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Photoproduction and the Electromagnetic Moments of Charged q Mesons*f
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A gauge-invariant one-vector-meson-exchange {OVE) model is considered for the process y+n ~ p +p.
The form of the model is determined by selecting the simplest extension of the OVE diagram consistent
with gauge invariance. The model is used to calculate unpolarized differential cross sections between thresh-
old and A„L,b=3.0 GeV for various values of the electromagnetic moments of the p meson. It is concluded
from the results of the calculation that, if the experimental data were found to exhibit features of the OVE
contribution near threshold, then information might be obtained from the process p+n —+p +p regarding
the electromagnetic moments, and hence the internal structure of the charged p mesons.

and may be added directly to the cross section arising
from the OVE model. The direct addition is made
possible by the vanishing of the interference between
the OPE and OVE amplitudes. "For values of gp
consistent with p ~ vr+y data and SU(3) predictions,
the OPE contribution is of the same order of magnitude
as the OVE contribution. '

This paper is divided into six major sections. Section
II is devoted to a summary of the kinematics and our
choice of conventions. In Sec. III we define the model
which will be considered and present expressions for
the mass-shell forms of the vertices. In Sec. IV the ex-

pressions for the vertices are combined with appropriate
pole terms to obtain expressions for the Born-term
diagrams. Additional nonpole terms corresponding to
the contact diagram are found and the simplest com-
bination of terms consistent with gauge invariance is
chosen and labeled the minimal gauge-invariant OVE
model. In Sec. V we describe the method of calculation,
the choice of the electromagnetic moments of the

p meson considered in the calculation, and present our
results. Our conclusions are then discussed in Sec. VI.

I. INTRODUCTION
' 'T is possible that in the region near the threshold of
- - the reaction y+n —+ p +p, the one-vector-meson-
exchange (OVE) mechanism might provide the domi-
nant contribution. The reaction might thereby provide
information regarding the electromagnetic moments
and hence the internal structure of the charged p mesons.
In this paper we consider a model which we believe to
represent the simplest gauge-invariant extension of the
OVE model. We use this model to calculate unpolarized
differential cross sections for incident photon energies
between threshold and A', l,b=3.0 t eV for various
values of the electromagnetic moments of the p meson.

Previous work has been done on the OVE contribu-
tion by Herman and Drell, ' who consider the special
case in which the interaction takes place only through
the magnetic moment of the p meson. Work has also
been done by Joos and Kramer, ' who set up general
expressions for the vertices. Joos and Kramer's work
is limited, hov ever, to calculations for the case of
neutral p-meson photoproduction, where the OVE con-
tribution vanishes as a consequence of charge con-
jugation invariance at the p"yp' vertex.

Experimentally, the most accessible example of this
reaction is the y+n~ p +p process which may be
observed in liquid-deuterium —bubble-chamber experi-
ments such as those presently in progress at DESY'
and SI.AC.4

For simplicity we have neglected the effects of the
presence of the neutron in a deuteron and the contribu-
tion of s- and n-channel nucleon resonances. We have
also omitted a discussion of the one-pion-exchange
(OPE) diagram since its contribution is well known' '

II. KINEMATICS

The reaction which we will consider is represented
in Fig. 1. The notation which we will use to represent
masses, momenta, helicities, polarization vectors and
spinors is summarized in Table I.

The Dirac spinors and the polarization vectors
satisfy the following norrnalizations and relations:

(l)

(2)

m(pX)u(pZ') =S»,»

t.*(q~)l "(q~') = —&u ~,

e„*(kX)e(kX') = —h),g,

(p —M)u(p), ) =0,

q„l "(qX) =0,
k„e(k) ) =0,

*Based on a thesis submitted in partial fulhllment of the
requirements for the Ph.D. degree at Yale University.
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' S. M. Berman and S. D. Drell, Phys. Rev. 133, B791 (1964).' H. Joos and G. Kramer, Z. Physik 178, 442 (1964).' Aachen-Berlin-Bonn-Hamburg-Heidelburg-Munchen Collabo-

ration, Proceedings of the 1967 Symposiu~u on L/ectron and Photon
Interactions at FA'gh Energies (SLAC, Stanford, Calif. , 1967),
p. 590.' W. M. Bugg (private communication).

(3)

(4)
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FIG. I. Schematic diagram for
the process y+n —+ p +p.

Fro. 2. Diagrammatic representation of the OVE model.

and
Q u(PX)N(PX) = (p+M)/2M,
]xi

2 'f" (q~)&"*(q&)= a"»+q"q"i'm—',

p p" (kX) 2»'(kX) = —g"».
lx)

The general form of I"& is restricted not only by co-
variance, but also by gauge invariance (charge con-
servation) which requires that

i.„*(q7,)N(p, ),,)I"»u(p;7,)k„=0. (18)

The determination of the form of I"&, arising from the

(g) OVE model which we are considering, will be the
primary object of the following sections.

(10)

0 1
Y5 &YY YY Y

0
(12)

We have also dehned the Mandelstam invariants s,
t, and I in the standard fashion:

s= (p;+k)'= (pr+q)',

f=(q k)'=(Pr P-*)'-
~=(q P')'=(k Pr-)'. -

(13)

(14)

With our choice of conventions the unpolarized
differential photoproduction cross section in the c.m.
frame is given by the expression

dg ilf2fq. . f
1

de 4sllr, , l
~~i (4~)'

(16)

where:)Rf; is the covariant transition matrix given by

Oltf, Mg;(pg'hgqh2, P,X——;kX2)
= f„*(qk2)u(pfkf)I »22(P,A ') p»(kX/g) . (17)

TABLE I. Kinematical notation.

We have adopted the metric and Dirac y-matrix con-
ventions of Bjorken and Drell' so that the diagonal
elements of g"» are given by (1, —1, —1, —1) and the
y matrices are de6ned as

III. OVE MODEL AND VERTEX EXPRESSIONS

The model which we wish to consider is the simplest
extension of the amplitude representing the OUE dia-
gram, consistent with gauge invariance. As we would
expect from other electromagnetic processes, we find
that it is necessary to couple the OUE diagram to the
crossed-channel Born terms and a contact term in
order to satisfy gauge invariance. We must therefore
consider the contribution from the diagrams shown in
Flg. 2.

The vertices which appear in the diagrams considered
in Fig. 2 are shown in Fig. 3. The form of the contact
term will be considered later. The expressions corre-
sponding to the vertices in Fig. 3 are derived from
general space-time invariance principles and can be
written in the form

V~,2r
—— ice»(k7 2)N—(pV))F2(k', p', p") (p+p')"

+S,(k',p', p")q»jm(P7), (19)

&~»~= 2g~.,~t.(q7.—)N(p 7 )t 8 (q'~2p', P ')(P+P )
+8 (q' P', P")~"3 (P~) (20)

'U„,=2".(» )f -*(q'7 ')(& (k', q', q")L(q+q') "a'j
+~ (k2 q2 q12)Lk»gP» kPga»j+~ (k2 q2 q~2)

Xf (q+q')"k kP/m2j)tp(q7, ). (21)

The 5's, g's, and K's are form factors which reduce to
coupling constants for mass-shell values of the mo-
menta. In our calculations we will neglect the possible
variation of these form factors and represent them by
their corresponding coupling constants.

The F's are the familiar nucleon electromagnetic form
factors which are related to the electric and magnetic
mass-shell form factors for the case Mf ——M;=M by the

Particle
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spinors

u(pyXf)
u(p, X;)|,"(qx,)
~„(k),I,)

Mass

{a) {b) {c)

q, a

J. D. Bjorken and S. D. Drell, Relativistic Qgantum Fields
(McGraw-Hill Book Co., New York, 1965).

FIG. 3. Vertex diagrams for the (a) E'pE vertex,
(b) XpN vertex, and (c) pyp vertex.
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eFls'(O, M2, M2) = e,
eFl" (O,M', M') =0,
eF2 "(O,M', M') =ep"/2M,

eF n (0 M2 M') = epn/2M . (24)

The superscripts p and n refer to the proton and
neutron, respectively. The values of the anomalous
nucleon magnetic moments are taken to be' @~=1.79
and p,"=—1291 in units of the proton magneton.

The g's are the analogous terms for the XplV cou-

pling, which are related to a pair of terms Gj and G2 in

the manner of Eqs. (22) and (23),

expressions

($2 M2 M2) F (P2 M2 M2)+2MF (P2 M2 M2) (22)eel�($2

M2 M2) F (Q2 M2 M2) (23)

where

The BC's are less familiar terms. The connection
between these functions and the static electromagnetic
moments of a vector particle has been studied by several
authors. ' The X', factors may be expressed in terms of
e„ the charge of the p meson, as follows:

(i) Electric-charge form factor

eBCl(O, m', m') = e,s.

(ii) Magnetic-dipole form factor

(0 m2 m2) e (1+ anomalous)

(34)

(35)

anomalous) s (37)

(iii) Electric quadrupole form factor

e~ (0 m m2) e (Q + anomalous) (36)

The quantities p, '"' "'"' and Q, are related to the
static magnetic dipole moment operator M and the
electric quadrupole moments Q,

' by the equations

g (q2 M2 M2) —G (q2 M2 M2) +2MG (q2 M2 M2) (25)

g (q2 M2 M2) — G (q2 M2 M2) (26)

where we take'

where S is the spin operator and

Q,'=—Q,/m'. (38)

and

Gl(q', M', M') g„,-„=g„,-n
= —V2g„,o„

', v2f—, -

2.1(f, /42(sr2. 7.

(27)

(28)

G F lsovectol (p 0)
= —,

' (p"—p")/2M
= 1.85/2M .

We make the general assumption that

G (q'p'p")=G

(30)

(31)

which is consistent with the assumption of the absence
of structure in strong interactions, and which will be
shown later to be required for the satisfaction of gauge
invariance in our model.

We thus obtain from Eqs. (25)—(27), (30), and (31)
the suggested values

and
gl ———0.985

g2
——2.85

(32)

(33)

~ N. Barash-Schmidt et u/. , Rev. Mod. Phys. 41, 109 (1969).
J. J. Sakurai, Phys. Rev. Letters 17, 1021 (1967).

9 J. J. Sakurai, Ann. Phys. (N. Y.) ll, 1 (1960).

For the purposes of this calculation we will use the
value fss/42r=2 4 We ha. v.e used the vector-meson-
dominance model of Sakurai' to obtain values for G2

from the electromagnetic coupling. Vector dominance
is expressed by the equation

eF isovector($2) (em2/f ) (m2 P2)—lf G (29)

which yields (in the limit k2 —s 0) the result

IV. BORN TERMS AND GAUGE INVARIANCE

A. Procedure

Expressions may be constructed for the amplitudes
corresponding to the Born-term diagrams shown in
Fig. 2. by use of the vertex expressions given in Eqs.
(19)—(21). inspection of the resulting combination of
expressions reveals that gauge invariance may be ob-
tained only if the G functions are independent of any
variation in the parameters q', p2, and p'2 and, there-
fore, correspond to constant gl and gs. This provides
a justification for the assumption of constancy made
in Eqs. (27) and (31). The inspection of the resulting
expressions also reveals that gauge invariance requires
the addition of two types of pole-free terms which can
be attributed to the contact diagram represented in
Fig. 2. The first type of term is linear in either a mag-
netic dipole or an electric quadrupole moment and can
be added independently to the expression representing
a particular diagram. The second type of term is linear
in the electric charge and must be added to the coupled
combination of charge terms from all the Born-term
diagrams.

We will proceed in Secs. IV B—IV D by considering
the expressions corresponding to each diagram and
discussing the appropriate necessary additions of
the first type. In Sec. IV E we will consider the com-
bination of charge terms and determine the form of the
term of the second type that must be included.

The total combination of terms will correspond to a
gauge-invariant representation of the model. The
simplest combination of terms which includes the

' V. Glaser and B. Jaksic, Xuovo Cimento 5, 1197 (1957); L.
Durand, III, Phys. Rev. 123, 1393 (1961); W. K. Tung, ibid.
139, 3547 (1965).
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features of both the OVE model and gauge invariance
will be discussed in Sec. IV F.

B. OVE Diagram

The OVE diagram gives an expression of the form

D17ov E = t"„*(qh~)u (pflV)Iov z"»u (P 4;) e» (khan ), (39)

where

Iovz""= ieg —„, „[3-C,(2q" k")g'—

+3C, (k g" —k"g )+ (3C3/m') (2q —k")k"k )
X[(g..—(q k)—.(q k)—./m')/(t m'—))

x[g (p+pf) "+g ~"] (4o)

If we set Q =P;+Pf, we obtain

IovE "=[—ieg„,-„/(t —m'))['tii3CiQ" (2q"—k")

+g,3C,q" (2q» —k»)+ gi3C, (g"»k Q —k"Q")

+g&3C, (g"»k—k"3»)+g&(3C,/m') (2k"q»k Q)
+g&(3C3/m') (2k"q»k)). (41)

Since 2k q= —(t—m'), pole-free terms of the first type
may be labeled IovEc"" and added in Eq. (41) to the
quadrupole terms linear in gpC3 and gpC3, giving the
result

Iovz""+Iovzc""=[ ieg„, „/(t —m'))-—
X {gi3C&Q"(2q"—k»)+b23Ciy" (2q"—k")

+gi3C, (g"»k Q k"g)»)+g23—C, (g"»k k"q»)—
+g, (3C,/m')[2k" (q k Q

—Q»k q)7
+g, (3C,/m')[2k"(q»k —y»k q))}. (42)

C. s-Channel Nucleon-Pole Diagram

The s-channel nucleon-pole diagram gives an ex-
pression of the form

D. u-Channel Nucleon-Pole Diagram

The u-channel nucleon-pole diagram gives an ex-

pression of the form

On „={„*(ql,)u (Pfhf)I„"»i (P;X,)e„(B.i), (47)
where

I„"= ieg„—, „[fi&'-(2pf+k) +'3,&y»)

X[(Pf—+M)/(u —M')][pi(2P„—q)"+g.y"]. (48)

In a manner strictly analogous to that used in the
s-channel case, we use the fact that 2k Pf

———(u —M'),
to introduce pole-free terms of the first type which are
labeled I„~""and added to the magnetic dipole terms
linear in Fi&= —J 2&. The results of this addition are
given by

I."»+I„;»=[—ieg„,-„/(u —M')]
X b if i»2[(2M) (2Pf k)» (2—Pf—k—)»k
—(u M'—)q») p;"+g,S, [»( '2M)(2p, k)»—q"
—(2p, k)»ky" —(u —M'—)q»y"]

+g,s,»2[(2pf —k)» —(q»k —k )]p
+Q,F2»[(2pf —k)»y" —(y»ky' —k»y")]} (4q)

E. Channel Coupling and Charge Conservation

In Secs. IV 8—IV D we obtained a set of expressions
which are fully gauge-invariant except for their re-
spective charge (electric monopole) terms. The charge
terms may be collected into two tern;s linear in the
coefiicients gi and gi ..

ieg» -»8&

Q" (2q —k)» 2P "(2Pf—k)"
X X&— — + 2Mr, ~+@,~

t —m' n —M'-'

where
0K, =|'„*(qX,)u(pfkf)I, " u(P;X;)e„(kX ), (43) 2pf" (2p, +k)»

+(2M» *+a,"),(5o)
s —M"-

I,""= ieg„» „[gy(—2Pf+q)-'+pip")
X[(P;+0+M)/(s —M'))[S&"(2P;+k) +S."q») (44)

=[—ieg„,—,/(s —M')]
X{gP,"2[(2M)(2p;+k)»+ (2p;+k)»k]p,
+$2»"[(2M) (2p;+k)»y"+ (2P;+k)»y" k]
+pic, "2[(2P;+k)»+ (ky» k»)]Pf"—

+g,w, "[(2p;+k)»y"+v"(ky» —k»)]) . (45)

Since 2k p;=s—M', pole-free terms of the first type
may be labeled I,~"& and added to the magnetic dipole
terms linear in F~"———F~", giving the form

I," +I„"=L ieg„» »/(s ,M')]— -—
X {g&&i»2[(2M)(2p;+k)»+ (2p;+k)»k
—(s M') y»]pf"+g,S,"[—(2M) (2P;+k)»q"

+ (2P;+k)»y" k—(s—M') 3 "y»)

+g,S,"2[(2p;+k)»+ (ky» k»)) p,"—
+gP2"[(2P;+k)»q"+3'"(ky» —k»))) . (46)

D2' = ieg„, „g. —-
q" (2q-k)»

(X
t —ns'

v" (2Pf k)"—
+ (2M»»+F2")—

u —M'

q" (2p;+k)
+(2M» "+$2")— —. (51)

s —M'-'

The assumed constancy of gi and g., discussed
earlier, is necessary for the extraction of the g's as
common factors. We use expressions in Eqs. (22) a,nd
(23) to replace the 5-factor combinations occurring in
the expressions (50) and (51) with the electric charge
terms,

Fg "——2M$g& "+$,& ". (52)

J g"—Fg"—BC' ——0, (53)

If we apply the gauge-invariance condition k„D..""=0 to
Eq. (51), we obtain the relation
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D& ""=D&""—feg„~ „g&P-g"". (54)

The value for 6 found by performing the contraction
D,"~k„=0 is

which is the statement that charge must be conserved
in the reaction.

If we represent 3C& in D&"" by Eq. (53) and impose
the gauge-invariance condition Di"I'k„=O, we find that
it is necessary to include a pole-free term of second type,
having the form g&8g"& where 8 is to be determined.
This addition yields the gauge-invariant replacement
for Di'f',

40

30

(0

20

y+n p +p
0 V E Model

Quark Model Moments

(p, =.93, Q'=0)

&= —(I'i"+Fi") (55)

F. Minimal Gauge-Invariant OVE Model

It is easily seen from the results of Sec. IV E that the
simplest gauge-invariant extension of the OVE diagram
includes Eq. (42) and those parts of Eqs. (51) and (54)
absent from Eq. (42). This combination is then defined
as the minimal gauge-invariant OVE model.

V. CALCULATIONS AND CHOICE
OF PARAMETERS

A. Method of Calculation

The minimal gauge-invariant OVE model has been
used to calculate unpolarized differential cross sections
in the energy region between E,„~,b=1.08 (threshold)
and 3.0 GeV for which the dominance of OVE is most
likely expected to occur. In performing the calculations
we fix the XpX vertex by setting f,'/4+=2. 4 and con-
sider the consequences of varying the magnitudes of the
electromagnetic moments of the p meson, p, and Q, .
The trace calculations have been carried out by several
independent methods. The first technique used was a

IO
3.0 GeV

0
-I 0

cos e

Fio. 5. Differential cross sections do/dO in the c.m. system for
p++ ~ p +p for J-'~l,b=1.5—3.0 GeV. The electromagnetic mo-
ments of the p are derived from a simple S-wave quark model
(&,=0.93, q, '=0).

B. Choices of Parameters

Ke have considered three combinations of the mo-
ments p, and Q, '.

1. A'lectric Charge Coup/ing

brute-force Fortran-IV method developed by the author,
and described in the dissertation. ' More recently the
trace calculations have been performed with a special
short program for Dirac-matrix algebra devised by
Campbell. " Certain special cases have been checked
by hand.

40
y+n p +p

el

First, we consider the case in which the coupling is
entirely that of the electric charge (p, =0, Q, '=0). This
combination has no particular theoretical justification,
but serves as a reference for comparison with the finite
p, and Q,

' calculations. The results are shown in Fig. 4.

I

Cl

bjC

l.5 GeV

0
-I

I I I

0
cos e,

Fxo. 4. Differential cross sections do./dO in the c.m. system for
&+a ~ p +p for J'"»,b= 1.5—3.0 GeV. Only the electric moment
coupling of the p is considered (pp=0, Q, '=0).

Z. Magnetic Moment Coup/ing

Second, we consider the case in which we have a
finite magnetic dipole moment, but no electric quadru-
pole moment. It is interesting that three independent
approaches undertaken to obtain a reasonable value for
p, yield almost identical predictions. If we assume that
the magnetic moment of the p meson has the value of
its natural magnetic moment (i.e. , p, '"' "'"'=0), we
obtain p, = 1.

If we use a simple 5-wave quark model in the spirit of
Dalitz, "we obtain p, =

~
3p"

~

=0.93 and Q, '= 0.
"J.A. Campbell, J. Comput. Phys. 2, 412 (1968).' R. H. Dalitz, in High I'ne~gy Physics, edited by C. Dewit t and

M. Jacob (Gordon and Breach, Science Publishers, Inc. , Xew
York, 1965), p. 253.
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If we consider the p meson, in the spirit of Fermi
and Yang, 'z as an 5-wave bound state (or resonance)
of a pn pair, we obtain

zz, = ~tz"—tz"
i
=0.88 and Q,'=0.

The results of the calculation for the parameters pre-
dicted by the quark model are shown in Fig. i™. 30

7«p+p
OY E Model

Quar k Model
plus

Quadrupole Moments

(p, =.93, Q'=. l9mb)
P

3. Magnetic Moment Plus Ftectric Quadrupole Coupling

Last, we consider the e6ect of adding a finite electric
quadrupole moment to the magnetic moment considered
above. We have obtained a reasonable value for Q,

'
by

considering the case in which the geometry of the charge
distribution of the p

—meson is assumed to be equivalent
to that of the deuteron, but the p-meson radius is equal
to that of the nucleon, giving

ziz

J3

bic.'Z0

3.0 GcV

40

30

I

'IQ ao

3.0 GeV

yon p +p
OYE Model

Quark Model
plus

Quadrupole Moments

(ttz =.93, Q
' = .37mb)

(56)

The value for the p -meson quadrupole moment sug-
gested by this simple model using the experimental
values'4 r„=0.77 F, re=2.11 F, and Qd'=2. 74 mb, is
Qp'=0. 37 mb.

The results of the calculation obtained assuming the
combination of parameters (tz„=0.93, Q, '=0.37 mb)
are shomn in Fig. 6. It is coincidental that the inter-
ference arising from this value of the quadrupole
moment causes a near cancellation of the cross section
in the forward direction. In order to exhibit a more
typical example of the effect of a 6nite quadrupole
moment on the cross section, we have also presented in

0 I I I I I

-l 0 I

cos e,
FiG. 7. Differential cross sections der/do in the c.m. systems for

y++ ~ p +p for E~&,ts=1.5—3.0 GeV. The electromagnetic mo-
ments of the p are derived from a simple quark model plus one-
half the quadrupole moment which might be expected for a p
meson saith the charge distribution of a deuteron and the radius
of a proton (p,,=0.93, Q, '=0.19 mb).

Fig. 7 the results of the calculation for the combination
of parameters (tz, =0.93, Q, '=0.18 mb).

VI. DISCUSSION AND CONCLUSIONS

An investigation of the results of the calculations
reveals some interesting consequences of the theory.

(1) The OVE model predicts for the y+P ~ p +P
process either a nonexistent or less dramatic forward
peak, but a larger total cross section $o r =f (do/dQ)dQ j
than those which have been found experimentally" for
the process y+p —+ p'+p.

(2) The shape of the unpolarized differential cross
section predicted by the OVE model is quite sensitive
to the values of the electromagnetic moments of the
charged p mesons.

We may conclude that if the experimental data were
found to reveal details characteristic of the OVE mode1,
the y+n —+ p +p process might then be useful in pro-
viding information regarding the magnitudes of the
electromagnetic moments and hence, the structure of
the charged p mesons.

0
-I 0

cos e,

Fro. 6. Differential cross sections deidQ in the c.m. system for
y+n ~ p +p for E~l b=1.5—3.0 GeV. The electromagnetic mo-
ments of the p are derived from a simple quark model plus the
quadrupole moment which might be expected for a p meson
with the charge distribution of a deuteron and the radius of a
proton (ttt, p 0,93 Qp 0,37 mb).

"K.Fermi and C. N. Yang, Phys. Rev. 76, 1739 (1949)."R. Hofstadter, Ann. Rev. Xucl. Sci. 3, 231 (1957); H. G.
Kolsky et Ol. , Phys. Rev. S1, 1061 (1951).
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