum effect
The numerical evaluation is based on Gauss integratiomt 6,; = 60°

for the calculation of the matrix element of the MAID For Rr, Rrr and at the forward angles fét where
operator using for the deuteron wave function anits effectis quite small foR 1. Increasing virtual photon
analytical parameterization of the S- and D-waves of thelab energy to (K®) =300 MeV and keeping the
Bonn potential in momentum spac2f]. four-momentum transfefk? = 0.01Gev?) Figure 6 ),

In Figures (4-8), the angular distribution for the four the absolute size of the four structure functions increase
unpolarized semi-exclusive structure functioRs,Rr,  while the contribution ofw is somewhat smaller than
Rrr and Rt at different values for the squared four what was found in Figure4j. ForR., the effect is still so

momentum transfer(K?) and the virtual photon lab small. In Figure 6) the virtual photon lab energy is
energy(kP) shown. The full lines indicate the situation

when the w meson contribution is included in our
calculations and the dashed ones are when this
contribution is eliminated. It is clear that the four
structure functions contribute to the reactign;Rr and

Rt are in the positive direction whil&t is in the
negative direction.

Firstly, the effect ofw meson on the four unpolarized
semi-exclusive structure functions ofd(e e °)pn
reaction at different values of the virtual photon lab
energy (k)= 250, 300 and 400 MeV and constant
squared four momentum transfer@€? = 0.01GeV?) is P T T
studied to show its dependence @®) . MR Nk &

Figure @) shows angular distribution for the four

Ry [10° fm]

L1} 30 80 o1 120 150 180

15[ T T T T

Ry [10° fm]
Rpq [10° fm]

I I ! I i .35 ! L L I
a 30 B0 93 120 150 180 o 30 B¢ 90 120 180 18D

B{deg) B(dex)

R, [10° fm]
Ry (10 fm]

Fig. 5: Notation as in Figure4) atki?® = 300 MeV.

o m w w m w ww increased tak{) =400 MeV at the same value of the

fi(deg) four-momentum transfefk? = 0.01GeV?), the absolute

I size of Rr, Rrr and Rt also increased and the

contributions ofw became smaller than what was found

in Figures &) and 6).

This means, increasing the virtual photon lab energy

results in decreasing the effect@fmeson in neutral pion

electroproduction of the deuteron.  One readily notices

iyt e : g g a large dependence off all structure functions(&°) ,

o 30 a0 a0 120 150 18D o 30 a0 80 20 150 180 H H . H H lab H H
B(dea) adeg) which increase with increasingk;™), especially in the

peak region. This behavior has its origin in the
resonance contribution to the transverse current because

Fig. 4: Angular d(?pendence of the four semi-exclusive structureyith increasing(kgab) one approaches thd resonance

functions ofd(e e n%)np at K =250 MeV and squared four- peak. As next, the effect otv meson on the four

momentum transfeK® = 0.01(Gev)?, full lines where the  ynpolarized semi-exclusive structure functions of reacti

w(782) isincluded and dashed lines wheog782) is eliminated. gt different values for the squared four momentum

.3
Ryp [10° fm]

L B 4 M @ B otom
T T T
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Fig. 6: Notation as in Figure4) atki® = 400 MeV.
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Fig. 8: Notation as in Figure®) atk? = 0.1(GeV)?.

functions, especially foR_, Ry and Rry. Furthermore,
the structure functions show quite a stroni§?
dependence, increasing’ from 0.01 to 01GeV? results

in reduction of the magnitude. Re- sensible for this
reduction is the strong fall-off of the absolute size of the
elementary production amplitudes with increasi¢tg

4 CONCLUSION AND OUTLOOK

A systematic study for the contribution af meson on the
unpolarized semi-exclusive structure functions of the
neutral pion electroproduction off the deuteron is done.
This study is made in the IA without adding NN final

state interactions. Since the structure functions depend o
the squared four momentum transfi€?, the invariant
energy or equivalently the virtual photon laboratory
energy and the outgoing pion angle in the final hadronic
c.m. system, three values fé€? and (k) have been
selected for the presentation of the results. The results

Fig. 7: Angular dependence of the four semi-exclusive structureshow a big effect ofo meson orR_, Ry andRyt while a
functions ofd(e e n°)np at k¥ =400 MeV and squared four-

momentum transfeik? = 0.05(GeV)?, full lines where the
w(782) is included and dashed lines whevé€782) is eliminated.

transfer (K> and a constant virtual photon lab energy
(k5®) is discussed, whergk® takes the values 0.01, 0.05 A cknowledgement
and 01GeV? and the virtual photon lab energy is kept

constant (k&)= 400 MeV), Figures §7) and §) One
notices, increasingK? results in increasing the effect of Science Physics Department Assuit branch for financial
w meson on the four unpolarized semi-exclusive structuresupport and the authors gratefully acknowledge the

quit small effect is seen foR 1. This effect decreases
with the increase ofk®) and increase by increasim.

In future work it will be interesting to study the effect of
w meson on the charged pion electroproduction from the
deuteron.
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