Measurement of sin^2 2θ_{13} via Inverse β-Decay due to ν_e from Multiple Nuclear Reactors

Kirk T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 (August 30, 2006)

Abstract

This note transcribes lore developed by members of the Daya Bay reactor neutrino experiment and others as to how, in a measurement of the neutrinomixing parameter using multiple detectors and ν_e from multiple nuclear reactors, it may be preferable to weight the data from different detectors in a manner than minimizes the effect of uncertainties in the reactor neutrino fluxes.

1 ν_e Disappearance

Reactor neutrino experiments [1] can search for the neutrino-mixing parameter sin^2 2θ_{13} and measure it if its value is large enough by observing the probability of disappearance of electron antineutrinos (ν_e) as a function of distance from their production in a nuclear reactor. For distances of less than hundreds of km so-called matter effects can be neglected, and the probability that an antineutrino that is created as a ν_e of energy E_ν ≈ 1-10 MeV remains a ν_e after traveling a distance L <∼ 2 km can be written as,

P_{sur} = 1 − P_{dis} ≈ 1 − A(E_ν , L) sin^2 2θ_{13}, (1)

where the “analyzing power” A has the form,

A(E_ν , L) = sin^2 Δ_{31} = sin^2 [ 1, 267Δm^2_{31}(eV/c^2)^2

L(km) E_ν (MeV) ] ≈ sin^2 [ 2.8 L(km) E_ν (MeV) ] , (2)

using the current best estimate [2] that the neutrino mass splitting parameter Δm^2_{31} is 2.2 ± 0.5 × 10^{−3} (eV/c^2)^2.

The electron antineutrinos are detected via the inverse β-decay reaction,

ν_e + p → n + e^+ (3)

on free protons in a suitable detector, typically Gd-loaded liquid scintillator to enhance the detection of the final-state neutron [1].

2 One Detector, One Reactor, One Distance

If a single neutrino detector is placed at a distance L from a single nuclear reactor, the number N(E_ν ) of detected neutrino interactions in an interval dE_ν about energy E_ν during time T can be written as the product,

N(E_ν ) =

∫_T 0 ϕ_r(E_ν , dE_ν , t)M_d(t)ϵ_d(t) dt σ_ν 4πL^2_{dr}

(1−A sin^2 2θ_{13}) ≈ ϕ_rKT L^2_{dr}

(1−A sin^2 2θ_{13}) (4) where ϕ_r(E, dE, t) is the total flux per unit time at unit distance of antineutrinos from the reactor at time t in interval dE about E, L_{dr} is the distance from the detector to the reactor, σ_{νe} is the cross section for the neutrino interaction (3), M_d is the (possibly time-dependent) detector mass, ϵ_d is the (generally time-dependent) detection efficiency, and,

ϕ_r = 1 T ∫_T 0 ϕ_r(E_ν , dE_ν , t) dt, and K = σ_ν 4πT ∫_T 0 M_d(t)ϵ_d(t) dt (5)

are the time-average antineutrino flux and time-average detector factor, respectively.

The spectrum of reactor antineutrinos falls with energy, while the cross section for rises with energy. As shown in Fig. 1 the most probable energy for observation of inverse β-decay is for an antineutrino energy of 4 MeV.

Figure 1: The ν_e production rate in a nuclear reactor, the cross section for inverse βdecay, and the probability of observation of the inverse β-decay process in a reactor neutrino experiment, as a function of the energy of the antineutrino.

Clearly, the distance L_{dr} should be chosen such that the analyzing power A is maximal. Using Δm^2_{31} = 2.2 × 10^{−3} (eV/c^2)^2 in eq. (2), the analyzing power would be 1 for L = 2.25 km and E = 4 MeV.

In principle, a determination of sin^2 2θ_{13} can be made using eq.(4) using a single detector at a single distance from a single reactor. The distance L can be well measured, the neutrino flux ϕ_r can be calculated reasonably well from measurement of the reactor power [3], but the detector factor K is not well known in practice. Hence, extensions of the measurement technique are desirable that reduce the dependence of the result for sin^2 2θ_{13} on the uncertainties in the product ϕ_rK.

3 One Detector, One Reactor, Two Distances

If a single detector is operated at different times at two distances L^{(1)} and L^{(2)} from a single reactor, two sets of neutrino interactions N^{(1)} and N^{(2)} can be observed. The ratio of these observations is, N^{(2)} N^{(1)} = ϕ^{(2)}T^{(2)} ϕ^{(1)}T^{(1)} ( L^{(1)} L^{(2)}

)_2

1 − A(L^{(2)}) sin^2 2θ_{13} 1 − A(L^{(1)}) sin^2 2θ_{13}

, (6)

assuming that the detector factor K is independent of time.

The typical strategy is to choose distance L^{(2)} to be at the first maximum of the oscillating analyzing power (2), and to use a distance L^{(1)} that is much less than L^{(2)}. Then, the analyzing power A(L^{(1)}) very small, and we set it to zero in the following.

We call distance L^{(2)} the Far distance and write N^{(2)} = N_{Far}. Similarly, we say that L^{(1)} the Near distance and write N^{(1)} = N_{Near}.

Then eq.(6) can be written as,

N_{Far} N_{Near} ≈ ϕ_{Far}T_{Far} ϕ_{Near}T_{Near}

L^2_{Near} L^2_{Far}

(1 − sin^2 2θ_{13}), ≈

T_{Far} T_{Near}

L^2_{Near} L^2_{Far}

(1 − sin^2 2θ_{13}), (7)

where the second approximation is that the reactor flux is independent of time, ϕ_{Far} = ϕ_{Near}. Then, sin^2 2θ_{13} is measured as,

sin^2 2θ_{13} ≈ 1 −

T_{Near} T_{Far}

L^2_{Far} L^2_{Near}

N_{Far} N_{Near}

. (8)

Thus, the use of two distances eliminates the dependence of the measurement of sin^2 2θ_{13} on the imperfectly known quantity K.

The one-standard-deviation statistical uncertainty on the observation of N events is δ_N = √ N. Hence, the statistical uncertainty on the measurement of sin^2 2θ_{13} according to eq. (8) would be,

δ_{sin}2_{2θ13} ≈

T_{Near} T_{Far}

L^2_{far} L^2_{Near}

N_{Far} N_{Near} √ 1 N_{Far} + 1 N_{Near}

. (9)

If the number N_{Far} of events observed at the Far distance is small compared to the number N_{Near} observed at the Near distance, then,

δ_{sin}2_{2θ13} ≈

T_{Near} T_{Far}

L^2_{Far} L^2_{Near} √ N_{Far} N_{Near}

(N_{Far} ≪ N_{Near}). (10)

For small values of sin^2 2θ_{13} the factor L^2N/T is essentially independent of distance, so that we can make the further approximation,

δ_{sin}2_{2θ13} ≈ 1 √ N_{Far}

(N_{Far} ≪ N_{Near}, sin^2 2θ_{13} ≪ 1). (11)

If we wish to determine sin^2 2θ_{13} with a statistical uncertainty of, say, 0.001, then the number of antineutrino events observed at the far location should be N_{far} ≈ 10^6.

4 Two Detectors, One Reactor, Two Distances

One way to improve the statistical accuracy of the measurement of sin^2 2θ_{13} in a fixed time is by use of multiple detectors.

For example, if N^{(k)}_i is the number of antineutrino interactions observed in detector i when in configuration (k), for which its distance to the reactor is L^{(k)}_i , then,

N^{(k)}_i = ϕ_rK_iT^{(k)} ( L^{(k)}_i

)_2 (1 − A ( L^{(k)}_i ) sin^2 2θ_{13}). (12)

The value of the constants K_i could well be different for different detectors. To minimize the effect of the possible variation of the constant K_i between detectors, they should not be operated at a single distance. A simple procedure is to operate each detector at both distances L^{(1)}_1 = L_{Near} and L^{(2)}_1 = L_{Far}, which requires “swapping” the two detectors at the midpoint of the duration of the experiment. That is, L^{(1)}_2 = L^{(2)}_1 = L_{Far} and L^{(2)}_2 = L^{(1)}_1 = L_{Near}. Then, if A(L_{Near}) ≈ 0 and A(L_{Far}) ≈ 1, we measure,

sin^2 2θ_{13} ≈ 1 − ϕ^{(1)}T^{(1)} ϕ^{(2)}T^{(2)}

L^2_{Far} L^2_{Near}

N^{(2)}_1 N^{(1)}_1

≈ 1 − ϕ^{(2)}T^{(2)} ϕ^{(1)}T^{(1)}

L^2_{Far} L^2_{Near}

N^{(1)}_2 N^{(2)}_2

≈ 1 −

T^{(1)} T^{(2)}

L^2_{Far} L^2_{Near}

N^{(2)}_1 N^{(1)}_1

≈ 1 −

T^{(2)} T^{(1)}

L^2_{Far} L^2_{Near}

N^{(1)}_2 N^{(2)}_2

, (13)

where the second line of eq. (13) assumes that ϕ^{(1)} = ϕ^{(2)} ≡ ϕ_r. If the two detectors are nearly identical, i.e., K_1 ≈ K_2, the accuracy of each of the two measurements of sin^2 2θ_{13} will be the same, and the best estimate is the average of the two measurements,

sin^2 2θ_{13} = 1 − 1 2 L^2_{Far} L^2_{Near}

T^{(1)} T^{(2)}

N^{(2)}_1 N^{(1)}_1 + T^{(2)} T^{(1)}

N^{(1)}_2 N^{(2)}_2

(K_1 ≈ K_2). (14)

Further, if the duration of operation in the two configurations is nearly identical we can write N^{(2)}_1 ≈ N^{(1)}_2 ≈ N_{Far}/2 and N^{(1)}_1 ≈ N^{(2)}_2 ≈ N_{Near}/2, so that eq. (14) reduces to eq. (7),

sin^2 2θ_{13} ≈ 1 −

L^2_{Far} L^2_{Near}

N_{Far} N_{Near}

(K_1 ≈ K_2, equal times). (7)

The statistical uncertainty on the measurement (7) of sin^2 2θ_{13} is again given by eq. (11). In principle, the four measurements N^{(k)}_i suffice to determine the four unknown quantities sin^2 2θ_{13}, ϕ_r, K_1 and K_2. However, only sin^2 2θ_{13} and the products ϕ_rK_1 = N^{(1)}_1 L^2_{Near} and ϕ_rK_2 = N^{(2)}_2 L^2_{Near} are determined in a simple manner. Extraction of ϕ_r, K_1 and K_2 requires use of a χ^2-minimization procedure with,

χ^2 = 2∑ i=1 2∑ k=1

[ N^{(k)}_i −^{ϕr KiT (k)}

(L^{(k)}_i )^2 (1 − A(L (k) i ) sin^2 2θ_{13})

]_2

N^{(k)}_i

, (15)

taking the uncertainty on the number N^{(k)}_i of observed events to be, δ_N (k)_i = √ N^{(k)}_i .

5 8 Detectors, 6 Reactors (the Daya Bay Reactor Neutrino Experiment)

Nuclear reactor complexes typically have more than one reactor. If we observe antineutrino interactions from m reactors with a set of n detectors, there are m+n+1 unknowns, sin^2 2θ_{13}, the reactor fluxes ϕ_j for j = 1 to m, and the detector constants K_i for i = 1 to n (assuming that K_i and ϕ_j are independent of time).

A single configuration of the detectors around the reactors leads to the observation of n numbers of events in the n detectors. If k different configurations are the detectors are used over the course of the experiment, a total of kn measurements are made. If sin^2 2θ_{13} is to be determined with no dependence on the m + n fluxes and detector constants, then kn must be greater than or equal to m + n + 1.

The Daya Bay reactor complex will have m = 6 reactors operational by the completion of the experiment. To determine sin^2 2θ_{13} independent of the K_i and the ϕ_j with only two detector configurations requires a minimum of n = 7 detectors.

The proposal is to use 8 detectors, arrayed in two “near” groups of two detectors, and one “far” group of 4 detectors, as shown in Fig. 2.

Figure 2: Layout of the Daya Bay reactor neutrino experiment.

To a first approximation, the analyzing powers (2) are unity for detectors and the far site, and zero for detectors at the near sites.

We consider two configurations, indicated by superscripts^{(1)} and^{(2)}, such that in configuration 1 detectors 1-4 are at near sites while detectors 5-8 are at the far site. Then, in configuration 2 detectors 1-4 are at the far site and detectors 5-8 are at near far sites.

The observed rates N^{(k)}_i of antineutrino events in the 8 detectors can be written as,

N^{(1)}_i = K_i 6∑ j=1 ϕ_j T^{(1)} (L^{(1)}_{i,j} )^2

, i = 1-4, (16)

N^{(1)}_i = K_i 6∑ j=1 ϕ_j T^{(1)} (L^{(1)}_{i,j} )^2

(1 − sin^2 2θ_{13}), i = 5-8, (17)

N^{(2)}_i = K_i 6∑ j=1 ϕ_j T^{(2)} (L^{(2)}_{i,j} )^2

(1 − sin^2 2θ_{13}), i = 1-4, (18)

N^{(2)}_i = K_i 6∑ j=1 ϕ_j T^{(2)} (L^{(2)}_{i,j} )^2

, i = 5-8, (19)

We form the 8 ratios,

N^{(2)}_i N^{(1)}_i = ∑_6 j=1 ϕ_j T^{(2)} (L^{(2)}_{i,j} )^2

∑_6 j=1 ϕ_j T^{(1)} (L^{(1)}_{i,j} )^2

(1 − sin^2 2θ_{13}) = ρ_i(1 − sin^2 2θ_{13}), i = 1-4, (20)

N^{(1)}_i N^{(2)}_i = ∑_6 j=1 ϕ_j T^{(1)} (L^{(1)}_{i,j} )^2

∑_6 j=1 ϕ_j T^{(2)} (L^{(2)}_{i,j} )^2

(1 − sin^2 2θ_{13}) = ρ_i(1 − sin^2 2θ_{13}), i = 5-8, (21)

where,

ρ_i =

∑_6 j=1 ϕ_j T^{(2)} (L^{(2)}_{i,j} )^2

∑_6 j=1 ϕ_j T^{(1)} (L^{(1)}_{i,j} )^2

, i = 1-4, and ρ_i =

∑_6 j=1 ϕ_j T^{(1)} (L^{(1)}_{i,j} )^2

∑_6 j=1 ϕ_j T^{(2)} (L^{(2)}_{i,j} )^2

, i = 5-8, (22)

are ratios of sums of the reactor fluxes weighted by distances in the two configurations of the experiment. Using the notation that L_{i,j,Far} and L_{i,j,Near} represent the distances from detector i to reactor j when the detector is in its Far and Near location, respectively, the ratios ρ_i can be written as,

ρ_i =

∑_6 j=1 ϕ_j L^2_{i,j,Far}

∑_6 j=1 ϕ_j L^2_{i,j,Near}

, i = i-8, T^{(1)} = T^{(2)}, (23)

assuming also that the times of operation in the two configurations are equal.

We now have 8 measurements of sin^2 2θ_{13},

sin^2 2θ_{13} = 1 − ρ_i

N^{Far}_i N^{Near}_i

, (24)

where N^{Far}_i = N^{(2)}_i for i = 1-4 and N^{Far}_i = N^{(1)}_i for i = 5-8, and similarly N^{Near}_i = N^{(1)}_i for i = 1-4 and N^{Near}_i = N^{(2)}_i for i = 5-8. All 8 detectors will be nearly identical, so if we operate for equal times in the two configurations, the numbers of events in the numerator of eq. (24) are all approximately equal to N_{Far}/8, where N_{Far} is the total number of events observed at the Far site.

From the 8 measurements (23) of sin^2 2θ_{13} we can report a single result based on the weighted average,

sin^2 2θ_{13} = 1 − 4∑ i=1 w_iρ_i

N^{(2)}_i N^{(1)}_i − 8∑ i=5 w_iρ_i

N^{(1)}_i N^{(2)}_i

= 1 − 8∑ i=1 w_iρ_i

N^{Far}_i N^{Near}_i

, where 8∑ i=1 w_i = 1,

(25) where to a first approximation the weights w_i are all equal to 1/8. Equation (25) is a generalization of eqs. (7) and (14), and likewise involves ratios of rates in Far detectors to those in Near detectors. The detector factors K_i do not appear in eq. (25), but ratios of the reactor fluxes ϕ_j do appear via the ρ_i.

In the approximation that the statistical uncertainty in the measurement ofsin^2 2θ_{13} is due only to the numbers of events in Far detectors, that uncertainty is, recalling eq. (10),

δ_{sin}2_{2θ13} ≈ 8∑ i=1 w_iρ_i √ N^{Far}_i N^{Near}_i 2 . (26)

It is a good approximation that all the numbers of events in the numerators of eq. (26) are N^{Far}_i ≈ N_{Far}/8. For small sin^2 2θ_{13} it is also a reasonable approximation that the numbers of events in the denominators can be written as N^{Near}_i ≈ N_{Far}/(8ρ_i). Then, we obtain the form,

δ_{sin}2_{2θ13} ≈ √ 8 ∑_8

i=1 w^2_i √ N_{Far} ≈ 1 √ N_{Far}

, (11)

where the second approximation follows if the weights w_i are all 1/8.

The measurement (25) of sin^2 2θ_{13} depends on our knowledge of the reactor fluxes ϕ_j through the factors ρ_i of eq. (22). In principle these fluxes can be determined from the 16 measurements N^{(k)}_i , but this determination requires use of a χ^2-minimization procedure, with,

χ^2 = 8∑ i=1 6∑ j=1 2∑ k=1

[ N^{(k)}_i −^{ϕj Ki}_{(L(k)i,j )2} (1 − A(L^{(k)}_{i,j} , Δm^2_{31}) sin^2 2θ_{13})

]_2

N^{(k)}_i

. (27)

This procedure can fit for 16 parameters, which can include the mass-splitting parameter Δm^2_{31} via its role in the analyzing power (2) along with the 15 parameters sin^2 2θ_{13}, K_i and ϕ_j.

6 Detector “Swapping”

As discussed in sec. 5, the 8 detector constants K_i can in principle be determined along with sin^2 2θ_{13} if each detector is operated at one of two Near sites and at the Far site for equal amounts of time. In practice it will not be convenient to “swap” all 8 detectors halfway through the experiment. Rather, we propose to make 3 “swaps” of 4 detectors each at the end of each quarter of the experiment, as indicated in Table 6.

Careful calibration of the detectors before and after each “swap” will be necessary to insure that each detector’s performance does not change significantly due to relocation.

Table 1: Swapping scheme with 4 running periods. The detectors (labeled 1-8) are deployed at the Near(DB), Near(LA), and Far sites during each period as indicated in this table. Each detector is operated for 50% of the experiment at the Far site.

Run Period Near(DB) Near(LA) Far

I 1,3 5,7 2,4,6,8

II 2,3 6,7 1,4,5,8

III 2,4 6,8 1,3,5,7

IV 1,4 5,8 2,3,6,7

7 Statistical Uncertainty on sin^2 2θ_{13}

As discussed in secs. 3-5, the statistical uncertainty on our measurement of sin^2 2θ_{13} is approximately 1/ √ N_{Far}, where N_{Far} is the total number of antineutrino events observed in all detectors at the Far site.

Each detector with have a fiducial mass of about 20 tons of liquid scintillator, as constrained by requirements of operation in the underground site. The far site is approximately 2 km from the Daya Bay reactors, so that the analyzing power (2) is close to unity. Then, each of the 4 detectors at the far site at any moment will observe about 90 antineutrino events per day. In 1000 days of operation, a total of N_{far} ≈ 3.6 × 10^5 events will be observed, and the corresponding statistical uncertainty on the measurement will be,

δ_{sin}2_{2θ13} ≈ 0.0017 (statistical). (28)

The statistical uncertainty (28) is well below the goal of an overall sensitivity of sin^2 2θ_{13} ≈ 0.01. The contribution to the uncertainty on the measurement of sin^2 2θ_{13} from other sources than the number of observed antineutrino events will be discussed in the remainder of this section. These systematic uncertainties are of 3 types: reactor, detector and background.

For a historical perspective, the best existing limit of sin^2 2θ_{13} < 0.17 at 90% confidence level was obtained by the CHOOZ experiment [9] (with an analyzing power of 1/2 at their far site) which quotes a statistical uncertainty of 2.8% and a systematic uncertainty of 2.7%.

8 Reactor-related uncertainties

For a single reactor (with only one core), the reactor flux ϕ_r is well determined by use of one far detector and one near detector (assuming the average distances are precisely known), as discussed in sec. 3. At present, the Daya Bay Power Plant has four cores in two groups, the Daya Bay Plant and the Ling Ao Plant. Another two cores will be installed adjacent to Ling Ao, called Ling Ao II, which will start to generate electricity in 2010. Figure 2 shows the locations of the Daya Bay cores, Ling Ao cores, and the future Ling Ao II cores. Superimposed on the figure are the tunneling scheme and the proposed detector sites. The distance between the two cores at each reactor site, called a pair here, is about 88 m. The Daya Bay pair is 1100 m from the Ling Ao pair, and the maximum span of cores will reach 1600 m when Ling Ao II starts operation.

Uncertainties in the reactor fluxes are associated with the power levels of the different cores and the effective locations of the cores relative to the detectors.

8.1 Reactor-Power Uncertainties

Knowledge of the reactor power is needed to calculate the ratios ρ_i of sum of distanceweighted antineutrino fluxes given by eq. (23). To assess the effect on the uncertainties δ_{ϕj} on the reactor fluxes, we recall eq. (25) and take the derivative,

∂ρ_i ∂ϕ_j

= ρ_i 1 L^2_{i,j,Far}

∑_6

j^′=1 ϕ_j′ L^2_{i,j′,Far} − 1 L^2_{i,j,Near}

∑_6

j^′=1 ϕ_j′ L^2_{i,j′,Near} ≈ ρ_i ϕ 1 L^2_{i,j,Far}

∑_6

j^′=1 1 L^2_{i,j′,Far} − 1 L^2_{i,j,Near}

∑_6

j^′=1 1 L^2_{i,j′,Near} ≡ ρ_i ϕ A_{ij} ,

(29) where we suppose that all 6 reactor fluxes ϕ_j are close to a common value ϕ.

The dependence of the measurement (25) of sin^2 2θ_{13} on the ratios ρ_i is such that the contribution to its uncertainty due to the uncertainty in the reactor fluxes is,

δ_{sin}2_{2θ13} = 6∑ j=1 ( δ_{ϕj} 8∑ i=1 w_i

∂ρ_i ∂ϕ_j

N^{Far}_i N^{Near}_i

)_2 ≈ 6∑ j=1 ( δ_{ϕj} ϕ 8∑ i=1 w_iA_{ij} ρ_i

N^{Far}_i N^{Near}_i

)_2

≈ 6∑ j=1 ( δ_{ϕj} ϕ 8∑ i=1 w_iA_{ij}

)_2

. (30)

The coefficients A_{ij} that appear in eq. (29) can be evaluated from Table 8.1 of the distance between detector sites and reactors. We adopt the convention that detectors i = 1-4 use the Daya Bay near site, detectors i = 5-8 use the Ling Ao near site, reactors j = 1-2 are the Daya Bay cores, reactors j = 3-4 are the Ling Ao cores, and reactors j = 5-6 are the Ling Ao II cores, then there are only 6 distinct coefficients, A_{ij} = −0.547, 0.230 and 0.316 for j = 1-2, 3-4 and 4-5, respectively, when i = 1-4, and 0.192, -0.158 and -0.034 for j = 1-2, 3-4 and 4-5, respectively, when i = 5-8. There are only 3 distinct averages,

∑_8

i=1 A_{ij}/8 = −0.178, 0.036 and 0.141 for j = 1-2, 3-4 and 4-5, respectively. We combine the 6 terms of eq. (30) in quadrature, assuming that all reactors have a similar uncertainty δ_ϕ in their flux and that all weights w_i are equal to 1/8, to find,

δ_{sin}2_{2θ13} ≈ δ_ϕ ϕ 6∑ j=1 (_8 ∑ i=1 w_iA_{ij}

)_2

≈ 0.23 δ_ϕ ϕ (w_i = 1/8). (31)

This result is only slightly better than that of the approximation that all of the coefficients A_{ij} are 1/6. The coefficients A_{ij} associated with the Daya Bay near site have opposite sign to those associated with the Ling Ao near site, so combining the data from these sites yield a lower uncertainty than that associated with either site alone.^1

Table 2: Average distances of the detector sites to the two cores of each reactor pair, for the configuration shown in Fig. 2.

Daya Bay cores Ling Ao cores Ling Ao II cores

Daya Bay near site (m) 360 850 1300

Ling Ao near site (m) 1330 440 500

Far site (m) 1980 1620 1610

If the Ling Ao II cores are not operational, the effect of the uncertainty in the other 4 reactor fluxes would be, δ_{sin}2_{2θ13} ≈ 0.10δ_ϕ/ϕ, assuming that all the weights w_i are 1/8.

The uncertainty (31) is small, but not negligible. It can be reduced by use of an appropriate set of weights w_i for the various detectors. A simple choice is that w_i = w_{DB} for detectors 1 = 1-4 whose near location is the Daya Bay near site, and that w_i = w_{LA} for detectors 1 = 5-8 whose near location is the Ling Ao site. The weights that yield the minimum uncertainty in sin^2 2θ_{13} due to the uncertainty in the reactor fluxes when 6 cores are operational are w_{DB} = 0.066 and w_{LA} = 0.183,

δ_{sin}2_{2θ13} ≈ δ_ϕ ϕ 6∑ j=1 (_8 ∑ i=1 w_iA_{ij}

)_2

≈ 0.08 δ_ϕ ϕ (w_{DB} = 0.066, w_{LA} = 0.183). (32)

The use of weights other than 1/8 increasing the statistical uncertainty in the measurement of sin^2 2θ_{13} according to eq. (10). Using the weights that minimize the effect of uncertainty in the reactor flux, the statistical uncertainty increases by 10% to,

δ_{sin}2_{2θ13} ≈ 0.0019 (statistical, w_{DB} = 0.066, w_{LA} = 0.183). (33)

If the Ling Ao II cores are not operational, the use of weights w_{DB} = 0.101 and w_{LA} = 0.149 reduces the effect of the uncertainty in the reactor fluxes essentially to zero, with an accompanying increase in the statistical uncertainty in the measurement of sin^2 2θ_{13} of only 2% Studies of the measured neutrino spectra in the different near detectors during different parts of the reactor fuel cycle can help provide additional constraints on the fuel cycle effects on the spectrum.

The Bugey experiment [8] claimed an uncertainty of δ_ϕ/ϕ = 1.4% in their knowledge of the reactor flux, and the CHOOZ experiment [9] claimed an uncertainty of only 0.6%. Here, we suppose that the typical uncertainty in the Daya Bay reactor flux will be 2%.

1The analysis up to this point closely parallels that by Suekane [6]. See also [7].

Table 3: The effect of reactor-related uncertainties on the measurement of sin^2 2θ_{13} for different reactor configurations. The uncorrelated uncertainty in the antineutrino flux from a single core is assumed to be δ_ϕ/ϕ = 2%. The locations of the reactor cores are assumed to be known to 0.3 m.

Number of cores w_{DB} w_{LA} δ_{sin}2_{2θ13} (power) δ_{sin}2_{2θ13} (location) δ_{sin}2_{2θ13} (total)

4 0.101 0.149 0.0% 0.14% 0.14%

6 0.066 0.183 0.16% 0.11% 0.18%

8.2 Location Uncertainties

To assess the effect on the uncertainties δ_{Li,j} on the reactor fluxes, we recall eq. (25) and take the derivative,

∂ρ_i ∂L_{i,j,Far} = − 2ρ_iϕ_j L^3_{i,j,Far}

∑_6

j^′=1 ϕ_j′ L^2_{i,j′,Far} ≈ − 2ρ_i L^3_{i,j,Far}

∑_6

j^′=1 1 L^2_{i,j′,Far}

≡ ρ_iB_{ij,Far}, (34)

and similarly,

∂ρ_i ∂L_{i,j,Near} = 2ρ_iϕ_j L^3_{i,j,Near}

∑_6

j^′=1 ϕ_j′ L^2_{i,j′,Near} ≈ 2ρ_i L^3_{i,j,Near}

∑_6

j^′=1 1 L^2_{i,j′,Near}

≡ ρ_iB_{ij,Near}, (35)

where we suppose that all 6 reactor fluxes ϕ_j are close to a common value ϕ.

The dependence of the measurement (25) of sin^2 2θ_{13} on the ratios ρ_i is such that the contribution to its uncertainty due to the uncertainty in the distances L_{i,j} is,

δ_{sin}2_{2θ13} = 8∑ i=1 6∑ j=1 ( w_i

∂ρ_i ∂L_{i,j,Far} δ_{Li,j,Far}

N^{Far}_i N^{Near}_i

)_2 + ( w_i

∂ρ_i ∂L_{i,j,Near} δ_{Li,j,Near}

N^{Far}_i N^{Near}_i

)_2

≈ 8∑ i=1 6∑ j=1 ( w_iB_{ij,Far}δ_{Li,j,Far} ρ_i

N^{Far}_i N^{Near}_i

)_2 + ( w_iB_{ij,Near}δ_{Li,j,Near} ρ_i

N^{Far}_i N^{Near}_i

)_2

≈ 8 ∑ i=1 6∑ j=1 ( w_iB_{ij,Far}δ_{Li,j,Far}

)_2 + ( w_iB_{ij,Near}δ_{Li,j,Near}

)_2

≈ δ_L 8∑ i=1 6∑ j=1 (w_iB_{ij,Far})^2 + (w_iB_{ij,Near})^2, (36)

assuming that the uncertainty in all distances is that same, namely δ_L.

The location of the reactor cores will be determined to a precision of about 30 cm. We assume that the location uncertainties δ_{Li,j} are uncorrelated. The resulting uncertainty in the measurement of sin^2 2θ_{13} is shown in Table 8.1.

References

[1] C. Bemporad, G. Cratta and P. Vogel, Reactor-based neutrino oscillation experiments, Rev. Mod. Phys. 74, 297 (2002),

http://kirkmcd.princeton.edu/examples/neutrinos/bemporad_rmp_74_297_02.pdf

[2] Y. Ashie et al., Measurement of atmospheric neutrino oscillation parameters by Super- Kamiokande I, Phys. Rev. D 71, 112005 (2005),

http://kirkmcd.princeton.edu/examples/neutrinos/ashie_prd_71_112005_05.pdf

[3] B.C. Davis et al., Reactor antineutrino spectra and their application to antineutrinoinduced reactions, Phys. Rev. C 19, 2259 (1979),

http://kirkmcd.princeton.edu/examples/neutrinos/davis_prc_19_2259_79.pdf

P. Vogel et al., Reactor antineutrino spectra and their application to antineutrinoinduced reactions. II, Phys. Rev. C 24, 1543 (1981),

http://kirkmcd.princeton.edu/examples/neutrinos/vogel_prc_24_1543_81.pdf

K. Schreckenbach et al., Determination of the antineutrino spectrum from^{235}U thermal neutron fission products up to 9.5 MeV, Phys. Lett. B 160, 325 (1985),

http://kirkmcd.princeton.edu/examples/neutrinos/schreckenbach_pl_160b_325_85.pdf

A. A. Hahn et al., Antineutrino spectra from 241Pu and 239Pu thermal neutron fission products, Phys. Lett. B 218, 365 (1989),

http://kirkmcd.princeton.edu/examples/neutrinos/hahn_pl_b218_365_89.pdf

[4] P. Huber, M. Lindner, T. Schwetz, and W. Winter, Reactor neutrino experiments compared to superbeams, Nucl. Phys. B 665, 487 (2003),

http://kirkmcd.princeton.edu/examples/neutrinos/huber_np_b665_487_03.pdf

[5] P. Huber et al., From double Chooz to triple Chooz neutrino physics at the Chooz reactor complex, J. High En. Phys. 052006072,

http://jhep.sissa.it/archive/papers/jhep052006072/jhep052006072.pdf

[6] F. Suekane, The Systematic Error Induced from the Baseline Differences in Kashiwazaki- Kariwa sin^2 2θ_{13} Experiment: A Conceptual Description (Sept. 1, 2003),

http://kirkmcd.princeton.edu/examples/detectors/suekane_1sep03.pdf

[7] H. Minakata et al., Reactor measurement of θ_{13} and its complementarity to long-baseline experiments, Phys. Rev. D 68, 033017 (2003),

http://kirkmcd.princeton.edu/examples/neutrinos/minakata_prd_68_033017_03.pdf

H. Minakata and H. Sugiyama, Exploring leptonic CP violation by reactor and neutrino superbeam experiments, Phys. Lett. B 580, 216 (2004),

http://kirkmcd.princeton.edu/examples/neutrinos/minakata_pl_b580_216_04.pdf

[8] Y. Declais et al., Study of reactor antineutrino interaction with proton at BUGEY nuclear power plant, Phys. Lett. B 338, 383 (1994),

http://kirkmcd.princeton.edu/examples/neutrinos/declais_pl_b338_383_94.pdf

B. Achkar et al., Search for neutrino oscillations at 15, 40 and 95 meters from a nuclear power reactor at Bugey, Nucl. Phys. B 434, 503 (1995),

http://kirkmcd.princeton.edu/examples/neutrinos/achkar_np_b434_503_95.pdf

B. Achkar et al., Comparison of anti-neutrino reactor spectrum models with the Bugey 3 measurements, Phys. Lett. B 374, 243 (1996),

http://kirkmcd.princeton.edu/examples/neutrinos/achkar_pl_b374_243_96.pdf

[9] M. Apollonio et al., Initial results from the CHOOZ long baseline reactor neutrino oscillation experiment, Phys. Lett. B 420, 397 (1998),

http://kirkmcd.princeton.edu/examples/neutrinos/apollonio_pl_420b_397_98.pdf

Limits on neutrino oscillations from the CHOOZ experiment, Phys. Lett. B 466, 415 (1999), http://kirkmcd.princeton.edu/examples/neutrinos/apollonio_pl_466b_415_99.pdf Search for neutrino oscillations on a long base-line at the CHOOZ nuclear power station Eur. Phys. J. C 27, 331 (2003),

http://kirkmcd.princeton.edu/examples/neutrinos/apollonio_epj_c27_331_03.pdf