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I. INTRODUCTIONThe old solar and atmospheri neutrino problems are oming to an end and we are enteringan era of preision experiments. During the last years, di�erent results have given strongevidenes of solar and atmospheri neutrino osillations [1, 2℄. Reently, the LMA solution ofthe solar neutrino problem was on�rmed by the KamLAND reator experiment [3℄ and alsoby more data from SNO [4℄. The allowed regions for the solar and atmospheri square massdi�erenes and mixing parameters are, thus, getting very onstrained. We do not know,however, one very important question: whether θ13, i.e., the Ue3 mixing, is di�erent fromzero. This mixing is the door to the experimental measurement of fundamental CP (or T)violation e�ets [5℄, the type of mass hierarhy [6, 7, 8℄ and ontrols the Earth matter e�et insupernova neutrino osillations (see, e.g., Refs. [9℄). Besides the experimental impliations,the smallness of θ13 [10, 11℄, ompared to the other two mixing angles (in a three-neutrinomixing sheme), whih are relatively large [1, 2, 3℄, is something not yet explained from thetheoretial point of view.The CHOOZ reator experiment provides the more stringent bounds on the value of
θ13 [10℄, although there are several experiments onsisting on onventional beams likeK2K [12℄, MINOS [13℄ or CNGS experiments [14℄, whih ould establish θ13 6= 0 or improvethe present lower limit, sin2 2θ13 < 0.10. Even better limits are foreseen with superbeams [15℄or neutrino fatories [16℄.When talking about ontrolled neutrino osillation experiments, there are essentially twotypes of them: appearane and disappearane experiments. In an appearane experiment,a neutrino of a given �avor is produed. During the propagation, its �avor hanges andit is deteted via a pure harged urrent reation. On the other hand, in a disappearaneexperiment a neutrino of a de�nite �avor is produed in a ontrolled way and the depletionin the original �ux after propagation is the signal for osillation. The derease in the original�ux is measured via harged urrent reations whih see the same �avor as the one produed.However, for small mixings, the main signal in the detetor omes from neutrinos of the same�avor as the one produed, so this means that there is less sensitivity to small mixings fordisappearane experiments. In addition, harged urrent detetion has a threshold energyfor prodution, so that it is, in general, impossible to use low energy neutrinos for appearaneexperiments. 2



It has been reently proposed [17, 18℄ the use of reator neutrinos to improve the sen-sitivity to θ13. In order to do this, two detetors have to be used, a near detetor and afar detetor. The latter at a distane of ∼ 1.7 km and the former nearer so that no osil-lations take plae. In this way, systemati errors an be redued and a sensitivity down to
sin2 2θ13 ≃ 0.01 − 0.02 ould be reahed.Nulear reators produe low energy νe and the basi detetion reation is the inverse
β-deay whih has an energy threshold of 1.806 MeV [19℄. For these energies a baselineof >

∼ 1 km is needed so that osillations an take plae for the atmospheri square massdi�erene. This is, however, a disappearane experiment and thus, less sensitive to smallmixings, whih is the ase.We would like to �nd an experiment apable of measuring very small mixings. In orderto aomplish this task, we will fous on the following mixed harged and neutral urrentreation: νe + e− → νe + e−. We will make use of the fat that for another �avor, νx + e− →

νx + e− (with x 6= e) is a pure neutral urrent reation. Consequently, the ross setionsfor these reations are di�erent. In priniple, this fat ould be used to perform a neutrinoosillation experiment (νe → νx) whih would be a mixture of appearane and disappearaneexperiments. This mixture depends on the neutrino energy and the eletron reoil diretion,so it ould be tuned by the hoie of the appropiate kinematis. If osillations take plae,the number of reoil eletrons will be di�erent from the ase of no osillations. However, ifboth ross setions are similar, the e�et has a minor impat on the study of osillations.Nevertheless, it is known [20℄ that the ross setion for the sattering of eletron antineutrinoson eletrons presents a destrutive interferene and a dynamial zero for the kinemation�guration orresponding to an inident antineutrino energy, Eν = me

4 sin2 θW
≃ me, andmaximum reoil energy T = Tmax = 2E2

ν

2Eν+me
≃ 2me

3
(forward eletron). The point here isthat this zero is not present in νx + e− → νx + e− and this fat ould make possible toperform an appearane-like experiment. Indeed, if we were able to selet only the events ina window around the dynamial zero on�guration, we would be deteting almost only νxand not νe whih would be a sort of appearane-like experiment. We will take advantageof these fats in order to study the possibilities of using this hannel to measure (or to getmore restritive bounds on) Ue3. For typial antineutrino energies in a reator, the inverse

β-deay reation is the dominant one and the ross setion for ν + e → ν + e is less than 1%that of νe + p → e+ + n. Nevertheless, neutrino-elasti sattering has no energy threshold3



and the reator neutrino �ux has a maximum at ∼ 0.5�1.0 MeV. Keeping all this in mind,we will show that the near detetor ould be used to searh for osillations in this hannel,and not only to redue systemati errors in the far detetor. Therefore, the ombination ofthe measurement in the near and in the far detetors might improve the sensitivity to θ13.The main purpose of this paper is to motivate this hannel as a suitable way to look forosillations in the near detetor.It is important to remark several additional fats whih explain why it is worthwhileto study more arefully this sort of appearane-like experiment by means of the νe − e−reation:i) The dynamial zero is only present for ν̄e, not for νe or νµ (ν̄µ), ντ (ν̄τ ).ii) The �avour ν̄e is preisely the one whih is produed opiously in nulear reators.iii) The neutrino energy at whih the zero appears is around the peak of the antineutrinoreator spetrum [21, 22℄.iv) The dynamial zero is loated at the maximum eletron reoil energy T ≃ 2me/3. Thisvalue is in the range of the proposed experiments [23℄ to detet reoil eletrons.The outline of the paper is the following. In setion II, we present the framework ofneutrino osillations. In setion III we present the basis of the far detetor measurement.In setion IV, we analyze the optimal baseline for the near detetor in order to be sensitiveto neutrino osillations working as an appearane experiment. The sensitivity to θ13, om-paratively as what an be done just with the far detetor, is studied. Finally, in setion V,we present our onlusions.II. REACTOR NEUTRINO OSCILLATIONSIn the ase of reator neutrino experiments we are dealing with short baselines and thus,when onsidering neutrino osillations, we an safely neglet matter e�ets. The form forthe survival probability is then given by
Pν̄e→ν̄e

= 1 − cos4 θ13 sin2 2θ12 sin2

(

∆m2
21L

4E

)4



+ sin2 2θ13

[

cos2 2θ12 sin2

(

∆m2
31L

4E

)

+ sin2 θ12 sin2

(

∆m2
32L

4E

)] (2.1)Considering sin2 2θ13 and sin2
(

∆m2
21

L

4E

) small, to the �rst order in this approximation wean write Eq. (2.1) as
Pν̄e→ν̄e

≃ 1 −

[

sin2 2θ13 sin2

(

∆m2
31L

4E

)

+ sin2 2θ12 sin2

(

∆m2
21L

4E

)] (2.2)If the high ∆m2
21 solution, with ∆m2

21 ∼ 10−4 eV2, had turned out to be the right one, speialare for the seond term in the braket in Eq. (2.2) would have been needed. In this asethe determination of θ13 and θ12 are oupled, and a joint analysis of reator antineutrinoexperiments with baseline of about 1 km and KamLAND would be needed (see Ref. [24℄ fora study of the impat of θ13 6= 0 on KamLAND data). The new SNO salt phase data [4℄,however, strogly points towards the low ∆m2
21 solution.From the simplyity of Eq. (2.2) it is easily seen that orrelations and degeneraies playa minor role in these type of experiments. However, this means that there exist somelimitations, as it is the fat that there is no dependene on the atmospheri neutrino mixing

θ23, on the type of hierarhy (sign of ∆m2
31) or on the CP violating phase.Throughout the paper we will use the following values for the di�erent neutrino osillationparameters [1, 4℄:

∆m2
21 = 7.1 × 10−5eV2 ; ∆m2

31 = 3.0 × 10−3eV2 ; tan2 θ12 = 0.41 (2.3)The braket in Eq. (2.2), giving the appearane probability, Pν̄e→ν̄x
(x 6= e), shows itssensitivity to small values of the mixing angle θ13, unlike the ase of the disappearanehannel.III. FAR VS NEAR DETECTORWe will �rst onsider the basis of the far detetor reation and the use of the elastiantineutrino-eletron sattering in the near detetor.In order to reah a good sensitivity to sin2 2θ13, the detetion of small spetral distortionsin the positron event rates due to antineutrino osillations is important. This is only possibleby seleting an optimized baseline and by reduing systemati unertainties to the level of5



1%. These two points are ruial if we want to ahieve an order of magnitude of improvementfor the sin2 2θ13 sensitivity. In the ase of the far detetor the dominant detetion reationis the inverse β-deay
νe + p −→ e+ + n (Eν)th = 1.804 MeV (3.1)The seletion of the proper baseline whih gives the �rst osillation maximum for reatorantineutrinos, diretly follows from the typial energies of the inverse β-deay reation, i.e.,3.5�4.0 MeV. As we will see below, for ∆m2

31 = (2.5− 3.0)× 10−3 eV2 the optimum baselineis ∼ 1.7 km.We assume a far detetor tehnology like the CHOOZ or KamLAND detetors and atypial integrated luminosity of L = 8000 t · GW · yr. For onreteness, in the ase of theKashiwazaki-Kariwa nulear power plant whose maximum thermal power is 24.3 GW, anda 100-ton detetor, an exposure-time of ∼ 3.3 years would represent that luminosity.Reation (3.1) has a easily reognizable signal, the positron anihilation with an eletron,in delayed oinidene with the γ−ray from the neutron apture. The energy of the positronis given by
Ee+ = Eνe

− (Mn − Mp) + O(Eνe
/Mn) ≃ Eνe

− 1.293 MeV (3.2)The visible energy in the detetor is given by the sum of the positron energy plus themass of the anihilated eletron, Evis = Ee+ + 0.511 MeV. Therefore, a preise measurementof Evis orresponds to a preise determination of the neutrino energy, Eν̄e
. Consideringonstant detetor e�ieny, ǫ, the expeted number of events in the detetor is given by

N = Np × Texp × ǫ ×
1

4πL2
×
∫

dΦ

dEνe

(Eνe
) · σ(Eνe

) · Pνe→νe
(Eνe

) · dEνe
(3.3)where Np is the number of protons in the detetor, Texp is the exposure-time, L is thereator-detetor distane, dΦ/dEνe

(Eνe
) is the initial reator energy spetrum, σ(Eνe

) is theross setion for inverse β-deay and Pνe→νe
(Eνe

) is the survival νe given by Eq. (2.2).The shape of the spetrum an be derived from a phenomenologial parameterization ofthe spetra from several of short baselines experiments [22℄
dΦ

dEνe

= ea0+a1Eνe
+a2E2

νe (3.4)6
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FIG. 1: Antineutrino nulear reator �ux weighted by �ux square-distane fator relative to thefar detetor at 1.7 km. Near detetor at 0.25 km (dashed line) and far detetor at 1.7 km (solidline) from the reator.where the values of the energy oe�ients depend on the parent nulear isotope. Thisexpression is a very good approximation for antineutrino energies above 2 MeV. For lowerenergies, we have used a alulation based on a summation of the allowed shape β deaysof all �ssion fragments. The oe�ients of Eq. (3.4) and the alulated spetra for lowerenergies are given in Ref. [21℄. In addition, we assume a onstant hemial ompositionfor the reator, 53.8% of 235U, 32.8% of 239Pu, 7.8% of 238U and 5.6% of 241Pu (see, e.g.,Refs. [24, 25℄). We will also onsider the thermal energy assoiated with the �ssioning ofeah of those nulei as given in Ref. [26℄, that is 201.7 MeV for 235U, 205.0 MeV for 239Pu,210.0 MeV for 238U and 212.4 MeV for 241Pu.In Fig. 1, we show the antineutrino nulear reator �ux for the near (dashed urve) and far(solid urve) detetor distanes to the reator, weighted by the �ux square-distane fator ineah detetor. As an be seen from the �gure, the nulear reator �ux presents a maximumaround Eν ≃ 0.5�1.0 MeV, whih it is roughly a fator of seven with respet to the relevantenergies in the far detetor, Eν = 3.5�4.0 MeV. Thus, we have taken 1.7 km and 0.25 km (≃1.7 km/7) for the far and near detetor-reator distanes, respetively. The inverse β-deay7



reation is only sensitive to antineutrino energies higher than the threshold one, 1.806 MeV(limited by the dotted line), while the antineutrino-eletron elasti reation is so for theentire spetrum. In addition, as an be seen from Fig. 1, within the region of the maximum,the nulear reator �ux is a few times larger than for the relevant energies deteted by theinverse β-deay reation in the far detetor. All in all, due to being loser to the nulearreator and working in a higher-�ux region, the spetrum around the maximum in the neardetetor is a fator ∼ 100 times larger than the part of it sensitive to the inverse β-deay inthe far detetor. This an be understood by omparing the dashed and solid lines in Fig. 1.On the other hand, there are di�erent alulations of the ross setion for the inverse
β-deay whih take into aount di�erent approximations valid for di�erent regimes [27℄. Tothe lowest order, this ross setion is given by

σ(Ee+) =
2π2

m5
e f τn

pe+Ee+ (3.5)where f is the phase spae fator for the free neutron deay and τn is the lifetime of a freeneutron.Although the ross setion for ν + e → ν + e is about 1% that of νe + p → e+ + n,the �ux gain, disussed before, due to the use of the near detetor around the maximum ofthe spetrum ompensates this fator. Therefore, we expet, roughly, a similar number ofevents in the far detetor using the inverse β-deay reation and in the near detetor usingthe antineutrino-eletron elasti sattering1.Thus, as the mixing θ13 is small and the far detetor performs a disappearane experiment,it is very important to redue systemati unertainties. The near detetor will help in thistask using the same reation as the far detetor, but it will also be useful to perform neutrinoosillation studies by itself using antineutrino-eletron elasti sattering.IV. APPEARANCE-LIKE EXPERIMENTMany of the systemati unertainties, due to poor knowledge of the neutrino �ux, numberof protons and detetion e�ieny anel out if besides a far detetor, a near detetor is usedand measurements in both detetors are ompared. It has been reently shown [17, 18℄ that1 Assuming similar masses for both detetors. 8



the use of a near detetor at ∼ 0.2 km makes possible the determination of sin2 2θ13 down to0.01�0.02. It has also been shown that reator measurements an play a role omplementaryto long baseline experiments, helping to resolve parameter degeneraies.As we have already argued above, we will show that not only is the near detetor usefulto lower the systemati unertainties, but also to perform neutrino osillation measurementsomplementary to those in the far detetor, by using antineutrino-eletron elasti satteringfor energies around the maximum of the reator antineutrino spetrum, whih, ombinedwith the smaller baseline, implies a �ux gain of ∼ 100 with respet the far detetor mea-surements. Thus, although the antineutrino-eletron elasti ross setion is a fator ∼ 100smaller than in the ase of inverse β-deay, working on the maximum of the reator spetrum,allows us to use this reation for neutrino osillation studies in the near detetor.The main purpose of using the antineutrino-eletron elasti sattering as the detetionreation is to simulate an appearane experiment. In order to ahieve this, only that partof the reoil eletron spetrum around the dynamial zero [28℄ must be onsidered. For thishannel, the number of events is given by
N = Np × Texp × ǫ ×

1

4πL2
×
∫

dσν

dT
(Eνe

, T ) ·
dφo

dEνe

(Eνe
) · dEνe

dT (4.1)where dσν

dT
(Eνe

, T ) is the sum of all the ross setions onvoluted with the osillation proba-bilities2
dσν

dT
(Eνe

, T ) = Pνe→νe
(Eνe

)
dσνe

dT
(Eνe

, T ) + Pνe→νx
(Eνe

)
dσνx

dT
(Eνe

, T ) (4.2)The �rst term in Eq. (4.2), the dissapearane term, is the one measured in the far detetor,but it annot be substrated out beause the energies of interest in the near detetor aremuh lower for the elasti reation. Around the dynamial zero, dσν̄e/dT = 0, and Eq. (4.2)shows that around this point, this reation simulates an appearane-like experiment.Using the fat that the probability of νe going to an antineutrino of any �avor must beequal to one, we an rewrite Eq. (4.2) as2 We are taking the di�erential ross setions for νµ and ντ (νx) as equal, not onsidering radiative orre-tions.
9



dσν

dT
(Eνe

, T ) =
dσνe

dT
(Eνe

, T ) +

(

dσνx

dT
(Eνe

, T ) −
dσνe

dT
(Eνe

, T )

)

Pνe→νx
(4.3)The antineutrino-eletron elasti sattering ross setions are given by [21℄

dσνi

dT
(Eνi

, T ) =
2 GF me

π



(gi
R)2 + (gi

L)2

(

1 −
T

Eνi

)2

− gi
L gi

R

me T

E2
νi



 (4.4)where GF is the Fermi oupling onstant, T the reoil kineti energy of the eletron and Eνithe antineutrino inident energy. For neutrinos one has to make the hange gi
L ↔ gi

R. Interms of the weak mixing angle θW , the hiral ouplings gi
L and gi

R an be written for eahneutrino �avor as
ge

L =
1

2
+ sin2 θW ge

R = sin2 θW (4.5)
gµ,τ

L = −
1

2
+ sin2 θW gµ,τ

R = sin2 θWFrom Eq. (4.4) it is evident that if gi
Lgi

R > 0 there is a hane for the ross setionto anel in the physial region. From Eq. (4.5) we see that this zero is only possiblein the νee
− → νee

− hannel and, in fat, it takes plae for the kinematial on�guration
Eν = me/(4 sin2 θW ) and maximal T . Neither dσνµ/dT nor dσντ /dT present a dynamialzero sine gµ,τ

L gµ,τ
R < 0. We will take advantage of this fat.In Fig. 2 we present the urves of onstant values of d ≡ log

[

dσνµ

dT
/dσνe

dT

] (solid lines)in the plane (θ, T ) where the di�erent regions where the appearane hannel starts to beimportant3, that is when dσνµ

dT
> dσνe

dT
, an be learly seen. Curves of onstant antineutrinoenergy are also shown (dashed lines).Let us now onsider the following observable:
R(θ) =

N(θ)

NUe3=0(θ)
(4.6)where N(θ) is the number of events for eletron reoil angles smaller than θ in the aseof osillations and NUe3=0(θ) is the orresponding predition for Ue3 = 0. Close to the3 The relation between θ and the other two kinemati variables, Eν and T , is given by cos θ =

E
ν
+me

E
ν

√

T
T+2me

. 10



FIG. 2: Curves of onstant values of d ≡ log
[

σνµ

dT
/dσνe

dT

] (solid lines) in the plane (θ, T ). Curves ofonstant antineutrino energy are also plotted (dashed lines).on�guration of the dynamial zero (small θ and the T-interval around T ≃ 2me/3) R > 1(appearane-like experiment), while if we onsider a bigger sample R < 1 (disappearane-like experiment). This an be learly seen by plotting R(θ)−1 for di�erent values of θ = 0.3(solid line), 0.5 (dashed line) and 1.11 ≡ θmax (dotted line) rad, as a funtion of sin2 2θ13,Fig. 3, for an eletron reoil energy interval T ∈ [0.25, 0.80℄ MeV and for a reator-detetorbaseline of L = 0.25 km.As an be seen from Fig. 3, the region around the dynamial zero has a muh bettersensitivity to Ue3 than in the ase of making no angular seletion. As expeted, this is dueto the fat that in that ase, an appearane-like experiment is simulated, whih is muhmore sensitive to small mixings than a disappearane-like one. Of ourse, when narrowingthe angular detetion window, the statistis is smaller. The immediate question one should11
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dT
(Eνe

, T ) and dσνx

dT
(Eνe

, T ) ompensate eah other. Even ifthere are osillations, at that on�guration, the number of events is given just by dσνe/dT ,and hene not being sensitive to osillations. As seen from Eq. (4.3), the kinematis of thatanellation is given by the only ondition that the harged urrent amplitude is twie theneutral urrent one, whereas the dynamial zero of the νe reation shows up when the twointerfering amplitudes are equal.In order to estimate the bounds one ould extrat by measuring R(θ), we will assume thatusing the near detetor to redue systematis with the inverse β-deay reation, lowers theunertainty on the normalization of the reator �ux to σsys = 0.8% [18℄. Then, for a semi-12



0 0,2 0,4 0,6 0,8 1

electron-recoil-angle-window, [0, θ] [rad]

-2

0

2

4

[R
(θ

) 
- 

1]
 / 

δR
(θ

)

FIG. 4: (R(θ) − 1)/δR(θ) as a funtion of the eletron reoil angle window (from 0 rad to θ rad)for T ∈ [0.25, 0.80℄ MeV, sin2 2θ13 = 0.04 and a reator-detetor baseline of 0.17 km (dashed line),0.25 km (solid line), 0.50 km (dotted line) and 0.75 km (dot-dashed line).quantitative analysis, we will assume only statistial errors along with this systemati oneassoiated to the normalization of the antineutrino spetrum. In Fig. 4, (R(θ)−1)/δR(θ) isshown as a funtion of the eletron-reoil-angle-window, θ-window, within the T-interval, T
∈ [0.25, 0.80℄ MeV, for di�erent reator-detetor distanes and sin2 2θ13 = 0.04. From Fig. 4,it is evident that if the entire θ-window is onsidered (dissapearane regime), the sensitivityto small Ue3 dereases as the reator-detetor distane dereases. On the ontrary, this isthe opposite to what happens within a θ-window around the dynamial zero (appearaneregime), the sensitivity inreases as the reator-detetor distane dereases up to∼ 0.15�0.25km.These opposite behaviors an be understood by the fat that in the disappearane regimelarger antineutrino energies play a role, and thus larger distanes keep the osillatory fatorin the probability around its maximum. On the other hand, for antineutrino energies aroundthe dynamial zero, this osillatory maximum is reahed at a reator-detetor distane of ∼0.25 km.Comparatively, the best on�guration for the appearane regime (∼ 0.25 km) gives a13
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31 is onerned, there is a worse (better) sensitivity as itdereases (inreases), within the allowed experimental range. For smaller values of ∆m2
31 thesensitivity beomes slightly worse as the reator-detetor baseline beomes shorter (within L= 0.15�0.25 km), while for larger values of ∆m2

31, the best sensitivity is obtained at shorter14
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31, there should be a ompromise between narrowing thedetetion window in order to onsider a region dominated by the dynamial zero (loating15



the detetor at ∼ 0.15-0.25 km) with a relative small number of events, and opening up thiswindow in order to have a larger number of events, and then onsidering higher antineutrinoenergies having to move the detetor to longer baselines, and onsequently losing �ux. Wehave found that the θ-window, up to 0.2− 0.3 rad, is demanded, whereas the reoil eletronenergy interval an be moderately extended at the expense of inreasing the baseline. Anappropiate hoie appears for T ∈[0.25, 0.80℄ MeV and L = 0.25 km.V. CONCLUSIONSReent analyses have shown [17, 18℄ the interest of using two detetors in reator neutrinoosillation experiments in order to redue systemati errors and reah a sensitivity to the Ue3mixing omparable to the �rst-generation superbeams. Besides this strategy, we propose inthis paper the use of the near detetor to perform an appearane-like experiment by means ofsitting around the dynamial zero in the νe−e elasti sattering ross setion [20℄. Althoughthe ross setion for νe + e− → νe + e− is about 1% that of νe + p → e+ + n, the �ux gainat smaller energies (around Eνe
= 0.5 MeV) and the orresponding shorter baseline of thenear detetor ompensate this fator.For a on�guration with the near detetor at ∼ 0.25 km and a window in the eletronreoil angle for νe + e− → νe + e− from 0 to ∼ 0.25 rad (for eletron reoil kineti energiesup to ∼ 1 MeV), we �nd a sensitivity down to sin2 2θ13 whih is omparable to the one thatan be reahed using the inverse β-deay reation in the far detetor at 1.7 km. In thosewindows for νe + e− → νe + e−, the ross setion for νx (x 6= e) is larger than that for νe asan be seen in Fig. 2.ACKNOWLEDGMENTSWe thank Massimo Passera and Thomas Shwetz for useful disussions. This work issupported by the Spanish Grant FPA2002-00612 of the MCT. SPR has also been supported
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