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vd—pu~A**n reaction and axial vector N-A coupling
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The reactionvd— .~ A" *n is studied in the region of low? to investigate the effect of deuteron structure
and width of theA resonance on the differential cross section. The results are used to extract the axial vector
N-A couplingCQ from the experimental data on this reaction. The possibility to determine this coupling from
electroweak interaction experiments with high intensity electron accelerators is discussed.
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[. INTRODUCTION We also analyze the experimental results from the ANL ex-
periment of Radeckgt al. [8], which has about three times

The study of electromagnetic and weak couplings in themore events than the experiment of Barethal. [4]. In the
N-A transition amplitude can provide valuable information inelastic reaction, all the experimental analy$4$,8 ex-
about the hadron structure. For example, the electromagnetfdude the region of very lowg?|, i.e.,|q*<0.1 GeV. In
couplings in the magnetic dipolé\(1) and electric quadru- this region, the nuclear corrections due to the deuteron target
pole (E2) transition amplitudes, determined from the experi-have not been calculated. We take into account the effect of
ments on photoproduction and electroproduction of she deuteron structure in the present work. We also study the

resonance, are found to be about 30% larger than those corfiffect of the width ,Of .theA resonance on the 'diff('arential
puted in many theoretical models of hadron strucfdjeTo ¢TSS section, and its influence on the determinatio®f

explain this discrepancy is a challenging task for these modl:'sm_g an energy dep_endeﬁt\{vave width for theA. In the
els. A similar comparison between theoretical and experi-earller a”?'yses of this reacti¢d.5,8, an energy dgpendent_
mental values of the various couplings in the weak transitio pwave width was used. These efects were not included in

amplitude has not been made, even though there exists co 1€ analysis of HHM3], which could influence the determi-

siderable erature o the sudy o wekl ransiion(z]. TAlon S1ES  ESPesal wien 1S o €0 S Lestior ne
However, in a recent paper, Hemr;ert, Holstein, and MUkho-vdH,u‘A“n and the quasielastic reactiord— - pp.
padhyay(HHM) [3], using the lowg~ data from the Argonne . . ) . .
National LaboratoryANL ) experiment of Baristet al. [4] The analysis presented here brings out in detail the various
and the Brookhaven National Laboratai§NL) experiment uncertainties involved in the extraction 6€ from the data,

. . ; 2_
of Kitagaki et al. [5] on the reactionwd— " A**n, have When extrapolated tq“=0.
determined the value of the axial vectdrA coupling Cé_ In Sec. Il, we calculate the effects of deuteron structure
They find that, in the weak sector too, the experimental valu@nd width of theA resonance o%h_e differential cross sec-
of C2 is about 30% larger than the theoretical estimates oblio"S: We determine the value @fs in Sec. lll, where the
tained in most of the quark models. This value is, howeverP0SSibility of extracting it from electron scattering experi-
consistent with the value obtained in a calculation that useJ'€"tS ISI also d|scu?js_ed.h$ect|on IV provides a summary of
the hypothesis of partial conservation of axial current!® results presented in this paper.
(PCAQ), when the experimental value is used for the,
coupling. The underestimation of the electromagnetic and Il. DIFFERENTIAL CROSS SECTION
vyeak couplings in theN—A transitions may be a manife;ta— A. Differential cross section for yp—p~A**
tion of the large violations 0§ U(6) symmetry, while main- o ) ] )
taining the chiral symmetry of the Lagrangian, and needs 1he Weakl\\l/-/%'transmon is described in terms of eight
further investigation. On the experimental side, a better deform factorsC;""(i=3-6), where superscript¢ andA re-
termination of these couplings might become available irfer to the vector and axial vector form factors, respectively.
near future, when the electromagnetic and weak interactiol the standard notatiof9—11], the amplitudeM is written
reactions planned to be studied at high intensity electron ad@S

celerators are performd®,7]. G

In this paper, we undertake the determinatiorCgfusing M= —cosf.l ]« (1)
the data from the BNL experiment of Kitagagt al. [5] on J2 cam
the ratio of the differential cross sections for the inelastic
vd—u~AT"n and the quasielastied— .~ pp reactions.  with
le=U(K") 7ol 1= y5)U(K), )
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where M is the nucleon massy,(p’) and u(p) are the
Rarita Schwinger and Dirac spinors far and nucleon of
momentump’ and p; g=p' —p=k—k’ is the momentum
transfer. The weak form factor@iv(i =3-6) are obtained
using the conserved vector currd@VC) hypothesis, which
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d?a 1 M 1
= — G?cos Ol ,p3*F
dg?dk’® 12872 M’ (s—M?)?
I'(w)
X "2 2 ’ (8)
(W—M")2+T?(W)/4
with
Laﬁzkak,ﬁ_Fk;kﬂ_gaﬁkk’+i6aﬁ,y§kyk’5 (9)
and
3,.5=33313,, (10

where the summation is performed over the hadronic spins,
using a spin 3/2 projection operatBr,, given by

requiresCy =0 and relates the remaining three form factors

to the various amplitudes in the photoproduction and electro-
production of theA resonance. From the experimental data

p/_"_MI
2M’

_2pup,
3 M/Z

% g/.w

on these processes, the following values of the vector form

factors are obtained, which are used in the analysis of the

neutrino scattering experimer,5,8,11:

M
cY=0, C){:—WCV, (4)
with
Vi) 2.05 -
(@)= 1=q7054 Gev)Z:

1p.y,-p! 1
PR ) a

3 M _§7M7V .

In Eq. (8), s=(p+k)?, Wis theA invariant masaV?=p’'?
andI'(W) its decay width given by13]

M’ Gem(W)

F: _—l
"W ogd (M)

(12

with I'p=120 MeV [14] and g, (W) the modulus of the

Here M’ is the mass ofA resonance. The weak axial form pion momentum in the rest frame ofAawith invariant mass
factorsC/(i=3-5) are determined by fitting the available W: k'" is the muon energy in the laboratory frame.

data on the differential cross sectiav/dg? in neutrino
scattering, mainly from the deuteron target, in order to mini-
mize the nuclear corrections. However, these values of the

B. Effect of deuteron structure

form factors are also compatible with the data on neutrin

: : A
scattering from nuclear target$2]. It is to be noted tha€qg

is not determined from these experiments as it is proportion
to the lepton mass, which is neglected in these analyses. 2o 1

Instead, this form factor is determined in termsGif using

the hypothesis of PCAC. The values of the axial form factorsda?dk’®  1287% M'(s—Mj)?

When the reaction takes place in deuteron, igKk)

0+d(p)—>,u‘(k’)+A++(p1)+n(pé), the differential cross
aﬁection in the impulse approximation is calculated to be

Mg

G?cog L,z

most often used in the analysis of the neutrino experiments

are[4-6,8,10-12

a; 2 2\ 72
C{\:3’4’5(q2):C{A(0) 1= b; —qqu - hj—i) ©

and

2
Cé\(qz) = Cé‘mz—_qz, (7)
with C5(0)=0, C4(0)=-0.3, CE(0)=1.2, a,=as
=-1.21,b,=bs=2 Ge\?, andM, is treated as a free pa-
rameter. For our present purpose, we tdkg=1.28 GeV
[5]. Using the matrix element of Eg&l)—(3), the differential
cross section is written as

y f dp; (W)
(2m)%p5% (W—M")2+T%(

2 ’
W)/4¢ (Ipal),
13

where My is the deuteron mass angl(|p;|) is the Fourier
transform of the deuteron radial wave function. This expres-
sion is derived assuming the neutron to be spectator, and
neglecting meson exchange currents and final state interac-
tions. The contribution of these effects on the differential
cross sectiolo/dg? has been studied earlier for the case of
the guasielastic reactiorl5] and found to be small in the
kinematical region considered here. Using EtB), we cal-
culate the differential cross section for the reactiod

—u AT'n for various deuteron wave functions corre-
sponding to Hultherj16], Paris[17], and Bonn[18] poten-
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FIG. 1. Differential cross section for weak charged current neu- FIG. 2. Ratio ofA production and quasielastic reactions differ-
trino production ofA on deuteron. In the short-dashed line, deu- ential cross sections witfsolid line) and without(dashed lingdeu-
teron effects are neglected while dotted, long-dashed, and solitron effects.
lines include these effect using Hulthen, Bonn and Paris deuteron
wave functions, respectively. tion is taken from Singh and Arenhoevid5] for the case

where meson exchange currents and final state interaction
tials, and compare them with the differential cross sectioreffects are neglected, in order to be consistent with our
results for the free case, calculated from ER). present calculation for the inelastic reaction. In Fig. 2, we

The results fodo/dg? as a function 0Q*= —g? for the  showR(Q?) for the range of lowQ?, where deuteron effects
incident neutrino energi,=1.6 GeV are shown in Fig. 1. are known to be important in the case of quasielastic reac-
We see that the deuteron effects are small, not exceeding 8¢#ons. We also show in this figure the ratio for the equivalent
even at lowQ?, i.e., Q°<0.1 Ge\?. This is the region reactions on the free nucleon, given by
where they give a large reduction in the quasielastic reaction
vd— u~ pp [15]. The different behavior of deuteron effects (do/dg®)(vp—u ATT)
in these two reactions is due to the nature of the vector cur- Ro(Q?)= > — (15
rent contribution. In the inelastic reaction, the vector contri- (da/dg®)(vn—pu~p)

bution vanishes for proton as well as for deuteron targets in o )
the limit of Q2—~0, and the only contribution is from the such a ratio is not directly measurable because of the absence

axial vector piece, which is only slightly affected by the Of neutron targets. We see tth(ZQz) remains approxi-
deuteron structure. On the other hand, in the quasielastic rétately constant for the range @ considered here. For
action, while both vector and axial vector currents contribute/alues 0fQ*<0.05 GeV, the ratio increases; this is mainly
for the nucleon case, the vector contribution is completelydue to the decrease in the cross sections of the quasielastic
suppressed in the deuteron. The only contribution left in thé€action. In the region of 0.65Q°<0.10 GeV, the com-
case of deuteron is from the axial vector current with anParison betweerR and R, shows that deuteron effects are
effective strength, which is strongly reduced due to symme&/ways less than 7% according to our calculation. @&

try considerations of the two nucleons in the final sfal. ~ =0.1 GeV?, the region measured experimentaliR(Q?)

In the range 0f)2>0.1 Ge\? the deuteron effects are found ~Ro(Q?); this implies that one can treat the dataR¢{Q?)

to be quite small on the differential cross sectibndg? for ~ for Q°=0.1 GeV obtained in Ref[5], as if they were data
the inelastic reaction. The situation is then similar to the cas@N Ro(Q?). This fact will be used in Sec. il A to extract the
of quasielastic reactiofl5], where the deuteron effects are couplingC4(0).

almost negligible in this region. In the region of very lowQ?, the nonzero muon mass may
We compare the deuteron structure effects in both readdlay a role. In order to see its effect, we have evaluated the
tions by computing the rati®(Q?) defined as differential cross sectiodo/dqg? from Eq.(13), keeping the
muon mass term and the induced pseudoscalar form factor
R(0%) = (do/dg?)(vd—pu A" ") (14) C%(Q?), determined from the PCAC condition and given by

Eqg. (7). We show our results in Fig. 3 for the case of Paris
wave function. The effect of the nonzero muon mass is im-
and plotting it as a function aD?. In calculatingR(Q?), we  portant in the region of very lov@? and is to be noticed in a
use the deuteron wave function obtained from Paris poterfast decrease of the differential cross sectio@3slecreases
tial. The differential cross sections for the quasielastic reacand reaches a valu@?z,,, below which the reaction is kine-

(da/dqz)(vde,u,_pp)
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FIG. 3. Effect of the muon mass on the differential cross section |G, 4. Effect ofA width in R(Q?): the solid line corresponds

for the »d—u~A™"n reaction. In the upper line muon mass is g 5 p-wave width, the dash-dotted line to &wave width, and the

neglected while it is considered in the lower one. Both curves inashed line to the case of zero width resonance. Deuteron effects
clude deuteron effects using the Paris parametrization of deuterofaye been neglected in all curves.

wave function.

and narrow resonance limit, i.d.—0, in which the differ-

matically not allowed. In fact, in an earlier analysis of the™ L . .
ential cross section is analytically given by

Brookhaven experimemfi9], this trend is clearly visiblésee

Fig. 11 of Ref.[19]) but, as no cross sections are quoted in

this experiment, a direct comparison with our present theo- do 1 1 ) oB

retical results cannot be made. d_qz: Y me COS’ fclL o5, (17)
Finally, to conclude this section on the effect of deuteron

structure in the reactiomd— x~A*"n, we would like to _ _ _ _

elaborate and extend the comments made by Kitagai. ~ Obtained from Eq(8) by integrating ovek’® after taking the

[5] about these effects and state thatEat=1.6 GeV: (i) limit I';—0.

The effects of deuteron structure are small for@f, even In Fig. 4, we present the results &(Q?) with free

for Q2<0.1 Ge\?, not exceeding 10%(i) there is an ad- nucleon target for the three cases discussed above. We see

ditional reduction in the cross sections in the regionQsf here that the inclusion of the width gives a considerable re-

~0.05 GeV due to the nonzero muon mass, which is aboutduction of the cross section, but the detailed form of its en-
5%, and could be larger a@? decreases further. ergy dependence is not very important when an invariant
mass ofW=W,,=1.4 GeV is used. We have also found

that the uncertainties in the width at the resonance energy of

. _ _ about 16-15 MeV [14] do not lead to any substantial
The analysis of Schreiner and von Hipddll] uses an change in the cross section.

Swave width for theA resonance, which has also been used

in the ANL and BNL experiment§4,5,8). The recent paper

of HHM [3], dealing with theN-A couplings and the extrac- IIl. AXIAL VECTOR  N-A COUPLING
tion of C’Q, uses an expression for the differential cross sec- A. Neutrino scattering experiments
tion atQ?=0, which neglects the width of th& resonance. . , ,
In this situation, it seems worthwhile to examine the effect of _ N this section, we evaluate the value@} using the data

the width of theA resonance. Therefore, we study the sen-Of Kitagaki et al [S] on R(Q?), and use it later to describe
sitivity of the differential cross section for the process the data of Radeckst al. [8] for the differential cross section

2 imit 02 i i
—u~A** to the width of theA resonance and its energy da/dg”. In the limit Q“— 0, the cross sections for the quasi-

dependence. In order to do this, we evaluate the differentizflas’[iC and inelastic reactions, required to evaliRy) are

cross section given in Eq8) with P-wave A resonance 20,21
width given in Eq.(12), SwaveA resonance width given by

do 1
11 2_A\—(F2 2 2
[11] dqz(q =0)=(FA+FJ)5-G cog 6, (18)

Ae.m(W)
—_— 1
° qc.m.(M ,) , ( 6) and

C. Effect of the width of A resonance

r=r
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TABLE I. The numerical values of axidl-A coupling Cg‘ in various quark model and empirical ap-
proaches. The earlier, prior to 1973, evaluations of these couplings in these approaches have been summa-
rized by Schreiner and von HippEl1] and Llewellyn Smith[9].

Cs

Quark model approaches 0.943,24), 0.83[25], 1.17[2], 1.06[26], 0.87[3]

Empirical approaches 1.#90.23[4], 1.39+0.14[3], 1.1+0.2[31], 1.22+0.06*

3Present result.
do 1 prediction of PCAC, which give€£=1.15+0.01, when the
—(9?=0)=[C2(0)]? G2co¢ 6, experimental value ofj,y,=28.6+0.3[2,3] is used. It is
dg? 24772 . .

aq a expected that the various extensions of the quark models

currently proposed to explain the quadrupole momen pf

N2 (e 12\2
XVS(M+M")*(s—M'?) and theE2/M 1 ratio in the photoproduction and electropro-

(s—M?)M '3 duction of theA resonance will be applied to the problem of
explainingcg\ and othemN-A couplings in these models.
% fkr/noaxdkfo (W) (19 Using our value ofC%, at Q>=0, its Q% behavior and
Kio, (W=M")2+T3(W)/4’ other form factors as given in Eqe)—(7), we calculate the
flux averaged differential cross section for the neutrino en-
respectivelyk/ 2, andk,2., are given by ergy spectrum of the Argonne experiment of Radeekl.

[8] and show this in Fig. 5. We see that the inclusion of
s—W2, s—(M+m,)? deuteron and mass effects lead to a better description of the
k;o,=ma 0], kQ=———"— (20 data. It is to be emphasized that a small reduction in the
2ys 2.s differential cross section due to these effects is quite impor-
. . tant in bringing out a good agreement with the experimental
This result depends only on the coupling consﬁﬁ(O). In ging g d P

) ) 5 , data, especially in the low? region.
an expansion oR; in powers ofQ-, the first term that de-
pends on the axial mass and other couplings is the one pro-
portional toQ?. Thus, data at low enoug®? would allow a
model independent extraction @£(0). The experimental It is possible to get information about the axial vector
data of Ref[5] begin at quite lowQ? (Q?>~0.1 GeV¥). In  coupling CEt from the observation of the parity violating
the region where the first points lie, we obtain an approxi-
mately constant value fdRo(Q?) with the choice of param- L L e B B B B B B B B B
eters given in Eqs(4)—(7), as can be seen in Fig. 2; this
behavior remains the same for moderate changes of the forr RN
factors. For this reason, we can use a constant value to ex N v+ d->A"+u +n
trapolate theR, data toQ?=0.

Equating the ratio of these two cross sections given in
Egs. (18) and (19), i.e., Ry(Q?=0) to the extrapolated ex- *®
perimental value of 0.550.05[22], obtained as an average
of the data orR(Q?) for R(Q?)=0.1 Ge\? [5] (that is, in
the region where we know th&~R;). We obtain

B. Electron scattering experiments

o
(=]
T~

05 £ E, £ 6.0 GeV

/GeV)

cm

« Radecky et al. (1982)

o
o

-38

CE=1.22+0.06. (21)

0'/dq2> Arg. spect. (10
o
-

Equation(19) could also be used to extra@é(O) from data
on the vp—u~A** reaction. However, the uncertainties, =
both statistical and related to the neutrino flux, in the existing

data do not allow for a better determination of the coupling

constants. The quoted error comes exclusively from experi- i
ment. It does not include an estimation of the theoretical ol v vy
uncertainties implicit in our approximations, such as the ne- 0 0.2 0.4 0.8 0.8 1
glect of meson exchange currents and final state interactions,

that were discussed in Sec. Il A. FIG. 5. Differential cross section for weak charged current neu-

In Tqble l, we compare the values of t_h's cqupllng CON-tring production ofA on deuteron, averaged over the spectrum of
stant with the theoretical values obtained in various modelsy experiment, compared to the experimental results given in

With the exception of the quark model treatment of Bttal.  Ref. [8]. The solid curve includes both nonzero muon mass and
[2], all the quark models underestimate the valuEpfvhen  deuteron effects. The upper dashed curve neglects muon mass and
compared to the central values quoted from experimentadeuteron effects. The lower dashed curve neglects only deuteron
analyses. On the other hand, it is in good agreement with theffects.

(
S




PRC 59 vd—u~ AT n REACTION AND AXIAL VECTOR N-A COUPLING 3391

asymmetry in the polarized electron scattering experimentground was found to be around 1%, whereas for other iso-
performed in theA region. The feasibility of doing such spin channels, it was found to be considerably lafg&i.
experiments was discussed in past by many auffis but

it seems now possible to do these experiments at the high

intensity electron acceleratdi8,7,28. In the neutral current ~ C. Pion photoproduction and electroproduction experiments

reactione” +p—e +A™ with polarized electron the asym- |t is well known that in the threshold region of photopion
metry A(Q?) is defined as and electropion production from the nucleon, the matrix el-
ement of these processes in the soft pion limit is related with
,. (do/d@?)(+1)—(daldg?)(—1) the nucleonic matrix element of the axial vector current us-
A(Q9)= > 5 , (22 ing the methods of current algebra and the PCAC. This re-
(do/dg)(+1)+(dodg”)(—1) lation has been exploited to obtain information about the

axial vector form factor of the nucledB0]. In a similar way,
threshold pion production in the processes+p—e~
+A*+ 7% andy+p—A*tT -+ is related, in the soft pion
limit, with the N-A transition matrix element of the axial
vector current. The axial vector transition form factors can,
in principle, be determined from these processes in the limit
(1—2 sir? 6y) + (1—4 sir? 6yy) of soft pions. Such attempts have been made in past and they

where do(\)/dg? is the differential cross section for an
electron with helicity\. It has been calculated to 28]

G
A(Q%)= Q|

2\2ma yield CA=1.1+0.2[31].
However, in this case, the treatment of higher resonances
/5* M2+ Q?—M? C4A ) and their effective couplings used for evaluating the matrix
X—| 1+ T oMz CA P(Q%s) elements of the time ordered product of the vector and axial
3 5 vector current operators occurring in the LSZ reduction in-
I volve many approximations, which need further justification.
+ nonresonant contribution, (23

Recently, there has been some progress in calculating the
contribution of higher resonances to the production of two
pions in the photoproduction and electroproduction pro-
kinematical factor. cesses using effeqtive Lagrangiei_ﬁﬁ]. It shou_ld be possible

to isolate the dominant contributions from higher order reso-

In principle, one can determine the valqe@ﬁlce, f_rom . nances, which are relevant for ther production in the soft
the asymmetry measurements by selecting the kinematics

- - ion limit. This will help to reduce the theoretical uncertain-
where nonresonant contributions are negligible. However, & . S
. . les in the application of the methods of PCAC and current
we see from Eq(23), the hadronic axial vector current con- X
o e N - algebra to the processes wher& aesonance is produced. In
tribution containing C5 is multiplied by a factor (1

. ) o . addition, when dealing with th& resonance, its width has to
—4sir? fy), Wh'ZCh reQuces the sensitivity (_)f thlsAterm to the be properly taken into account as remarked by Baertl.
asymmetryA(Q<). This makes the extraction &z from a

. i [31], and also shown by us in the weak charged current pro-
measurement of the asymmetry very difficult. Even n theguction of theA resonance. The analysis of Bagtial. [31]
favorable kinematical region of 0S9E.<1 GeV andQ uses the older data which suffers from poor statistics. When
<1.0 GeV, this term contributes only (3020) %, as M- he results of a recent experiment proposed at TIN28]
phasized by Mukhopadhyagzt al. [28]. This requires VEY become available in the near future, it will be possible to get
precise measurements A{Q”) for a determination oC5  recise information about the axial vector coupliag and
from parity violating asymmetry measurements. its momentum dependence.

There is also a possibility of observing the charged cur-
rent reactione” +p—A%+ v with unpolarized electrons
through the detection of the protons and pions from the de-
cay of theA resonanc¢29]. At the incident electron energy
of 4 GeV, the differential cross sectiar/dg? in the for- We have calculated the effect of deuteron structure and
ward direction near Q=0 is estimated to be 2 width of theA resonance in the differential cross section for
x 103 cm?/GeV2. For an incident intensity of about 2 the reactionvd— A" *n and found that these effects are
x10*® cmP/sec[28] andQ? bin of 0.05 GeV, one would  small, but important in order to explain the experimental
expect 72 events per hour for the productiom\8f assuming  results at lowg?, where they were initially expected to be
100% efficiency of the detector. One third of thess will important. Furthermore, in the region of very loy#, the
produce negatively charged pions and protons, which can beauon mass, which is usually neglected in the calculations,
easily observed. Since in the region@f~0, C£ gives the  also reduces the cross section.
dominant contribution, its determination from the weak The effect of the width of the\ resonance on the cross
charged current experiment af production seems feasible. section is important and plays a crucial role in bringing out
Note, however, that in the analysis of this process, a theoregood agreement with the experimental data. The detailed
ical study of the nonresonant background is required to exshape and 10—15 % uncertainty in the width of the resonance
tract the resonant contribution from the data, which woulddoes not affect the cross sections very much.
lead to further uncertainties. In the case discussed in Sec. The axial vectoN-A coupling CQ is extracted from the
A (A** production in deuterium the nonresonant back- BNL data onvd— u~A* *n, incorporating the effect of the

wherea is the fine structure constant aR{Q?,s) a purely

IV. SUMMARY AND OUTLOOK
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