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New approach to background subtraction in low-energy neutrino experiments
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We discuss a new method to extract neutrino signals in low-energy experiments. In this scheme the sym-
metric nature of most backgrounds allows for direct cancellation from data. The application of this technique
to the Palo Verde reactor neutrino oscillation experiment allows us to reduce the measurement errors on the
antineutrino flux from~20% to~10%. We expect this method to substantially improve the data quality in
future low background experiments such as KamLAND and LENS.

PACS numbegps): 14.60.Lm, 14.60.Pq, 29.85c

[. INTRODUCTION volving solar and atmospheric neutrind. In recent times
two experiments of this typgt,7] have been set up to search

Backgrounds are a major concern in low-energy neutringor ,, 7, oscillations compatible with the atmospheric neu-
experiments where signals have low rates and are easilfing anomaly. In these experiments, electron antineutrinos
mimicked by other phenomena. Several types of coincidencg,m reactors with energies less than 10 MeV, are detected

schemes, specific to particular neutrino-induced processeﬁy reaction(1) in liquid scintillator. There are two types of

have_been propo_sed to improve th_e signal-to-noise ratio. Onr?ackgrounds to this process: an uncorrelated background
classic example is the use of the inveelecay process

from environmental radioactivity randomly occurring during
the time coincidence window, and a correlated background
from cosmic-muon-induced fast neutrons. While the first one
can be easily measured by varying the time correlation win-
dow, the second one is more difficult to be measured unam-
iguously. Neutrons discussed here are produced either in

annihilate, yielding two 511 ke\y’s. Neutrons are captured he laboratory walls or inside the detector. Ml_chel ele_ctrc_ms
from muon decays are not a background since their time

after thermalization andg’s are produced in the subsequent o . .
nuclear de-excitation. The two parts of the event are sepe{:—orre""‘t'On is short and their energy deposition too large.
Fast neutrons can mimic the antineutrino signal in the

rated in time by a delay ranging from tens to hundreds of X
microseconds depending upon the nucleus on which the nefR!OWing two ways.

Vet p—et+n, (1)

in liquid scintillator in the discovery of neutrinos and many

subsequent experimen(4,2]: after the7e capture on pro-
tons, positrons deposit their energy in the scintillator an

tron captures. One-neutron backgroundA proton recoil is produced
The use of similar time correlations has been proposed foihrough a fast-neutron scattering mimicking tee signa-
solar neutrino detectiof8]. ture; the neutron is then thermalized and captured like in the

It is often the case that experiments are still backgroundase of antineutrino events.
limited even when such coincidence schemes are adopted, Two-neutron backgroundthe fast neutron can produce a
particularly when the signal rate is very low and cannot besecondary neutron through a spallation process on nuclei;
varied. Using data from the Palo Verde neutrino oscillationboth neutrons are then captured simulating the two parts of
experimen{4], we have found that most backgrounds have aan antineutrino event.
peculiar symmetry in the energy depositions between the two Both backgrounds are very difficult to measure except in
parts of an event that is not present in the neutrino signalpe case when the, source(in this case nuclear reactors
Such symmetry allows one to eliminate most of the backan pe tumed off, hence eliminating the signal. This favor-
ground by direct subtraction with the data itself. able circumstance was available only to the Chooz experi-

In this paper we discuss in c_ietall the method using th. ent[7]. Generally, theoretical models describing neutron
data from the Palo Verde experiment as an example and its

application to future experiments such as KamLAf@and production are not considered accurate enough to provide a

LENS[3], where signal rates are expected to be substantiallﬁfIable tool for background subtractl'on. .
lower. Fast neutrons are produced mainly in muon capture and

muon spallation. While the first process is well understood,
the second is poorly known. Although the total neutron yield
from muon spallation has been, to some extent, experimen-
tally measured8,9], theoretical modelg10-12 are not con-
Low-energy electron antineutrinos from nuclear reactorssistent with each other and with data. In addition the few
are unique tools to study oscillations in the regime of largemeasurements of the neutron energy spectfli8j are not
mixing angle and small mass differences. Such a combinawell reproduced by theoretical calculatiofist,15. The in-
tion of parameters has recently received a good deal of aterpretation of experimental data is complicated by the fact
tention as it is consistent with a number of observations inthat the neutron energy spectrum depends upon the muon

II. BACKGROUNDS TO REACTOR NEUTRINO
EXPERIMENTS
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spectrum that, in turn, is a function of the depth at which the Muon Veto Central Detector
measurement was carried on. 3

Since modern reactor neutrino oscillation experiments
typically have long baselines and observe antineutrinos fror 4 Water O
more than one reactor, in most cases it is impossible to con | Buffer [ |
pletely turn off the signal source. Hence, many experiment: 0
rely on the power variations that generally occur during re-
fueling of some of the reactors in order to subtract back-
grounds. This method, here referred to as the “ON-OFF
method,” has serious limitations sin¢a the statistical error
is large as only a small fraction of the neutrinos are used a
signal while most of them are subtracted away with the back
ground; the smaller the power excursion the larger the statis
tical error;(b) since reactors are kept to full power for a very
large fraction of timgbecause of obvious economic reasons
statistical errors are dominated by the short low power peri
ods while the majority of the data taken by the experiment i D OO OO/OP OO OO C
not useful to improve the measurement accurécythe sub- K iem o
traction method only works under the assumption that back ical 9mv ical
grounds are stable over the periods of several months the e LED <  LED e
separate the full-power periods from the low-power oiés; Ej oil =rscin1éi llatoT oil
complete systematic checks on data can only be done after : e
entire reactor cycle that generally corresponds to a period of
six months to one year. The new technique, that we call the FIG. 1. Schematic view of the Palo Verde neutrino detector. The

(O]

| C
O [O] [O

[
O]

[O]
(@)

[
(O]

5 4.5m
O] [O] I'G)_II II_G)_I [O]

“swap method,” avoids such limitations. liquid scintillator is loaded with 0.1% Gd in order to reduce the
neutron capture time to 3@s and provide a large capture sigi(al
Ill. THE SWAP METHOD MeV y cascadg

The swap method uses symmetries of the data to directlyjgqer conditions usefL6] were found to have an efficiency

eliminate most of the backgrounds and a Monte Carlo calcu\-,ery similar to the one that would be obtained by separately

lation to estimate the residual background. The same symy

, A timizing the patterns for the positron and the neutron parts
metries that guarantee the cancellation in data also make ﬂb‘?the events.

whole process rather insensitive to imperfections of the \ye can now calculate the difference
Monte Carlo model.
We first select neutrino events by requiring the prompt
part as positronlike and the delayed part as neutronlike. We N1i—Ny=(1—€1)Bpt(1—€2)N,, (4)
have

where B, and B,,, have been eliminated ane, can be

easily obtained from the,, Monte Carlo simulation since
whereN; is the number of selected evenB,, is the un-  this process is well known. The derivation ef is more
correlated background from natural radioactiviy,, is the  involved since, as already discussed, the neutron background
correlated background from two-neutron captuigs,is the IS not easy to model. Here we remark, however, that the
correlated background from single-neutron-induced eventsswap method” owes its power to the fact that, as it will be
and N, is the antineutrino signal to be measured. We thershown later,e;~1 ande,~0. A small (1~ ¢;) relaxes the
reverse the selection by imposing neutron cuts on the promgticcuracy requirements on the Monte Carlo simulation to be

N1=Bynct Bant Bpn+ N,, i)

part and positron cuts on the delayed part, obtaining used to estimate (€;1)By,.
The Palo Verde detectd 7] is shown in Fig. 1. All our
No=B/ct Bint €1Bpnt €N, (3)  simulations use the Monte Carlo prograBANT [18] to de-

scribe the detector and the materials surrounding it. Electro-

Since both uncorrelated and two-neutron backgrounds argagnetic interactions are simulated BganT while had-
symmetric under this selection swap, we h&g=B.,c ronic interactions are simulated bgrLuka [19]. Low-
andB,,=B,,. Indeed bothB/,. and B, can be measured energy neutron transport is simulated GgaLoRr [20]. Cuts
independently and are found to be the same in Palo Verdfr tracking neutrons are set to 1 MeV for concrete and earth,
data. The term8,, andN, are nota priori symmetric and 100 keV for the veto scintillator, 10 keV for the water shield-
we use the factors; and e, to describe the efficiencies for ing and 10° eV for the central detector. Light quenching for
the swapped selection. protons in a liquid scintillator is also includ¢@l]. Our pro-

It is essential to realize here that this procedure can onlgram successfully simulates the behavior of neutrons from
be applied if the the trigger system treats the two parts of thém-Be ande® and y’s from ??Na sources, which proves
event in an identical fashion. At Palo Verde the symmetricthat neutrino signals are simulated corre¢tly/].
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In estimatingB,, we consider both the process of muon  TABLE I. Results of Monte Carlo simulation for neutrons pro-
spallation and capture. Each process may happen either #hiced in the laboratory walls by muon spallation. The errors shown
the laboratory walls or inside the boundaries of the veto sysare due to limited Monte Carlo statistics. The estimated background

tem. Our selection cuts for the positron part of theevent ;agﬁtit;?(‘:’jl ;?Ohﬂes/ezsﬁg"e”d”i‘ntft‘se'iztxtco#lhfgnvfl&z ; E%(aé!nldoepen-
have been found to have negligible efficiency for muon- : . ' 1
. . - . MeV) should be compared with a total rate of 188.4 d - ob-
induced radioactivity, so that this phenomenon represents a. :
S . . tained from Palo Verde data. The differences between models are
negligible fraction of the background and is not analyzed,
further. Neutrons from other processes such as neutrino in-
teractions with the rock, photonuclear reactions associated BMC(d)
with electromagnetic showers generated by muons, and pogel € r (1—e)r E~10 MeV

muon elastic scattering, are also found to be negligible.

iscussed in the text.

E%5 A 1.16+0.07 0.690.04 —0.11+0.05 155
A. Muon spallation inside laboratory walls E"?S A 1.20-011 0.670.07 —0.13+0.07 1.7

As i llation in th s of e B9 A 1.06:0.07 0.77220.05 —0.05+0.06 17
S It turns out, muon spa ation In the concrete walls o E71'86, B 1.15-0.06 0.76-0.04 —0.11+0.04 32

the laboratory is the dominant componen in the case

of Palo Verde. Although absolute rate pt?ggictions are not Average —010=0.05
particularly reliable, in our case a normalization point can be

obtained from data where the prompt part of the event has an o )

energy in excess of 10 MeV. In fact, above this energy ther@ngular distribution fronj23] in the energy range 10 MeV
is no antineutrino signal or neutron capture but only proton<En,<E,. The result of this method is also reported in
recoils from neutron collisions. So we use the simulationTable | as Model B.

only to obtain the ratio In order to obtain the results in Table I, we use only
interactions m a 1 mthick concrete shell as neutrons pro-
B,';"nC(E<8 MeV) duced at larger depths are completely absorbed. The 10 MeV
r= BYC(E>10 MeV) ' ) low-energy cutoff used in the calculations is justified by the
pn fact that softer neutrons are completely absorbed by the 1 m
and then findB,, normalizing to data thick water buffer surrounding the Palo Verde ceptral deteg—
tor. From Table | we can see that the proton-recoil energy is
Bpn="" BgﬁtB(E> 10 MeV). (6)  only weakly dependent upon the neutron energy so that both

€, andr remain almost constant for drastically different neu-

We then determine (4 €,)r using the Monte Carlo simula- tron energy spectra. Furthermore, the uncertainties,@nd
tion. r have little effect on the factor (2 e;)r that directly enters

As mentioned above, the energy spectrum of neutronthe neutrino measurement. This implies that the neutron-
from muon spallation is not very well known and a broadcapture signal, common to both the neutrino signal and the
range of results can be found in the literature. Baiftb] Bpn background, is similar to the proton-recoil signal of the
suggested that the spectrum of neutrons from hadronic cadackground, but different from the positron signal of a neu-
cade followsE ~ %2 between 10 and 50 MeV, while the spec- trino event.
trum of neutrons fromr~ capture follows a flat spectrum up In Fig. 2 we show the energy deposited by the neutron-
to 100 MeV. Perking15] suggested that the neutron spec-induced proton recoil in the most energetic cell of the prompt
trum from muon spallation follow& ~16 The combination part of the events. The four different neutron spectra used are
of (9.7E 2+ 6.0e 519 has been used in a measurementnormalized to data for energies above 10 MeV.
[9] at a shallow site. It has also been sugge$2d] to use To verify the results obtained we independently calculate
proton and neutron spectra followirlg 126 as measured at the spallation background by using a neutron vyield of
accelerators for photo-nuclear interactions. Finally, the Kar6X10° u~! g~ cn?® for normalization. This number is
men experiment reported a visible energy spectrum followobtained by rescaling the measurement§9dfto our depth
ing e~ &% for spallation neutron§l13]. of 32 m.w.e. A total of 7.& 10° neutrons are generated daily

We conservatively choose four spectra, including all thein our lab walls. The calculated background ra&% (E
options described, as input to our Monte Carlo calculation of>10 MeV) are shown in the last column of Table I, which
backgrounds. Table | shows the two extreme casés 8  can be compared with our measuremBﬁﬁ“’(E> 10 MeV)
and E~20 together with the exponential spectruen ®%°  =13.5+0.4(stay d~1. It is clear that our measurement falls
(Models A). We assume that neutrons are produced isotropisomewhere in the middle of the predictions and the spectra
cally. In addition we compute the neutron spectrum by pro-chosen for the simulation cover a conservative range of pos-
ducing cosmic muons in the energy range 0.01 Me¥ , sibilities. We conservatively maintain all four options and
<500 GeV according to the proper energy and angular disuse the differences as contributions to the systematic errors.
tributions [24]. We then generate real bremsstrahluyig Finally, we average (% e;)r from Table | obtaining
according to the distribution &/, in the energy range 10 —0.10+0.05, and then proceed to calculate the background
MeV <E,<E,. Neutrons are then produced from photo-from neutron spallation in the walls as {l;)B,,=1.35
nuclear processes with a spectral sh&pe®[22] and an +0.68 d ™.
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B. Muon spallation inside the veto system seen from the table that$(E>10 MeV) in the water

Inefficiencies of the cosmic-ray veto system result in abuffer has a negligible rate compared to that in Table I, and
component oB,, from neutrons produced within the detec- their (1—e€;)r are very similar. Hence, in the rest of our
tor. The veto inefficiency at Palo Verde is measured to bealculations we will neglect this contribution.

(0.07+0.02)% for through-going muongwo missed hitgs

Only neutrons produced in the water buffer are important C. Muon capture inside laboratory walls

here since muons responsible for neutron spallation directly )

in the central detector scintillator would be easily detected 1N€ muon capture process is rather well understood and
and discarded. the resulting neutrons tend to have a soft spectfoom-

Using the same procedure as above we obtain a neutrdifred to spallation with an upper limit around 100 MeV
yield of 1600 d* from the water buffer. The corresponding (muon mass The underground laboratory at Palo Verde is
€;, r and (1—e;)r are given the in Table Il together with built with low activity concrete using marble as aggregate.

background estimatesg’ﬁ(E> 10 MeV). It can be readily The eleme_ntal composition of concrete is shown in Ta_tble I
together with the muon capture rate and the neutron yield per

TABLE II. Results of Monte Carlo simulation for neutrons pro- capture for each element. Almost every capture produces one

duced in the water buffer by muon spallation. The errors shown ar@eutron. The total unvetoed muon rate in the walls is 2 kHz,

due to limited Monte Carlo statistics. The estimated rate above 1&f which 0.9 kHz is due tow~. The stoppingu~ rate

MeV shown in the last column refers to an independent calculationamounts to 90 Hz. Using Table Il we obtain a total muon

described in the text. It is clear that the rates found for this Channe&apture probability of 67%, resulting a neutron production

are negligible with respect to the rates in Table I. rate of 60 Hz in the laboratory walls.

The neutron energy spectrum from capture is simulated

MC (q-1

Model e ; (1—epr EBgnlédMe)V taking in_to account both the soft neutrons frorr_1 r_luclear
evaporation and the hard neutrons from direct emission. For

E"%5 A 1.17+0.12 0.72:0.07 —0.12+0.08 2.2 light elements such a$’C and 0, individual lines are

E-20 A 0.94+0.08 1.410.15 0.08:0.11 0.06 present in the neutron spectrui®8,29, while for heavier

e BB A 0.97+0.04 1.12-0.05 0.03-0.04 0.8 elements such spectrum has the properties of a continuum.

E-18 B 1.13-0.05 1.12-0.05 —0.15+0.06 0.9 We use the energy spectra in REZ8] to simulate neutrons

from '%C and %0, while those from heavy elements are
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TABLE Ill. Elemental composition together with muon capture ~ TABLE IV. Comparison of data and Monte Carlo calculation
rates and neutron yields for the Palo Verde concrete. The concrefer an event selection with no efficiency for the antineutrino signal
contains 3% reinforcing steel, 16% cement, and 81% crushedsee text Errors are statistical only. Note thhl; andN, are cor-

marble aggregate. related.
Fraction by Capture rate  n yield/capture Rate (d'1)
Element mass(%) (10° s7h) (u-capture 1) —

(1— €1) By, (Spallation in wally 0.19+0.26
H 0.6 0.004[25] 1 (1-€;)By, (Spallation inside veto negligible
C 10.4 0.388[25] ~1 [26] (1-€;)By, (Capture in wallp negligible
0 50.6 1.026[25] 0.98 [26] (1- €;)Byn (Capture inside veto —0.08£0.08
Al 0.3 7.054[25] 1.26 [27]
Si 12 8.712[25] 0.86 [27] Total (1— €;)Bp, (MC) 0.11+0.27
Mg 10.7 10.67[25] 1° N, (Data 8.75+0.28
Ca 22.9 25.5725] 0.75 [27] N, (Data 9.07£0.29
Fe 3.3 44.11[25] 1.12 [27] N;—N, (Datg —0.32£0.20

8Actual value not known, assumed to be 1.

in this case only theB,, term will be present after swap
simulated according tf[27]. Capture on hydrogen happens at selection:

a negligible rate and is disregarded here. From the simula-

tion, we obtainB,,=0.10-0.05 d"* and (1-e;)=0.23 N1 —=Nz=(1—€1)-Bpn. @)
+0.32 so that (% €;)B,,,=0.02-0.03 d *, where the error
includes Monte Carlo statistics and all systematic uncertain
ties. We conclude that this background is negligible com
pared to other channels.

Table IV shows the result of this test with background only.
The values oN; —N, from data is consistent, within errors,
‘with a Monte Carlo estimate of (1€;)B,,. Different selec-
tion cuts for the background yield similar results.

D. Muon capture inside the veto system IV. COMPARISON WITH “ON-OFF" BACKGROUND

In analogy to the spallation case, neutrons from muon SUBTRACTION
capture inside the veto system can contribut@®tgfor un- ,
tagged muons. Even considering the conclusions from the The advantages of the swap method become clear in the
previous two sections this background cannoteberiori ~ comparison with the “ON-OFF” method, as shown in Table
dismissed as negligible since the veto counter inefficiency!: 1€ table summarizes the results of the Palo Verde ex-
for single hits(such as would result from a stopping mygs ~_Periment for the 1999 data taking period fro]. e is
measured to be (#1)%. In thebuffer-water muon capture indeed very close to 1 resulting in a very small residual back-

1 . . . .

on %0 is the only significant source of neutrons since the .

capture rate on h))//drggen is very small TABLE V. Palo Verde results from 1999 data taking. Errors are
. statistical except for (+ €;)B,, Where errors are systematic. The

The total .~ rate in our detector is about 860 Hz, of individual background rates are approximately 4*dor B 14
which 86 Hz are stopping muons. This results in a rate of 9 Y uner

; d~! for By, and 10 d* for B,
untagged neutrons of 52 500 H Using the energy spectrum of B, an O Ben
from Ref. [28], we obtain from Monte Carlo simulation
Bpn=3.9+0.8 d ! and (1-¢;)=0.22+0.03. Finally, this

1999 “ON” 1999 “OFF”

background contributes (1e;)B,,=0.86=0.50 d ! where, No. of days 110.95 23.40
as usual, the error includes all uncertainties. v, efficiency 0.112 0.111
€ 0.159 0.159

E. Verification of the method (1 €0)Bon apat nato(d” 1y —135+068 —1.33-0.67

In summary, all the atl)ove backgrounds add to a total_rate(l_ €1)Bon, spal. inside verd %) negligible negligible
(1—§1)Bpn=0.5i0.8 d., very plose to 0. The  ITor IS (1—€))Byy capt. inwans(d %) 0.02+0.03 0.02-0.03
dominated by systematics, particularly stemming from un- (1 €1)Bpn, capt.insideverd A2 0.86+0.43 0.86-0.43
certainties in the neutron energy spectrum.

In order to verify the correctness of the method, we can Nz (d™%) 52.9+0.7 43.9-1.4
directly measure in the data a similar background by slightly N2 (d™*) 32.30.5 31712
modifying the antineutrino selection cuts so that no signal is N, (d™%) 25.2£0.9 15.1+1.9
detected. Positrondrom v, interaction$ differ from proton Bunc Bant Bpn (071 27.7+0.6 28.8-1.3
recoils (from background neutrons interactiors/ the anni- B
hilation y’'s with energies of less than 511 keV. An event v, observed (d%) 225+8 136+ 17
selection requiring more than 600 keV for each of the hits 3, expected (d?) 218 130

will result in the total rejection of the neutrino signal. Hence,
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ground (1-€;)B,,, even for a background ra®,,.+ By, subtraction over more traditional techniques. While the new
+B,, as high as 27 . In the new variableN;—N,, not ~method was applied first to a reactor neutrino oscillation ex-

only the termsB,,,c andB,,, drop completely, but alsB,,,is ~ Periment, it can be more generally used in experiments
strongly suppressed. A conservative 160% uncertainty oMhere(a) the signal events consist of two subevents corre-
(1- €;)B,, only corresponds to a 4% error d,. On the lated in time or space€h) the two subevents are distinctively

other hand, is only 0.16, small enough that the statistical different from each other in signal but similar in back-
power of ther. signal is retained grounds or vice versa, an@d) the detector and trigger treat
e .

CorrectingNy in both columns by their respective effi- the two subgve.nts in identical fashion. . .
ciencies and subtracting column 2 from column 1 in the These criteria apply to several future neutrino experi-
table, we find that the “ON-OFF” method gives a neutrino MENtS such as KamLAND and LENS. In KamLAN[3]

rate of 77+ 14(stat.}-8(syst.) d* for an expectation of 88 E{gtr:]trl_on 'gnsflcnr?tglfg?oorsag%m ;g-?gﬁrs .;’r\]"lénb; deéiCtgg.t'ge_l
d~1in the no-oscillation hypothesis. In calculating the signal Iqui inti pOSi Wi gy deposi

essentially only one reactor out of three is used, while th ween 1 and 8 MeV correlated in time with a neutron which

statistical fluctuations in the flux of all reactors along with gl}[/eds a 2;[2 MEVykllne fr(()jm Cr?p;[]u_re lor:j progotnhs. The C(grt\e,\;
the background contribute to the errors. The systematic errc!?1 et neu ront ackgroun tV(\j' tIC hmc uthes oth one- af?t d o
includes uncertainties on positron and neutron efficiencie eutron events, IS expected 1o have the same magnitude as

o . 0 — . 0 e random background. The application of the method is
(5%), v, selection(8%) and v, flux estimate(3%). therefore straightforward: both random and two-neutron

. In the case of th‘i swap method, we finld 22stat)  packgrounds can be eliminated and the one-neutron back-
+17(sys) d° [137=17(stat)-14(sys.) d°] f0r1h|gh ground can be estimated in a way which is very similar to
[low] power against a prediction of 218 H[130 d '] for  \yhat we discussed above. The LENS experini@tis de-

the case of no oscillations. Here all reactors contribute to th‘%igned to detect solar neutrinos via, for example, the process
signal and, in fact, the contributions for the two periods with ,} 16454, & 1 160Th* | where the signature consists of an
different power can be used together to strengthen the MeR1ectron(0.04—2 MeVj and ay (64 keV) correlated in time.
surement. Indeed the statistical error drops from 18% in th@y,o of the main backgrounds is the random coincidence of
case of "ON-OFF” to 3.5%(12% for high (low) power. .5 from radioactive impurities in the detector and it can be
While systematic errors from efficiencies and flux are theeasily suppressed by the method described above.

same as in the previous case, the errowggeelection is now
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