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Meson-exchange currents in an extended random phase approximation theory
applied to quasielastic electron scattering
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We investigate the role of meson exchange currents within an extended random phase approximation
framework for inclusive quasielastic electron scattering on nuclei. The scheme is fully antisymmetric. Inter-
ference terms between one-body and two-body external excitation operators are considered and discussed. We
calculate the transverse response function for nonrelativistic nuclear matter at several momentum transfers. The
results show that the inclusion of these interference terms is relevant only in the dip region, while they are of
minor importance for the quasielastic peak.

PACS numbse(s): 21.60.Jz, 25.30.Fj, 21.65f

I. INTRODUCTION literature. In Ref[6] the model for the correlated basis func-
tion is developed. The boson loop expansion is presented in

Since the experimental separation of the electromagnetiRefs.[12,16. Finally, the extended random phase approxi-
longitudinal and transverse response funcfitr4], the si-  mation(ERPA) is shown in Ref[7]. This list does not pre-
multaneous description of both responses in medium antend to be complete. The three different approaches account
heavy nuclei remains as an open problem. The experiment&0th for GSI's and FSI's and should converge to the same
longitudinal response is overestimated and the transverse of@sult. Obviously, the way the diagrams are added differs
is underestimated. from one model to the other. Also a huge amount of dia-

A large body of theoretical work has been done in ordefd"@ms should be evaluated in each scheme.
to solve this puzzle, leading to the conclusion that the quasi- 1€ Problem of the residual interaction requires more at-

elastic excitation is not as simple as it has been thought to btrégitldounaltri]rigr\;vci?ogl\floeptrtwci)sIter|1nerthe-r?1?)frt{eLrlufricgotr?w?nirgr?egf
at first sight. This means that for a proper description of the . . ergy-mo :

uasielastic dynamics, one has to take into account subt ains unknown. A residual Interaction fixed Fhroqgh any
q ' w-energy process does not necessarily hold in this region.

nuclear effects such as ground and final state interactioanong recent works, Ref16] attempts to adjust the inter-
(GSI's and FSI's, respectively5-12), meson exchange cur- action through the qu’asielastic response itself.

rents(MEC’s) [13-15, the A-isobar excitatioi16-19, etc. In recent works(see Refs[9,10]), we have developed a
Since the treatment of thesg effects is quite involved, therFrojected ERPA theory limited to one-body external excita-
has been the tendency to simplify the basic nuclear modetion operators. We extend now our previous ERPA scheme
For this reason, many works in this field have been dongg two-body operators in order to include MEC'’s. The aim of
with models describing the nucleus as an infinite systemhe present work is to present the scheme and to analyze the
where, due to translational invariance, the single-particlenagnitude of the new terms from two-body operators. We
wave functions are plane waves. This allows one to perfornwill not attempt to adjust the interaction. Because of this and
analytically part of the calculation, which simplifies the nu- because MEC’s essentially contribute to the transverse chan-
merics. nel, the longitudinal one will be not considered.

Before going on, let us distinguish several energy regions. The paper is organized as follows. In Sec. Il we develop
The quasielastic peak region is associated with direct ejethe formalism in which for completeness the projected
tion of nucleons from the nucleus. For lower energies, theERPA scheme is reviewed. In Sec. Il we analyze the results
spectrum for the excitation of discrete nuclear bound statefor nuclear matter at different momentum transfers and fi-
and giant resonances dominates. At higher energies thereiglly in Sec. IV we present some conclusions.
an other peak due to the direct excitation of thg1232).

The dip region is between the quasielastic peak andithe Il. FORMALISM

Our main concern in this paper is the quasielastic peak.

As mentioned above there is at present no work which is able In Refs.[9] and [10], we have developed a formalism
to account for both the longitudinal and transverse responseghich accounts for correlations of the extended random
at any momentum transfer. The problem is twofold. First,phase approximation type for one-bod9yB) external exci-
one has to choose a theory which can select and add a certdtion operators. Now we will extend the scheme to include
set of diagrams which contribute to the response. Second, ti&o-body (TB) operators.

residual interaction should be fixed. In reference to the first The response function per unit volume for inclusive
point, let us mention some of the approaches used in thguasielastic electron scattering is given by

1
_ = t
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where(} is the volumefi w represents the excitation energy, 1
and g is the magnitude of the three-momentum transfer by F.Q )= S 5 (8
the photon. The nuclear ground state is denotefDby O is [1+(g°~w%)/m,]

the external excitation operator, and the polarization propaéln

gator is given by d

2 2
A’?T_m’7T

TAZrKE

1
ho—H+inp hot+tH+in'

G(hw)= 2 Fan(k?) 9

whereH is the nuclear Hamiltonian. For the external opera- Following Ref.[9] we introduce three projection opera-

tor we take a sum of OB and TB operators, tors P, Q, andR, whereP (Q, R) projects intonpnh con-
OB . ATB figurations withn = 0, 1 (n even,n odd greater or equal to
O0=0""+0"". ©) 3). It is easy to verify thaP+Q+R=1, P?=P, Q?=Q,

R?=R, andPQ=QP=PR=RP=QR=RQ=0.

We will be concerned with the transverse channg). ( Inserting the identity into Eq(1)

Explicit forms for ©9® and O1® excitation operators are
g|Ven by R: Rpp+ RPQ+ RQP+ RQQ+ RPR+ RRP+ RRR+ RQR

1+ +Rpg. (10)

i)
2 q(py+ )]

A
1
(0%®)r=5—Ge(a.fiw) 2,

q =1 The expression foRpp is given by

+i /'LS+IU’UT3(i)

- (axlethxaly, @ Rop(10) = — —-(0|0PG(hw)POJ0), (1D

)

wherem is the nucleonic masg; andp’; denote the initial
and final momenta of the struck nucleon, &Bd(q,% ) is
the usual dipole electromagnetic form factor, which will be
defined soon. The values pf; and «, , which are related to
the proton and neutron magnetic moments,ay& 0.88 and
n,=4.70. TheTB piece is due to the exchange of mesons.

and similar expressions can be written ®gg, etc. Obvi-
ouslyRpq is equal toRqp and the same holds f&pg (Ror)
andRgp (Rro). Explicit evaluation of each contribution was
done in Refs[9] and[10]. For convenience, let us reproduce
the nonvanishing contributions

We have taken into account only the so-called pion in-flight Im
(IT) and seagullS) contributions Rpp=— ey
O = —iamt e (o) t !
n=—"lar— —rF(Q,hw X{0lO'P PO|0 ),
mZ, d fiwo—H—3PP1 ReXPRP
A
(12)
X 2 Fan(kOF an(k)2(gxk)
K1 STk Im < ;
Rpo=——~| 0|0"P————PH
(k) -k o(1) -k PR 70 ho—Ho+in resQ
X——— 5 (X 7)3, 5
ki+m_ ki+m: y 0lo 13
hw_ Ho+| 77Q ’
2
(OTB)S:_|47T_2—Fs(q,fLw) and
m- 9
A 1)k Roo= Im<00TQ Q(’)O> (14)
o(l)- =—— —_——— ,
x 3| Fadax o] o W ho=Hotiy
K=k ki +m, ) .
where in the last two equations we have separated the total
5 o(K) kg HamiltonianH into a one-body part, and a residual inter-
—Fan(ki) 2t [aXa()]|(7X7)s. (6)  action H,es. In the above expressions some third- and
kT My higher-order contributions in the residual interaction were

neglected. The operatokPQP [ZPRP] stands for two-

—p.— =p — =Ktk . , .
The values are fok=py—pPe, k=p —pr, andg=ketk particle—two-hole (p2h) [3p3h] self-energy insertions,

In our calculation we have employed the following ex-
pressions for the form factors: 1
PQP_ -
q2_w2 -2 E PHresQﬁw_H0+i77QHresP (15)

(839 MeV)? @)

GE(q,w)={l+
and
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(R

(R

PP, E) 7,8 PP, E') I

PRP_
2 PRy T 1

RH,esP. (16)

For simplicity we have shown forward going contribu-
tions only. We finally establish the structure of the ground
state. By including ground state correlation perturbatively up
to first order in the residual interaction, one gets

FIG. 1. Goldstone diagrams stemming from Ef8). In every

with |HF> being the Hartree-FockHF) ground state. Qiagram the solid line is either a par;icle or a hole, and the wavy
As mentioned, contributions to the response functio"€ represents the external probe with energy momentuu)(

stemming fromO ©B were studied in Ref§9] and[10]. Us- while a wavy Ilng together with a das_hed dotted line is Trig

ing only OB in Eq. (1), three contributions should be con- external probe. DiagramRep e)7s is the interference betweddi

sidered. The one to thBP channel was analyzed in Ref. and seagull andRpp.e)7.n betweenOB and pion in flight. Sub-

[14] within the shell model formalism and it is known to be script E indicates the Pauli exchange character of the diagram.

negligibly small. In thePQ channel the lowest nonvanishing | fact, in Fig. 2 we have shown only terms stemming from
contribution is of third order in the nuclear interaction and it ine first term on the right-hand sidRHS) of Eq. (19). The

will not be considered in our scheme. Finally, contributionsfjrst nonvanishing contribution from the second term is of
in the QQ channel, designed aRgq)re.Ts. Were already  third order and will be not considered. Our projected ERPA
included and extensively study in Rdfl3]. They are in-  scheme gives a systematic way to account for all these con-

cluded within the results and we will refer to them as pureyripytions. In the next section each contribution will be ana-
MEC contributions. lyzed in detail.

We focus in the present work on the interference terms
between®©® and ©® T®. From Eqs.(12)—(14), the relevant
contributions are

|0>:|HF>_H61QHresP|HF>! (17

Ill. RESULTS

In this section the transverse response will be evaluated

(Rop) =—2|£<O‘OOBTP 1 pOTB O> and discussed. Particular emphasis is put on interference
PRIOBTE () hw—Ho+in ’ terms Rpp)os-18: (Rrg)os-t8 @and Rgg)os-ts from Egs.
(18) (18)—(20), respectively.
Let us first establish the residual interaction. This is based
(Rog) __m ol| postp 1 on previous calculations, where a systematic analysis of sev-
PQIOB-TEB™ () ho—Ho+in eral low-lying states in*®Ca, as well as high-spin states of
208 were carried oufl1l]. The interaction contains the
B Landau-Migdalg, and g, constants together with a long-
XPHQ —Q 0
ho—Ho+in range component generated by the and p-meson-
exchange potentials,
+0TBP : PH.eQ
ho—Hg+i res 2 , _
1 Hres(k):_zrw(k)[go oo+g' (k7o o
Mo
QOOB) 0>, (19
ho—Hy+ =~ ot
@~ HoT 17 +R(K) 7 7 o ko' K], (21)
and
(RPQ)T I (RPQ,E)T,H

Im 1
- oBt_  — B
(Roo)os-Ts 2WQ<0‘O ro—her 70

o)
(20)

Graphic representations for these equations are given in
Figs. 1-3. The action o®°® is to create(or destroy a
1plh configuration or to scatter a particle or a hole. That is,
the HF piece of the ground state is connected only torthe
space. Onc& "B comes into play, this new set of diagrams
together with the above-mentioned pure MEC ones, should
be considered. Now ag2h configuration from the HF term
of the ground state can be creat@d destroyefl Contribu-
tions toRpp (Fig. 1) were studied in Ref.15] and the same
holds forRqq (Fig. 3) in [5] (but with a different interac- FIG. 2. The same as Fig. 1 but for tfq channel from Eg.
tion). Some new terms tRqp (Fig. 2) should be considered. (19). The dashed line isfs.
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FIG. 3. The same as Fig. 2 but for thg,q channel from Eq. ,§ . , . .
(20). Note that here the action of thHeB operator is to scatter a & al Lo T T~ g=550 MeV/e |
particle or a hole. This is at variance with Figs. 1 and 2, where it Z N
creategor destroy a particle-hole pair. 0.0 f===
with -25¢ . , ,
) 0 100 200 300
- (k) k2 B o [MeV]
p
9'(K=9——5—-C,5 . (22
(k) k +Mp FIG. 4. Interference contribution betwe€@B and TB external
probes at several momentum transfers. The long-dashed line is the
~, k2 I‘f,(k) k2 (Rpp)os-Ts contribution, the short-dashed is thRHg)os.75 ONE,
h'(k)=— I +F2 o Coiag 2 (23)  and the dotted line is theRoo)op 16 result. The solid line is the
tpn oK) Ty sum of all contributions.

where u,fic (u,fic) is the pion(rho) rest mass andC,
=2.18. For the form factor of therNN (pNN) vertex we
have taken

Pauli-exchange contributions. In the Appendix we present
expressions forRpo) og-ts @nd Rgo)oe-7s, following the
ordering and notation of Figs. 2 and 3. While the direct going
AZ — (. hc)? contribut_ions are proportional tg, plus the 7+ p meson,
—mp TP (24) the Pauli-exchange ones are proportional only toghterm.
Afer(hck)2 The first point comes out as a consequence of spin summa-

tion. For exchange terms the isospin summation cancels any
with A ;=1.3 GeV andA ,=1.75 GeV. The static limit to isovector term of the interaction. It is worth mentioning here
the (m+p)-meson exchange interaction has been takenthat the absence of exchange termsRyg) g 15 is due to
wherek is the momentum transfer. the isospin summation.

The Landau-Migdal parameteig, and g, account for Let us mention that theRgg)oe-ts CONtributions were
short-range correlations. They were adjusted in order to realready analyzed in Ref5], but without the inclusion of
produce the energies arRlvalues of the two I states in  exchange terms. We understand that tRg{) op-1g term is
208pp at 5.85 and 7.30 MeV, respectively. Their values areontained in Ref[17] (also without exchange termSBut in
go=0.47 andgy=0.76. Our main concern is to complete the this last work only one momentum transfer was considered
projected ERPA framework with the inclusion B excita-  and no discussion of each contribution was shown.
tion operators and this interaction is particularly suitable for We perform now the numerical evaluation of all contribu-
this. Note, however, that the current conservation establishdions for nonrelativistic nuclear matter using a Fermi mo-
a relationship between the nuclear current and the interactiomentum value okg =268 MeV/c. The multiple integrations
[20]. Within the present model for the residual interaction, tohave been done using a Monte Carlo technique. In Fig. 4, we
fully satisfy this relationship one should add some additionapresent the results for the interference terms at momentum
terms to theTB excitation operator due to the exchange oftransferq= 300, 410, and 550 Me\/ The (Rpp)os.TB IS
heavier mesons, even though, they are quantitatively mucthe main contribution to the response function, where its ac-
less importanf21]. For this reason, we have kept only the tion is limited to the quasielastic peak region. At variance
pion-exchange contribution to tHEB excitation operator as With (Rpg)os-18 and Roo)os 18 it has no dependence on
defined in Eqs(5) and (6). the residual interaction. Within the present approximation we

From Egs.(18)—(20), performing the summation over consider therB excitation operator ant .5 as independent
spin and isospin and making the conversion of sums ovequantities. In this senseR6p)op.ts depends only orOB
momenta to integrals, explicit expressions f&®p6)os.T8, and TB excitation operators, while Rpg)os.tg and
(Rpo)os-T8: and Roo)os-ts are obtained. The ones for (Rqg)oe.ts are first order irtH, .. The (Rgp)oe-Ts term is
(Rpp)og-Tg Can be found in15]. Note that those are in fact also important. In this case the intensity is spread over a

L7 (k)=
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TABLE I. Interference termsRpo)og.18 @and Roo)oe-T8 O ' '
the response function in nuclear maQtter kpr= 268 M?ec\g//c at mo- 40 r 7=300 MeV/o |
mentum transferg=410 MeV/c. The energy is given in MeV, P SN
while the response function is in units of TOMeV~* fm~3. The 11223:?; 20} 7 |
second column]I, is the sum of all direct interference terms be- / .
tween the pion in flight and the transverse operator. The third col- o 0 , L
umn represents the corresponding Pauli-exchange contribution, ! 0 50 100 150
while columns 4 and 5 have the same meaning but for the seagull E . .
operator. Column Tot. collects the sum of all contributions. - 0L q=410 MeV/c |
|> o
(Rpo)oe-T8 o AT N
fiw i 11,E S SE ot = 20 7 SN
U] 4
50.0 —1.56 057 -1.13 0.04 -2.08 'Q 0 .
100.0 -1.97 0.61 —1.05 0.09 -2.32 A 0 100 200
150.0 -0.77 0.12 -0.51 0.04 -1.12 B . . .
200.0 0.92 -0.14 0.23 -0.01 1.00 & 40 q=550 MeV/c |
250.0 0.24 —-0.08 0.31 -0.02 0.45
(RQQ)OB-TB
hw I1 II,E S SE Tot. 0 L& -
0 100 200 300
50.0 0.05 -0.03 —-0.06 0.00 -0.04 ho [MeV]
100.0 0.23 -0.17 -0.28 0.01 -0.21
150.0 0.42 -0.21 -0.36 0.01 -0.14 FIG. 5. Total ERPA response with and without MEC contribu-
200.0 0.58 -0.19 -0.29 0.02 0.12 tions for nuclear matter at several momentum transfers. The solid
240.0 0.51 —-0.14 —-0.08 0.03 0.32 line is the total result while the dashed line contains dDBterms.

For completeness we show the free respaqudsdted ling.

wider energy region, which obviously includes the dip. If we  We study now how significant the inclusion or not of
neglect the energy dependence of the electromagnetic forlEC’s is. Let us consider three energy zones. The region for
factors, Rpg)os-T8 gives no contribution to the non-energy- energies lower than 50 MeV is drawn for completeness as
weight sum rule. This is only suggested in Fig. 4, as we neetbw-energy processes are not considered here. gAt
a wider energy region to show that. The action of =410 MeV/c the dip region starts at about 200 MeV. In the
(Rpo)oe-Ts is to carry the intensity from the low- to the middle there is the quasielastic region. Considering only the
higher-energy region. The values fdR{q)oes.Ts are small  last two regions, from Figs. 4 and 5, we learn that the MEC'’s
and almost negligible. are important in the dip region, while its contribution is not
In Table | we have shown each contribution to significant for the quasielastic peak. As our ERPA correla-
(Rop)oste and Rog)os-Te at momentum transferg tions are rather big, even when compared with the free re-
=410 MeV/c. Our values for Ryo) 1.1 and Rgg)t-s from  sponse, MEC’s do not have a strong influence over the quasi-
columns 2 and 4 of Table | can be compared with those o&lastic peak. At variance, the ERPA correlation coming from
columns 5 and 6 of Table Ib ¢b]. Both calculations are in OB operators is very significant. It is important to stress, as
agreement considering that the interaction employed was difdiscussed in previous work8,10], that the ERPA is built up
ferent. We see that the small value f®Rdg)os.tg COMes  from many contributions among which MEC'’s are one of
from the different signs of Rog)7.;m and Rgo)t-s- Also  them, even though MEC's have a much weaker dependence
from Table | we see that Pauli-exchange contributions aren the residual interaction: the two main contributions
important when compared with theirs corresponding direc{Rqq)7s.Ts @nd Rpp)os.Ts have no dependence at all,
ones. Specially Rpg)7.;1 has a significant Pauli-exchange while the remainder are of first order in the residual interac-
contribution at low energies. Pauli-exchange contributiongion, being smaller than the previous ones. From the above
are numerically difficult to evaluate. The behavior of thesediscussion and this fact, we conclude that MEC's can be
contributions is essentially the same at the other momentumeglected in a first step when trying to adjust the quasielastic
transfer. peak. To put it in other words, if we want to adjust the
In Fig. 5 we present the results for the full ERPA approxi-residual interaction by means of the ERPA scheme in the
mation with and without MEC’s. Obviously, MEC'’s contain quasielastic peak, then MEC’s could be not considered. This
the (Rog)te-Te contribution(as mentioned, this term does does not hold in the dip region where exchange terms are
not depend on the residual interactiowe see that the elec- also significant.
tion of this particular residual interaction produces strong Finally, even the small contribution from MEC's to the
ERPA correlation. This election was done in order to studyquasielastic peak is in agreement with the existing literature
the importance of the interference termBpG)og.tg and  for medium and heavy nuclei; for few body systems MEC’s
(Roo)os-t8 under this extreme condition. give an important effect, increasing the transverse response
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significantly[21]. The origin of this discrepancy is still not tions. To this end, the residual interaction should not be seen
clear. In Ref.[22], for instance, a calculation of the quasi- as input, but as a variable that should be adjusted. To do this,
elastic response function iAHe based upon a mean-field it is desirable to reduce the number of diagrams to be evalu-
model used to performed similar calculations in heavier nuated. In this work, we have shown that MEC’s can be ne-

clei is presented, the MEC contribution being small. How-glected in a first step in the quasielastic peak region. This
ever, an analogous calculation f21] is not available for was done for a residual interaction that produces strong
medium and heavy nuclei. [f21], FSI's are treated exactly, ERPA correlations. We believe that it is a reasonable as-
heavier mesons together with theisobar were considered, sumption that under this condition our values for the MEC

and a realistic interaction was employed. In this work weterms can be viewed as an upper limit for this contribution.

have shown that terms arising from the ERPA are not able to We have studied the transverse channel for quasielastic

explain the above-mentioned discrepancy. electron scattering. In this channel, thasobar is important
and should be included. The can be directly excited by the
IV. CONCLUSIONS external one-body operator and also contributes to the

] ~ MEC'’s. A systematic analysis of the response with the inclu-

We have developed a scheme which extends our previougon of theA over the parameters entering into the interac-
ERPA approach to two-body excitation operators. Theijon should be done. But this goes beyond the scope of the
ERPA limited to one-body external operators accounts forpresent work in which we wanted to present the scheme and

initial and final state i_nteractions. A two-body operator rép-analyze the importance of MEC's, at least for one interac-
resents the MEC'’s. Diagrammatically, GSI's and MEC's areyjgp,.

similar and in principle one expects that these contributions
should be equally important. In a unifying manner our for-

mahsm contains all t.he just-mentioned correlations and calls ACKNOWLEDGMENTS
attention to the interference termsR{g)og.Tg and
(Roo)os-ts- These contributions are importafes well as I would like to thank A. M. Lallena for fruitful discus-

the other MEC’$, when dealing with the dip region, but the sions and for a critical reading of the manuscript. This work
whole effect is not significant for the quasielastic peak. has been partially supported by the Agencia Nacional de Pro-

As mentioned in the Introduction, our final goal is to ac- mocion Cientficas y Tecnolgicas, under Contract No.
count for both the longitudinal and transverse response fund?MT-PICT-0079.

APPENDIX

In this appendix, we present explicit expressions for the different graphs to be added to the ERPA schemd @f dvefs.
[10]. All graphs represent the interference betw&@and MEC operators.

We have used dimensionless quantifi@sqg/ke and v=rw/2eg, wherekg andeg are the Fermi momentum and Fermi
energy, respectively.

Expressions for the graphs shown in Fig. 1 can be found in[R6f. Let us consider the graphs froRpq channel of Fig.
2. In what follows, a superscrifit (h) means that the upper nuclear interactifig. 2) scatters a particléhole) at the left of
each graph:

BB _E G 3Am [ f2
(Rp)Tn=—F«(Q,v) E(va)m anhc

2

1

= | @ [ kPt o1 -mathe o-kl -1)
Mo

X 0(|h+Q —1)[Q' (ko) +h' (ko) 1(—2(ky - kp){[h- ko= (Q-h)(Q- k) 1/Q?}

1
k3Q%—(Q-ky)? ———{1(a,k)————+R(a,k) 8(v—Q%2—h-Q) {,

+ 1, [K3Q°—(Q-ky) Dkiwi k§+ui[ (a 2)v—Q2/2—h~Q+ (a,ky)8(v—Q Q) (A1)

where
a=v—Q?%2—k5/2—h-Q+Q-k,+h-k,, (A2)
|(a,k)=f dk’ 6|k’ +k/2|—1)6(1— |k’ —k/2|) S(a—k’ k), (A3)

and

R(a,k)zf dk’0(|k’+k/2|—1)0(1—|k’—k/2|)a_k,'k (A4)
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3Am f2
(RPQ)TH F(Q,»)Ge(Q, V) (

2
1
e ] ] | daEL R k) o1+ Q-] ~1)

X 0(1=|h—kaD[Q' (ko) +h' (ko) [{2(Ky - ka) [ (h—k2) - ko~ Q- (h—kx) (Q-k2)/Q?]

+R(a,ky) 8(v—Q%2—h-Q+Q-ky) ¢,

1
1, [k3Q*~ (Q ko) 2 13+ 42 {'(a'kZ)u—QZ/Z—h Q+Qk
2 T ’ 2

(AS5)
where
a=v—Q%2—k52—h-Q+Q-ky+h-ky; (AB)
(Reo)? s=Fs(Q,»)Ge(Q, Vi 5ag SAkT (4:;0 2 4Jd3hf d*kz0(1—h) 0(Ih+Q—k,| = 1) 6(|h+Q — 1)F (ko)
X1 2F on(k) 2+1 W[ 9’ (ko) +h' (ko) IThh+ 1, (Q- ko) 1= F 1) 729 (ko)[hh—1,(Q-kp)]+h’ (kp)
X{2hh(ky - kp)/K3— Mv[kZQZ—(Q.kZ)Z]/kg]}{|(a,kz)m+R(a,kz)(s(y—QZ/z—h-Q) ., (A7)
where
a=v—Q%2-K5[2—h-Q+h-k,+Q-k; (A8)
and
hh=h-k,—(Q-h)(Q-k,)/Q% (A9)
) 3Am [ f2 %1 )
(qu)T,s=Fs(Q,v)GE(Q.v)m(MhC M_?J d3hf d®k;6(1—h)6(|h+Q—kz| —1)6(1—|h—k,|)F7n(k)
—2F ;n(ko) 2+1 W[g (kz) + 1’ (k) J[hh— 2,(Q- k)]~ F o 1) 2 "(k2)[hh+ 1, (Q-ky)]
+h’ (ko) {2hh(ky - ko) K5+ 1, [KQP— (Q- k2)2]/k§]] [ |(a,k2>v_Q2/2_ P OOk +R(a,ky)
X 8(v—Q?%2—h-Q+Q- kz)} , (A10)
where
a=v—Q%2-Kk5/2—h-Q+h-k,+Q-k, (A11)
and
hh=(h—kz) ko= Q- (h—kp)(Q-k;)/Q? (A12)
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m f2 21 3 3 3
5kZQ arhc 4jd hjd h’ fd koF o n(K)F (ko) 0(1—h)9(1—h')

(Rpqe)f.n=—FA(Q,r)Ge(Q, V)
X (| +ka| = 1) (| + Q—ko| = 1) (1~ |h" — Ky )F 2 (|h—h' +k5| ) (Gof 2(Ky - kp) [ ko (N —kp) = Q- (' —ky)

X(Q-K)/ Q2]+ u,[K5Q%— (kz- Q)

K2+ p2 KE+ 2 [ v=(QI2+I 0 Q- Q ko =h' kot h-ky)]

w

1
X S[v—(Q%2+h -Q—Q-ky)] ; A13
v—h' kot h-ky [v=(Q Q-Q 2)Jl<§—h'-|<2+h-k2] (AL3)

f2
3Am ( T _f d3hf dsh/fd3k2F7TN(k1)F7TN(k2)0(1_h)e(l—h’)

R n :Fﬂ- L] G 1 o 5.2
(Reqe)T, (Q.»)Ge(Q V)8’775k|2:Q Axfhic ul

X O(|h" +ka| = 1) (| +Q—ky| — 1) 8(|h+ Q| — 1)F2y(|h—h' + Q—ky| ) (9ol 2(Ky - ko)

2 22 2 1 1 2 2
X[kz-h=(Q-h)(Q-k)/ Q]+ u,[K2Q° = (k2- Q) ]})k2 2 21 2 [ v—(Q72+ky+h-Q—h-ky—Q-k,
2 T

1 ™
h'-kp)] —8lv—(Q¥2+h. ; Al4
e Cah k(@ T Q-k2+h'-k2] (A1)
. 3Am [ f2\P1oo oo ,
Reaehs=FoQnee@ny s | ool [ o[ ot [ dtana-mot-myodn i)
1
X (I +Q—ko| = 1) (1~ |h" —ky| )F2\(|h— h+k2|)go[ N(K2)— +M2[hh+MU(Q k2)]
2
1
+Fan(ky) 1+M2[hh My (Q: kl)]]{5[V—(Q2/2+k§+h"Q_Q‘kz_h"k2+h'kz)}k§_h,.k2+h.k2
S (QP24h - 0-Q k)] L Al5
olv—(Q2+1-Q-Q 2>]k§_h,_k2+h_k2] (n15)
where
hh=(h"—kp) - k;— Q- (h' —kp)(Q-kz)/Q; (A16)
h 3Am f727 1 3 3R’ 3 ’ ’
(Reqehs=~Fe@nee@y sou|rcl [ ot ot [ dana-moct-m)an +iel -1

1
X0(|h+Q_kz|_1)9(|h+Q|_1)FiN(|h_h'+Q_kz|)gol WN(kZ) 2.2 S [hh+ 1, (Q-ky)]
k3

1
+FWN(k1)k +,u2[hh M (Q: kl)]][5[V—(Q2/2+k§+h-Q—h'kz—Q'kz—h'-kz)]
1

1 1
X —8[v—(Q*2+h- : Al7
ki—h-k,—Q-ky+h' -k, (@ Q)]kg—h.kz—Q.k2+h'-k2] (ALD

where
hh=h-k,— (Q-h)(Q-k,)/Q?. (A18)
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We present now graphs frolRgq channel of Fig. 3. In what follows, a superscript(h) means that théB external
operator(Fig. 3) scatters a particléa hole:

Am(ffT

(Roo)?n=—F(Q»Ge(Q, V) Sk2Q \4mhce

1
= | & [ k0Pt o -ah+ okl -1)
2

X 6(lh—kq| = 1)l (a',kl)[ [9'(ky) + 1’ (k) 12Ky - ko){[(h—Kq) Ky — Q- (h—ky)(Q-ky) 1/Q?}

+ 11, [KEQ? = (Q-ky)?]) ! ! ! (A19)
Ak U QU2 nQt Qi I+ 2 Kt a2
where
a'=v—Q%2—k3/2—h-Q+Q-ky+h-ky; (A20)
. 3Am ( f2 \P1 o oo o
(Roofkn=F (@100, g gonc] — | % | dFLukF ko 1Ml Q=1
X 0(1—|Q+hD) (" k) [9 (k) +R (k) 1(—2(Ky - k) {[h- Ky — (Q-h)(Q-ky) 1/Q?}
i [KEQ2— (Q-kp)2)) to (A21)
’ Y —QU2-h-Q K+ pZ K+ p?
where
a"=v—Q%2—k312+h-Q—Q-k;—h-ky; (A22)
) 3Am ( f2\*1 [ o o )
(Roolhs=~FlQmBeQ@u gz o] - [ o | afuact—macin-Q+ial -1+ kol - DFEy (ko

1 1 -
ZFWN(kZ) 2, 519" (ko) + 1 (ko) IThh— 41, (Q- ko) 1— 2F (K )k+—229,(k2)[hh+ﬂv(Q'kl)]

2 lu“w 1T My
1
R’ (Ka){2hh(Ky - ko) /K + 2, [K3QP— (Q- ko) 21/K3 }} +Q2,2_h_Q_Q.k1l(v—ki/Z—h-kl,kzx (A23)
where
hh=(h—k,)-k,— Q- (h—k)(Q-ky)/Q? (A24)
Am f2 1
(Roo)ts= ~Fs(Qu)Ge(Qur) — 5 5k2 (MC FJ d3hfd3kle<1—h>e<|h+k1|—1)0<1—|h+Q|>FiN<k2>

1 1 -
2FwN(k2) 2, 59" (ko) + 1 (k) ILhh' + 2 (Q- ko)1= F (kg )H—ZZQ’(kz)[hh'—Mu(le)]

2'LL 1T My

+F7 (ko) {201 (y - ko) K= 1, [KEQP— (Q-kp) 2]/ }] | (v—KE12—h-ky ko), (A25)

Q?%2-h-Q
where
hh'=h-k,—(Q-h)(Q-k,)/Q? (A26)
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2

3Am f2
(Rooe)f.n=F(Q,»)Ge(Q, V) (

SkZQ 47hc
><0(|h+k2|—1)6(|h’+Q—k2|—1)0(|h’—k2|—1)5[1/—(Q2/2+k§+h’~Q—Q'k2—h’-k2+h-k2)]
X (Gof2(Ky- ko) [Kp- (' —kp) = Q- (W — ko) (Q-Kp)/ Q?]+ 1, [ K5QP — (kp- Q)?]})

14jd3hf d3h’ jd3k2 ~N(k)F n(Ky)8(1—h)e(1—h')

1 1
X
K+ % K5+ v—Q%2—h"-Q+Q-k,

Fan(Ih=h'"+k,]); (A27)

3am [ f2\%1
(Raqen=—Fo(Qu1Ge(Q 1) —s 5 skm( e K] K K ROALRYSIERLERUS
X 0(1—|h+Q)o(|h" +Q—ky|—1)8(|h" +ky| — 1) [ v— (Q¥2+k5+h"-Q—Q-kpy—h' -kp+h-ky)]
1 1
X (9o{2(ky-kp)[Kp-h' = (Q-h)(Q-kp)/Q?]+ 1, [ KEQP— (kp- Q) 2]}’k2+ui Bt 2 V_Qzlz_h'QFiN
X (|h=h"+kq|); (A28)
3Am 2 |2
(RQQ,E)-?,s:—Fs(Q,v)GE(Q,v)m<4wﬁc) if d3hf d3h’ fd3k20(1 h)o(1—h")6(|h+k,|—1)
X O(|h" +Q—ka| = 1) 6(|h" —ky| — 1) [ v— (Q*2+ k5+h"-Q—Q-ky—h" - Ky +h-ky) 1go
k) ! [hh+ (Q-ky))]+F k) ! [hh (Q-ky] !
7TN( 2 k2+/.Lﬂ_ My Q 2 7TN( kl+,u, My Q 1 _Q2/2_h,-Q+Q~k2
XF2n(Ih=h"+kg)), (A29)
where
hh=(h"—ky) -k~ Q- (h' —k,)(Q-k;)/ Q% (A30)

(Rooe)! 1=~ Fo(Q,»)Ge(Qup)— ) f dh f dh f dkoB(1—h)B(1—h') 61— |Q+h])

8775k29 (47Tﬁc
X O(|h" +Q—ky| — 1) A(|h+ky| — 1) [ v— (Q*2+ K2+ h"-Q—Q-k,—h’ -k, +h-k,)1do

1 1
X wN(kz) 2, > [hh+u,(Q- k2)]+F7rN(k1) 2y 2 7 [hh=p,(Q- kl)]] Fan(lh=h"+ks)),

K3+ u2 k1 —Q%2-h-Q
(A31)
where

hh=h-k,— (Q-h)(Q-k,)/Q?. (A32)
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