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Photoproduction of jets at DESY HERA in next-to-leading order QCD
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A new next-to-leading order Monte Carlo program for the calculation of jet cross sections in photoproduc-
tion is described. The contributions from both resolved and direct components are includl(dmé).
Properties of the predictions for various inclusive jet and dijet observables are discussed and comparisons with
DESY HERA data are presentd$0556-282(97)01719-0

PACS numbgs): 12.38.Bx, 13.60.Hb, 14.70.Bh

I. INTRODUCTION logarithm accuracy have begun to appget—13 in a fully
differential form.

Electromagnetic interactions have long been used to study The purpose of this work is to present a discussion of a
both hadronic structure and strong interaction dynamics. Excalculation which is based on the phase space slicing method
amples include deep inelastic lepton-nucleon scattering, hadising two cutoffd14]. Both the direct and resolved compo-
ronic production of lepton pairs, the production of photonsnents are included to next-to-leading-logarithm accuracy.
with large transverse momenta, and various photoproductiohn€ result is fully differential and implemented in a Monte
processes involving the scattering of real or very low mas&aro style program which allows the simultaneous histo-

virtual photons from hadrons. In particular, the photoproduc-9ramming of many distributions incorporating experimental

tion of jets with large transverse momenta is calculable incuts. It represents an improvement of earlier results which

s ; : luded the direct component only at next-to-leading order
QCD and offers additional complementary information to!NC : .
that obtained from the study of the hadroproduction of jet (NLO) [3] and an elaboration of the very brief resuits for

[1]. In the photoproduction case there are contributionzoOth components already presentdd]. Details of the cal-

here the photon’ tribut tirelv to the h OIculational method are presented as well as comparisons with
where the photon's energy contributes entirely 1o th€ harthe .ont gata. Some comments on various unsettled issues that
scattering subprocess; these are often referred to collective

. o X rise when comparing with dijet cross sections are also
as the direct component. In addition, a real photon can 'ntergiven

ac_t via its hadronic substructure. T_hese con_trib_utions COM-' The remainder of the paper is as follows. The phase space
prise the resolved component, a review of which is containedjicing method is reviewed in Sec. Il. Numerical results are
in Ref.[2]. Therefore, the photoproduction of jets allows onecompared with H1 and ZEUS data and related physics issues
to investigate new production mechanisms, probe the hadyre discussed in Sec. Ill, while the conclusions are given in
ronic substructure of the photon, and study the conventionagec. IV.
hadronic jet production mechanisms which these processes
have in common with the hadroproduction case. Il. METHOD

Two basic approaches are commonly employed for gen-
erating predictions for hard-scattering processes. On the one In this section we describe the calculation of QCD correc-
hand, it is possible to perform calculations for a specifictions to two-jet production in electron-proton scattering us-
observable in which the integrals over the subprocess varind the phase space slicing method. Before discussing the
ables are done analytically, leaving only the convolutionsQCD corrections, it is necessary to recount the connection
with the parton distributions to be done numerically. On thePetween electron-proton and photon-proton scattering. For
other hand, if the subprocess integrations and the parton digmall photon virtualitiesQ® the two are related using the
tribution convolutions are done using Monte Carlo tech-Weizsaker-Williams approximatior{15] wherein one as-
niques, it is possible to generate predictions for a variety opumes that the incoming electron beam is equivalent to a
different observables simultaneously. This latter approach igroadband photon beam. The cross section for electron-
sometimes referred to as a fully differential Monte CarloProton scattering is then given as a convolution of the photon
calculation. Several groups have performed next—to—leading'St”bUt'O” in an electron and the photon-proton cross sec-
order calculations of jet photoproduction in varying degreed!on
of generality using one or the other of these two approaches. y

1 1 max

In [3-5] sutz)processes wh|ch involved the photon were kept dU(e%em=f dyF e(y)do(yp—X). (2.1)
up toO(aag). Thus, the direct component was calculated to Yimin
next-to-leading-logarithm accuracy while the resolved com-
ponent was calculated in the leading-logarithm approximaThe integration limits and the maximum photon virtuality
tion. The resolved component was calculated to next-toQ3,, are determined from th@ntitagging conditions of the
leading-logarithm accuracy if6—9] for single inclusive experiment. The energy of the photon is related to the energy
production. For a review s¢d0]. Recently, both direct and of the incident electron b, =yE,. We used the improved
resolved contributions calculated to next-to-leading-photon distribution in an electrdri6] given by the formula
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e[ 1+(1-y)2  Q2.(1-Y) The remaining initial state collinear singularities are factor-
Foe(y)= P n - ized and absorbed into the parton distributions. The integra-
y oY tions over the singularity-free portion of the three-body
, [ 1 1-y phase spacklC are performed using standard Monte Carlo
+2meY[—2—— - yzH, (2.2 techniques. When all of the contributions are combined at
max e

the histogramming stage the cutoff dependences cancel, pro-

wherem, is the electron mass and,, is the electromagnetic vided one looks at a suitably defined infrared-safe observ-

coupling. Within this approximation, QCD corrections to able. An example will be given below.

electron-proton scattering correspond to QCD corrections to The matrix elements squared for all two-to-two and two-

photon-proton scattering to which we now turn. to-three parton-parton scattering subprocesses through
In this version of the phase space slicing metfibél two  O(«a?) are from the paper of Ellis and Sextfiti7], and those

small cutoffsés and 5. are used to delineate regions of phasefor the photon-parton scattering subprocesses through

space where soft and collinear singularities occur. Let th@(aag) are from the paper of Aurenctet al. [18].

four vectors of the three—quy subprocesses be. Iabgled In order to compare with experimental data, a suitable jet

+P2—P3tpatps, and define the Mandelstam invariants yefinition must be chosen. For this study, the algorithm of

Sij=(pi+p)” and tj;=(p;—p;)~. Consider, for example, ;. ot 4. [19] has been used, supplemented withR,

the y(p1)9(p2) —a(p3)d(p4)g(ps) subprocess whose ma- constrain{20] as follows. Letx; (7;) be the pseudorapidity

trix element becomes singular as the en of the final . N
state gluon becomes sof%. Define the se(;Ef%yregﬁarby o 2and¢; (¢;) be the azimuthal angle of parter(j) and then

<Es< 853142 and the complementary hard regieh by define
Se\/s12<Es<\/s1J/2, both in thep;+p, rest frame. The Ri=[(m— 72+ (i — )22 2.5
two-to-three-body contribution to the cross section is then : ! !
decomposed as Partonsi andj are merged if
1 j 1 Er+E
o=-— |M|2dF3=—J|M|2dT3 i TR
25, 251, Js Rjj=<min —ma)(ETivETj) R,Rsep| - (2.6)
1
+ o j |M|2dT 3, (2.3 Note thatRs;= 2R corresponds to having rise, constraint.
12 JH

The four-vector recombination is of the type

where |[M|? is the three-body squared matrix element and
dI'; is the three-body phase space. Witl8none setsps

=0 everywhereexcept in the denominators of the matrix
elements and then analytically integrates over the unob-
served degrees of freedom nspace-time dimensions. The ; i i i
result, pro%ortional to the Ieadi%g order cross section, con- ¢'=($'Er+ $'ED)/ET. 2.7
tains double and single polesimn-4, and double and single
logarithms in the soft cutof;. Terms of orderss are ne-
glected. Next, the collinear regions of phase space are de-

Eft=EL+EL,

7= (7' Er+ ED/EF,

Other types of jet algorithms may also be used.

fined to be those where any invariaf®; or t;;) becomes lll. RESULTS

smaller in magnitude tha@d.s;,. The hard region is then A. General properties

;Jei‘lcomposed into colline&, and noncollineal, regions as Using the results of the method described in the previous

oflows: section we have constructed a program to calculate jet pho-
1 toproduction cross sections. The program uses Monte Carlo

Zi f |M|2d1“3=2— f |M|2dT"4 integration so it is possible to implement experimental cuts,
S12 JH S12 JHC provided that they are defined in terms of partonic variables.
1 The CTEQ4[21] proton parton distribution set was used
+oen _|M|2dI'y. (2.4  throughout, in conjunction with either the @krReya-Vogt
12 JHC (GRV) [22] or Gordon-StorrowGS) [23] photon set. Unless
Within HC one retains only the leading pole of the vanishingOthe"W'Se noted, the GRV set was used. The calculation was

invariant in the squared matrix elements. Exact collinear kiperformed in the modified minimal subtractiob$) factor-
nematics are used to define the integration domaikl ©f ization scheme. Therefore, the correspondng distribu-
which is valid so long a$i.< .. The integrations over the tion sets were used when working at next-to-leading order
unobserved degrees of freedom are then performed analytiNLO). For leading ordefLO) results, the appropriate LO
cally in n space-time dimensions giving a factorized resultsets were used. Similarly, the two-loop version of the strong
where single poles im—4, and single logarithms in both couplingas was used with matching across quark thresholds
cutoffs &, and 8,, multiply splitting functions and lower- for the NLO results, and at LO the one-loop value was used.
order squared matrix elements. Terms of ordeand5; are ~ The value ofA°“P was taken from the proton parton distri-
neglected. The soft and final state hard collinear singularitiepution set.

cancel upon addition of the interference of the leading order For future use we define three sets of beam energy and
diagrams with the renormalized one-loop virtual diagramstagging conditions as follows: 1993 H1 whek,=26.7
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FIG. 1. The single-jet inclusive cross section integrated over 30<G5’~ﬁ/<40 GeV and & 7*'<2. The two-body(negativé and
three-body(positive) contributions together with their sum are shown as a functiod.ofvith .= &s/a for a=100 (dash line and a
=200(solid line). The bottom enlargement shows the sum&er100 (circles anda= 200 (diamond$ relative to+ 5% (dotted ling of the
average of the last four pointsolid line).

GeV, E,=820 GeV, Qﬁqaxzo,m GeVf, and 0.25y<0.7, (diamonds relative to+5% (dotted ling of the actual result
1993 ZEUS whereE,=26.7 GeV, E,=820 GeV, Q2. (solid line). For this particular observable, the result is suffi-
—4 Ge\?, and 0.2y<0.85, and finally 1994 ZEUS where ciently independent of the cutoffs belosig=10"2.
E.=27.5GeV, E,=820 GeV,Q2,,=4 Ge\?, and 0.25y One of the primary reasons for carrying out a NLO cal-
<0.8. culation is that of reducing factorization and renormalization
AS exp|ained above' When Contributions from the two_scale dependence. ThIS iS i”ustrated in F|g2 fOI‘ the Single-
body and three-body pieces are combined to form a suitabligt inclusive cross section as a function Bf' integrated
defined infrared-safe observable the cutoff dependences caver — 1< 7*'<2 for the 1993 H1 conditions witR=1 and
cel. This provides a check on the method and also on itRse;=2. The factorization and renormalization scales have
implementation. As stated in Sec. II, the method requires thadeen set equal ta. The LO(dash ling and NLO(solid line)
5.<5s. Therefore, we takes.=d,/a with a~100 and results are shown for two different scale choiges ET%/2
verify that the result is independent af As an example, the (top) and w=2ET® (botton) where ET* is the maximum
single-jet inclusive cross section integrated over 30 GeMransverse energy associated with the relevent two- or three-
<EF'<40 GeV and &< #®'<2 is shown in Fig. 1 for the body weight. The single-jet inclusive cross section as a func-
1994 ZEUS conditions witlR=1 and Rg,;=2. The two-  tion of 7 integrated oveEf"> 15 GeV is shown in Fig. 3.
body (negative and three-bodypositive contributions to- In both cases, the NLO calculation shows reduced scale de-
gether with their sum are shown as a function&ffor a  pendence relative to the LO result.
=100 (dashed linganda= 200 (solid line). The bottom en- As stated in the Introduction, it is conventional to describe
largement shows the sum far=100 (circles anda=200 jet photoproduction in terms of two components. The direct
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FIG. 2. Scale dependence of the single-jet inclusive cross section as a funcE&hinfegrated over 1< 7®< 2. The LO(dash ling
and NLO(solid line) results are shown for two different scale choices; ET?92 (top) and u=2ET® (bottom).
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FIG. 3. Scale dependence of the single-jet inclusive cross section as a functéhiofegrated oveEjTet> 15 GeV. The LO(dash ling
and NLO(solid line) results are shown for two different scale choiges ET*72 (top) and u=2ET* (bottom).

or pointlike component corresponds to the case where the It is interesting to see how the two components populate
photon participates wholly in the hard-scattering subprocesghase space. To this end, shown in Fig. 4 is the NLO single
whereas the resolved or hadronlike component correspongét inclusive cross section as a function Elft integrated

to a situation where the photon interacts as if it containethyer —1< 5®<2 in three different regions Qx,<1
partons. In the direct component there is, then, no remnantiq), x,>0.75 (dotted, and x,<0.75 (dashegl for the
beam jet and this leads to a simpler event structure than iRg93 7EUS conditions WittR=1, andReeg=2. The cross

the purely hadronic case. The decomposition is, however, age tion dominated by the resolved component has a steeper

artifact of viewing the process from the perspective of lead- o ; ;
ing order QCD. At next-to-leading order, the two compo- E; dependence than that which is dominated by the direct

. > . component. This is due to the extra convolution associated
nents mix and a complete separation is not possible.

Although a strict separation into direct and resolved com—Wlth the photon parton distribution. In other words, only a

ponents is not possible, one can still define kinematic regiongort'on of the photon's energy contributes to the hard scat-
where either component dominates. One such definjggh  €ing for the resolved component. Hence, at |dgevalues
uses theobservednomentum fractiorx,, of the parton com- the direct component dominates. In Fig. 5 the NLO single-jet
ing from the photon which is given by inclusive cross section is shown as a functionzgft inte-
_ . grated overEf"™17 GeV. The direct component dominates
xy=(E’Tet1e‘ ey + E’Tetze‘ Tie) [2E . (3.)  at negative rapidity whereas the resolved component takes
over in the positive direction. In the coordinate system used
HereEt and 5 are those of the two highest transverse energyn the experiments at the DES&p collider HERA, positive
jets. The regiorx,>0.75 corresponds primarily to the direct rapidity corresponds to the direction of the proton beam.

contribution andx,<0.75 to the resolved contribution. Therefore, if the observed jet is in the positive rapidity re-
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FIG. 4. The NLO single-jet inclusive cross section as a functioEjﬂfintegrated over- 1< 7®< 2 in three different regions ax,,
<1 (solid), x,>0.75 (dotted, andx,<0.75 (dashed
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FIG. 5. The NLO single-jet inclusive cross section as a functioni8fintegrated oveEiT"‘t> 17 in three different regions 0x,<1
(solid), x,>0.75 (dotted, andx,,<0.75 (dasheg

gion, this corresponds to largervalues from the proton and photon sets. The agreement is slightly better for the case
smaller ones from the photon. Conversely, if the jet is in thewhere 7®'<1. This is seen more clearly in Fig. 8 which
negative rapidity region, larger photenvalues and smaller shows the single-jet inclusive cross section as a function of
proton x values are favored. Since the contribution domi- 7' for ERSEM" with EM"'=7, 11, and 15 GeV. In the
nated by the direct component has>0.75, it dominates in  proton dlrectlon the theory consistently undershoots the data.
the negative rapidity region, as shown. In Fig. 6 the dijetThe agreement improves &' increases. One possible ex-
cross section is shown as a function of the invariant mass gflanation for the observed discrepency may be the need to
the two highesE jets. Again, the steeper resolved compo-increase the gluonic content of the photon which is poorly
nent dominates over the flatter direct component atNbyy. constrained in thig region. However, it should be noted that
underlying event contributions, which were not removed
from the data set or included in our calculation, may also
provide an explanation.

Having discussed the general properties of the predic- We next switch to 1993 ZEUS conditions and compare to
tions, it is of interest to see how they compare with existingthe published ZEUS dati26] on single-jet inclusive cross
data. The first comparison is to the single-jet inclusive crossections. In Fig. 9 the measured single-jet inclusive cross
sections as measured by Hi25]. The single-jet inclusive section is shown as a function &' along with our NLO
cross section as a function Ef;at along with our NLO result  result (GS photon, solid lines; GRV photon, dashed lines
(GS photon, solid lines; GRV photon, dashed linfs the  with u=ET*, R=1, andRe=2. In this case the agreement
1993 H1 conditions withu=ET®, R=1, andRg=2 is  with the data is somewhat better than that shown in Fig. 7.
shown in Fig. 7. The data and theory have different slopeThis is further illustrated by the comparison with the single-
with the theory falling below the data at lo&?" for both  jet inclusive cross section as a functionsgft, shown in Fig.

B. Comparison to single inclusive data

do/dMy; (nb/GeV)

O SR SN S S S SR S P S S Y S Lt
25 50 75 100 125 150

M;; (GeV)

FIG. 6. Dijet cross section as a function of the invariant mass of the two highgsts decomposed into the regions:®,<1 (solid),
x,>0.75 (dotted, andx,<0.75 (dashegl
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FIG. 7. The single-jet inclusive cross section as a functioEi]E}fas measured by HI25] compared with our NLO resuliGS photon,
solid lines; GRV photon, dashed lines
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FIG. 8. The single-jet inclusive cross section as a functiom/®fas measured by H25] compared with our NLO resuliGS photon,
solid lines; GRV photon, dashed lines
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FIG. 9. The single-jet inclusive cross section as a functioﬁjﬁfas measured by ZEUR6] compared with our NLO resu{GS photon,
solid lines; GRV photon, dashed lines
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FIG. 10. The single-jet inclusive cross section as a functiom8fas measured by ZEUR6] compared with our NLO resulGS
photon, solid lines; GRV photon, dashed lines

10. The trend, although less pronounced, is the same as wittel against logarithms built up by integrating over the unob-
the H1 data. served gluon radiation in the three body contribution. The
requirement that both jets hawg>ET" restricts a portion
C. Comparison to dijet data of this integration and leads to an incomplete cancellation of
Data for several different types of observables involvingth® In & dependence. We have, nevertheless, used this defi-
two large transverse momentum jets have been published. fition for the dijet sample, having found that the cutoff de-
the ZEUS dijet analysis a sample of dijet events is obtained@endence of the results is negligible. However, the problem
by requiring EX',EX2>ET" In principle, this presents a still exists, at least in principle. . _
problem in the following sense. The pair of jets can be ac- Prellmlngry ZEUS d_a;cz{Z?]_ thI’ the dijet cross section
as a function ofp=(7"*1+ 7*2)/2 integrated over 7/*1

companied by additional soft gluons. The singularities asso®
ciated with the soft gluon emission cancel infrared singulari-—

7°2<0.5 are shown in Figs. 11 and 12 fﬁ‘ftl,Eftz

ties coming from one-loop contributions. This cancellation>ET" with ET""=6, 8, 11, and 15 GeV. The solid curves are
has already taken place in the present calculation. That is, theur results for the 1994 ZEUS conditions with €.£<0.8

soft gluons with energies up ty/s;,/2 have already been using the GRV photon set,=ET®/2, andR=1. A value of
integrated out. After the cancellation there are residudIn Rs.=1 was used following28] where it was found that this
terms in the two-body portion of the calculation which can-value used at the parton level most closely corresponds to the
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FIG. 11. Dijet cross section for,>0.75 as a function of; integrated oveER'>EM" for EM"=6,8,11,15 GeV as measured by ZEUS
[27]. The solid curves correspond to requirilﬁﬁtl ,E’Tet2> ET" while the dashed curves correspond to the cuts usgtllas described in

text.
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FIG. 12. Dijet cross section for 0s3x,<0.75 as a function o?integrated oveER™>ET™" for ET'"=6,8,11,15 GeV as measured by
ZEUS [27]. The solid curves correspond to requiriEﬁ‘%E‘ft2> ET" while the dashed curves correspond to the cuts usdddp as
described in text.

KTCLUS algorithm used to define the jets. No systema_ltiq CUt-—|C050*|)*2 angular dependence. This property is preserved
off dependence was observed for these results, within thgt NLO as demonstrated by the solid lines in Fig. 13 where
limitations of the Monte Carlo errors. The solid curves dis-the dijet angular distributiordo/d|cos#*| is shown as a
play the same trend that was observed in the single inclusivg,nction of |cos#*| in the regionsx,>0.75 (left) and x

Y ) Y

plots discussed previously insofar as the direct compone@0_75(right) for the 1994 ZEUS conditions witR=1, and
comes closer to the data than does the resolved, the data agze

q iimated in the o ) dth t get sep— 2. Also shown in the figure is the ZEUR9] measure-
uhderes mr]n%e. In Ihe Towy region, and e agreement 9els pant and the LO(dash ling result. To better compare
better asE;™" increases. This is consistent with there being

some residual underlying event contribution to the obser eahapes, the distributions are normalized to ongcas ¢*|
. esidual u ying ev foutl VLo The shapes are very insensitive to how one handles the
jets which has not been removed during the data analysis.

The problem of defining a sample of two jet events in aduet definition issue discussed above. The excellent agree-

manner which is amenable to a next-to-leading order theoMent between the predictions and the data confirms the theo-

retical treatment has been studied 12]. In order to avoid a retically expected behavior.
dependence on the theoretical cutoffs used in the course of
the calculation, it was proposed to calculate the dijet cross
section by allowing the second jet to have a transverse en-
T if the third unobserved jet is soft, i.e., has

IV. CONCLUSION

In this paper, results from a new next-to-leading order
ergy less thaey ; program for jet photoproduction have been presented. The
a transverse energy of less than 1 G&F¢<1GeV). This  calculation was performed using the phase space slicing
approach slightly expands the available phase space whenethod and implemented in a Monte Carlo style program.
both jets have transverse energies nedl" and, therefore, Physical observables are independent of the phase space slic-
avoids the problem of a potential cutoff dependence. Resultsig parameters.
using this algorithm are shown in Figs. 11 and 12 by the Asis the case in other jet production processes, the renor-
dashed lines. The relaxation of & constraint on the malization and factorization scale dependence is reduced
second jet generates additional contributions from the®  relative to leading order predictions. A decomposition into
subprocesses so that the dashed curves lie above the sotldect and resolved components was also studied using a
ones and are in better agreement with the data. However, titefinition based on the observed momentum fraction of the
cuts do not correspond to those utilized in the definition ofparton from the photon. The direct component dominates at
the data sample. Given the unresolved question of the undelarge E; and in the photon direction while the resolved
lying event contributions, it is premature to draw detaileddominates at lovE and in the proton direction.
conclusions from comparisons with these data. Comparisons with single inclusive jet cross section mea-
Angular distributions in dijet production are sensitive to surements by H1 and ZEUS as a function&f' and 7
the spin of the exchanged particle. L#t be the scattering show that the theory tends to lie somewhat below the data in
angle of the two highedE+ jets in their center of mass. In the forward rapidity region. This is the region corresponding
LO, the direct component is dominated bghannel quark to low values forx,, and which is dominated by the resolved
exchange which has a characteristic angular dependencemponent. One might suspect that this indicates a need for
given by (1—|cos¢*|) 1. The resolved component, however, increasing the size of the photon parton distributions inxhis
is dominated byt-channel gluon exchange and has a (1range, but this conclusion would be premature since contri-
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FIG. 13. Dijet angular distributiono/d|cos#| as measured by ZEUR9] normalized to one at ca® =0 compared with LO(dash

lines and NLO result(solid lines.

butions from underlying event structure could account for
this, as well.

distributions agree well with the data. The distributions

show the same pattern of deviations from the theoretical pr
dictions as was observed in the single inclusive jet measure-

ments.
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