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Plan for this Lecture
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• How do nuclear reactors produce neutrinos? 
What kind of neutrinos? How many?

• Neutrinos are difficult to detect. What are the 
special problems? How do we deal with them?

• What is the physics behind detection of reactor 
neutrinos? What are the techniques?

• Many of us are interested in reactor neutrinos 
because they can be used to answer fundamental 
questions. What is some of this current research?
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Reactor Neutrino Basics
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Schematic of the 
fission process

Neutron:

Valley of 
Stability

β− Decay: 
Turns neutrons 
into protons

n → p + e− + ν̅e



...so we learn the following:
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• We see, therefore, that nuclear reactors are a 
source of “electron anti-neutrinos”, i.e. ν̅e

• Several beta decays needed to return the fission 
fragment isotope to the “valley of stability”

• Nuclear power reactors are intense sources of 
electron antineutrinos

• Precise calculations of the antineutrino intensity 
and spectral shape are challenging.
- Additional difficulty: Fuel evolution in the core



Calculating Reactor Spectra
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Recent Example: P. Huber, Phys. Rev. C84(2011)024617
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235U Calculated
235U Fit
239Pu Calculated
239Pu Fit
241Pu Calculated
241Pu Fit

Remember: A 
real experiment 
must take into 
account how 
the fission 
isotopes evolve 
over time in the 
reactor core!



Exercise
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Estimate the neutrino flux from a 4GW power reactor.

Assume that 235U (Z=92, A=235) splits into two equal 
parts, and the Coulomb energy when the fragments are 
just touching is the source of all power in the reactor. 
To a good approximation, the radius of a nucleus with 
atomic mass A is R=1.25A1/3 fm.  Also assume that the 
fragments undergo four beta decays before reaching 
the valley of stability.

Find the antineutrino flux at a distance of 300m.

Answer: 1.3×1010/cm2-sec



Detecting Reactor ν̅e
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Remember: All Neutrino Cross Sections are “Small”
• Need intense sources and large detectors
• Fake signals, i.e. “backgrounds”, are a problem

Number of detected events per second
= Flux (neutrinos per second per cm2)
× Interaction cross section (cm2)
× Number of “targets”
× Detection efficiency

ν̅e + p → e+ + nFor Reactor Neutrinos:



Inverse Beta Decay Cross Section
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n → p + e− + ν̅e

n p
e−

ν̅e

ν̅e + p → e+ + n

np
e+ν̅e

Measure neutron lifetime to predict cross section!

more, including the sign of !cos "#. The effect is so large in
part because of the accidental near-cancelation in a (0).
The general form of the differential cross section, valid to

all orders in 1/M but neglecting the threshold effects $and
hence only valid for energies far above threshold%, is well-
known &6'. For the relevant energies E(!60 MeV, it is in-
structive and sufficient to consider in detail just the terms of
first order in 1/M . Here and below, 1/M will be taken to refer
to all terms of that form, with E( /M being dominant among
them. Moreover, using these results, we show how to extend
the formula of Ref. &6' to low energies, so that it merges
smoothly with the correct expression near threshold.

II. THE POSITRON ANGULAR DISTRIBUTION

A. Differential cross section: expansion in powers of 1/M

We begin with the matrix element of the form

M"
GF cos "C

!2 ! ūn" )* f#)*)5g#
i f 2
2M +*(q(# up$

$& v̄ (̄)*$1#)5%v e' , $4%

where f and g are given above, the anomalous nucleon is-
ovector magnetic moment is defined with f 2"*p#*n
"3.706, and cos "C"0.974. In the most general case, the
coupling constants are replaced with form factors that vary
with q2; we neglect this variation as it is O(E(

2/M 2). The
four-momentum transfer q2 is related to the laboratory scat-
tering angle " , which in turn is related to the outgoing pos-
itron energy Ee $again in the laboratory% by the relations

q2"me
2#2E(Ee$1#v e cos "%

"$Mn
2#Mp

2%#2Mp$E(#Ee%. $5%

Some other useful kinematic relations are given in the Ap-
pendix. We can now use the standard rules and evaluate the
differential cross section accurate to a given order in 1/M .
At zeroth order in 1/M , the positron energy is

Ee
(0)"E(#, , $6%

where ,"Mn#Mp . At each order in 1/M , we define the
positron momentum pe"!Ee

2#me
2 and the velocity v e

"pe /Ee . The differential cross section at this order is

" d+

d cos " # (0)"+0
2 &$ f 2%3g2%%$ f 2#g2%v e

(0)cos "'Ee
(0)pe

(0) .

$7%

The normalizing constant +0, including the energy-
independent inner radiative corrections, is

+0"
GF
2 cos2"C

-
$1%, inner

R %, $8%

where , inner
R %0.024 &7'. This gives the standard result for

the total cross section,

+ tot
(0)"+0$ f 2%3g2%Ee

(0)pe
(0)

"0.0952" Ee
(0)pe

(0)

1 MeV2# $10#42 cm2. $9%

The energy-independent inner radiative corrections affect
the neutron beta decay rate in the same way, and hence the
total cross section can also be written

+ tot
(0)"

2-2/me
5

f R.n
Ee
(0)pe

(0) , $10%

where .n is the measured neutron lifetime and f R"1.7152 is
the phase space factor, including the Coulomb, weak magne-
tism, recoil, and outer radiative corrections, but not the inner
radiative corrections &8'. The cross section normalization
was measured in Ref. &9' and found to be in agreement with
the expectation from the neutron lifetime at the 3% level.
The $small% energy-dependent outer radiative corrections to
+ tot are given in Refs. &3,4'. The outer radiative corrections
to !cos "# should largely cancel in the ratio of the cross sec-
tion weighted with cos " to the cross section itself, and so are
not considered further here.
At first order in 1/M , the positron energy depends upon

the scattering angle and is

Ee
(1)"Ee

(0)!1#
E(

M $1#v e
(0)cos "%$#

y2

M , $11%

where y2"(,2#me
2)/2. In factors of the form 1/M , we use

the average nucleon mass; using 1/M versus 1/Mp leads to
an ignorable difference of O(1/M 2). The differential cross
section at this order $after a lot of tedious algebra% is

" d+

dcos" # (1)"+0
2 &$ f 2%3g2%%$ f 2#g2%v e

(1)cos "'Ee
(1)pe

(1)

#
+0
2 ! /

M $Ee
(0)pe

(0) , $12%

where

/"2$ f% f 2%g! $2Ee
(0)%,%$1#v e

(0)cos "%#
me
2

Ee
(0)$

%$ f 2%g2%!,$1%v e
(0)cos "%%

me
2

Ee
(0)$

%$ f 2%3g2%! $Ee
(0)%,%" 1#

1

v e
(0)cos " # #,$

%$ f 2#g2%! $Ee
(0)%,%" 1#

1

v e
(0)cos " # #,$v e(0)cos " .

$13%

For the dominant term &the first square brackets in Eq. $12%',
the cosine-dependence of Ee , pe , and v e must be taken into
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The energy-independent inner radiative corrections affect
the neutron beta decay rate in the same way, and hence the
total cross section can also be written
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where .n is the measured neutron lifetime and f R"1.7152 is
the phase space factor, including the Coulomb, weak magne-
tism, recoil, and outer radiative corrections, but not the inner
radiative corrections &8'. The cross section normalization
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Using the 235U neutrino spectrum calculated by Huber, 
find the number of events per MeV per day in a 20ton 
detector.  Assume the detector material has a chemical 
composition equivalent to CH2.  Plot the spectrum as a 
function of positron kinetic energy.  Take the detector 
efficiency to be unity.  Integrate over positron energy 
for the total number of events.

Use the antineutrino flux you
calculated for a 4GW reactor
at a distance of 300m.

Exercise

9

Calculate the detected positron spectrum.

Answer:
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“Prompt” and “Delayed” Signals
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• Detectors are big and neutrino events are rare.

• It will be difficult to find ∼1000 events per day 
in a 20 ton detector (about 5m in size).

• We need an additional handle with which we 
can identify inverse beta decay events!

ν̅e + p → e+ + n

The electron is “prompt”. It is the primary signal.

The neutron walks around in the detector before it 
captures on something. Its signal is “delayed”.



Ancient Example (“Discovery”)
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Reines and Cowan, Phys.Rev. 113(1959)273

F. REINES AND C. L. COWAN, JR.

3600feep+e„
cm ) (2)

where R= the observed signal rate in counts/hr;
n=the number of target protons=8. 3X10's; f=the
antineutrino flux at the detector in v/cm'sec= 1.3)&10",
assuming iV=6.1 v/fission; ep+= the positron detection
efficiency, and e = the neutron detection efficiency.
Note that the mean cross section per fission (cVo) is

independent of the number of antineutrinos assumed
emitted by the fission-fragments per fission (iV).
Uncertainties in the v flux f (5 to 10%) arise from
imprecise knowledge of reactor power, uncertainty
concerning energy released per fission and the number
of v per fission, and incomplete knowledge of the
fission-fragment distribution in the reactor. The v

energy spectrum is determined from a measured P+
spectrum (or the first-pulse spectrum of the anti-
neutrino-produced delayed coincidences after appro-
priate energy-resolution corrections). The energy E; of
the F is related to Ep+, the kinetic energy of the product
P+, by the equation

E„=3.53+E~+(mc' -units). (3)
We have neglected the few-kilovolt recoil energy of the
product neutron.
With these quantities in mind we will describe the

experiment in conjunction with a schematic diagram
of the equipment (Fig. 2).' Assume that an antineutrino-

ANTINEUTRINO (u) /
FROM REACTOR /

GIANT LI QUID
/ SCINTILLATION DETECTOR!

CAPTURE GAMMA RAYS
(TOTALLING 9.1 MEV)

s

n CAP
CG

MODE

+ p-
H I LAT ION

105 am W
LONG

ANNIHILATION
GAMMA RAYS
(O.SI MEV EACH)

FrG. 1. Schematic of antineutrino detector. This 1.4)(10-liter
detector is filled with a mixture which consists primarily of
triethylbenzene (TEB) with small amounts of p-terphenyl
(3 g/liter), POPOP wavelength shifter (0.2 g/liter and cadmium
(1.8 g/liter) as cadmium octoate. An antineutrino is shown trans-
muting a proton to produce a neutron and positron. The positron
slows down and annihilates, producing annihilation radiation.
The neutron is moderated by the hydrogen of the scintillator and
is captured by the cadmium, producing capture gamma rays.

~ Photographs of the detectors and some associated equipment
may be found in F. Reines and C. L. Cowan, Jr., Physics Today
10, No. 8, 12 (1957). Detector details are described in an article

II. THE EXPERIMENT

Figure 1 represents schematically the sequence of
events which occur when an antineutrino is captured
by a proton. The cross section 0- for the process for an
average fission f is determined from the relation

induced reaction occurs in the detector. The P+ signal
is seen by each of two interleaved banks of 55, 5-inch
Dumont photomultiplier tubes in prompt coincidence
within the 0.2-@sec resolving time of the equipment.
The signals are added by preamplifiers whose gains
have been balanced to allow for slight differences in
the response of the two photomultiplier banks, amplified
further and sent via a 30-@secdelay line to the deflection.
plates of a recording oscilloscope. At the same time the
two signals are sent separately to a prompt coincidence
unit (marked P+) which accepts them if they correspond
to pulse-height amplitudes between 1.5 and 8 Mev.
On receipt of an acceptable signal, . the P+ sealer is
tripped, and a gating pulse is sent to the second co-
incidence unit (marked ss). If during a prescribed time
(0.75 to 25.75 Issec) following the p+ pulse, a neutron
pulse corresponding to an energy deposition of 3 to 10
Mev in the antineutrino detector occurs (again in
prompt coincidence from the two interleaved photo-
multiplier banks), the neutron coincidence unit signals
a delayed coincidence. This delayed coincidence is
registered by a sealer and triggers the scope sweep,
allowing the entire sequence which has been stored in
in the 30-psec delay lines to be displayed and photo-
graphed. The neutron prompt coincidences are also
recorded by a sealer. ' Therefore the raw data obtained
for analysis are the following: the rates in the positron
and neutron gates, delayed coincidence rate, scope
trigger rate, pulse amplitudes, and time intervals
between pulses as seen on the recording oscilloscope.
These data are obtained with the reactor on and off
and with gross changes in bulk shielding provided by
bags of wet sawdust.
In addition to the above arrangement there is

provision for the reduction of cosmic-ray-associated
background by means of an anticoincidence detector
placed above the antineutrino detector as shown in
Fig. 2. If, for example, a pulse occurs in the anti-
coincidence detector of amplitude &0.5 Mev in co-
incidence with otherwise acceptable P+-like pulses, the
event is not accepted by the P+ coincidence-anti-
coincidence unit and hence is not recorded by the
oscilloscope. This is a reasonable criterion since the
annihilation radiation which might reach the anti-
coincidence detector for a bonafide P event is at most
0.5 Mev. In order to reduce the background from
events secondary to the passage of high-energy ()8
Mev) charged cosmic rays and delayed in time, the P+
coincidence unit had incorporated into it a long gate
which rendered the system insensitive for 60 +sec
following such a pulse. Pulses triggered by electrical
noise are also eliminated by means of the distinctive
visual record.
by F. Reines in the forthcoming book, JI/lefhods of Experimental
Physics, edited b L. C. Yuan and C. S. Wu LAcademic Press,
Inc. , New York to be published)g, Vol. S.'To be precise, we should use the phrases "p+-like" and
"n-like" to describe the pulses because pulses in these energy
ranges are produced by other particles as well.
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Reines and Cowan, Phys.Rev. 113(1959)273FREE ANTINEUTRINO ABSORPTION CROSS SECTION. I

pp+

It is evident that the P+-detection e%ciency is high
because of the small probability of P+ leakage from the
detector. The problem is to determine the probability
that an event will fall within the energy gates employed,
i.e., 1..5 to 8 Mev. To estimate this probability, plots
were made of the first-pulse spectrum with the reactor
on and oQ' as measured in runs A, 8, and C. Figure 4
shows the spectrum of first pulses scaled to run time of
47.3 hr. The lowest energy points are seen to drop
sharply, a fact attributed to the effect of energy gates
cutting into the spectrum. Since the background spec-
trum should continue to rise with decreasing energy,
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FIG. 4. First-pulse spectrum.

the reactor on-off difference was scaled up by a factor
determined from an extrapolation to lower energies
and is shown on the first-pulse difference curve on Fig. 5.
In deriving the difference curve, no account was taken
of the increase in accidental background associated
with the reactor, and so the curve rises more sharply
at lower energies than does the true P+ spectrum. The
P+ detection efficiency was deduced from this curve by
extrapolating to the origin and measuring the fraction
of the area in the experimental vs the extrapolated curve.
This procedure underestimates the efficiency somewhat
because a subsequent measurement of the ungated
spectrum seen from a Cu'4 P+ source dissolved in the
scintillator showed no pulses of energy (0.45 Mev,
whereas we have here assumed pulses down to 0 Mev.
Accordingly, the P+ efficiency estimate from Fig. 5
(0.81) is raised slightly and taken to be es+=0.85&0.05,
where 0.05 is meant to indicate the limits of error in op+.

D. Efficiency Estimates
In order to evaluate the cross section, we require the

efficiencies op+ and e„. Since these quantities were
inferred rather than measured directly, some discussion
of the efficiency evaluation procedure employed is in
order.
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FIG. 5. Positron spectrum, A&/(A&+A&)=0. 81. No correction
is made here for reactor-associated background. This background
raises the lower-energy part of the spectrum and hence op+) 0.81.
Take ~p+ =0.85+0.05.

The neutron-detection efficiency is somewhat more
difficult to estimate. This efficiency is given as the
product of three factors:
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Fro. 6. Second-pulse spectrum.

where en&=probability that the neutron will not leak
out of the system, en2=probability that .the neutron
will be captured in the scintillator cadmium in the
25-psec time interval (0.75 to 25.75 psec) after its
birth, and cn3= probability that the neutron capture
gamma rays will produce a signal which falls within
the chosen energy gates, 3 to 10 Mev.
We estimate ~n~ from a consideration of the detector-

volume fraction within an antineutrino-produced.
neutron mean free path of the detector surface. From
the conservation laws applied to reaction (1) the
neutron energy is &10 kev and therefore has a mean
free path in the scintillator of about 1 cm. The fraction
of the detector volume within l cm of the edge is about
6%%uz and approximately —', (or 3%)of the neutrons born in
this region will be travelling outward; hence en~=0.97.
The least certain of the factors involved in the

neutron-detection efficiency is en~. It was estimated in

Recall your 
calculation of the 
spectrum shape 
from the previous 
exercise!
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Daya Bay: NIM A685(2012)78 & PRL108 (2012) 171803
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Note: Cosmic Ray Neutrons



In air

In water

Shielding: Cosmic Rays and Radioactivity
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Total Reactor Detector Overburden Target Mass
Experiment Location Thermal Output Distance Near/Far (Near/Far)

(GWth) Near/Far (m) (mwe) (tons)
Double Chooz France 8.7 410/1067 115/300 10/10
Daya Bay China 11.6(17.4) 360(500)/1985(1613) 260/910 40× 2/10
RENO Korea 16.4 292/1380 110/450 16.1/16.1

Table 1.1: Planned reactor based neutrino oscillation experiments around the world. The
detector distance represents the distance of the detector from the center of the reactor group(s).

Figure 1.1: Yonggwang nuclear power plant. The power plant is located about 250 km south
of Seoul. Three other nuclear power plant sites in Korea are also shown.

and the reactor units 1 and 2 are of the Combustion Engineering (CE, now Westinghouse)
System 80 design. Units 3 to 6 are of the Korean Standard Nuclear Power Plant (KSNP)
design, which incorporates many improvements on the CE System 80. The first reactor, unit
1, became operational in 1986 and the last one, unit 6, in 2002. These reactors are lined up in
roughly equal distances and spans ∼ 1.3 km as shown in Fig. 1.2.

A reactor core is comprised of 177 fuel assemblies and 73 control element assemblies. The
fuel assemblies are arranged to form a cylinder with an equivalent diameter of 3.12 m and
an active length of 3.81 m. Reactor fuelling cycle varies from 12 months to 24 months and
refuellings are done with the plant shutdown. The fuel is a low enrichment UO2 type supplied
by Korea Nuclear Fuel Co., Ltd.

The average total thermal power output of the six reactor cores is 16.4 GWth with each
reactor core generating about equal power. The average cumulative operating factors for all
reactors are above 90%. The power plant is operated by Korea Hydro & Nuclear Power Co.
Ltd. (KHNP).

10

arXiv:1003.1391



The Insidious Background
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nCosmic + 12CDetector→9Li + other stuff,    then...

8Be+n

Approximately 50% of the 
beta decays of 9Li lead to 
a free neutron in the end.

9Li

9Be

β−
The combination of β− 
and neutron looks just like 
a “prompt” and “delayed”
neutrino signature!

t1/2=0.178 sec

Use the half life to measure the (hopefully small) 
contribution and subtract it from your signal.
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Daya Bay

Energy (MeV)
0 2 4 6 8 10 12

En
tri

es

0

20

40

60

80

100

120

140

160
Li spectrum9bkg. subtracted 

Li beta spectrum prediction9

10416 signal!
candidates!

EH3!

RENO
0 5 10



Application: Neutrino Oscillations
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2×2.9 GW

2×2.9 GW

2×2.9 GW

Mountains rising 
with distance 
from the bay.

Detectors: “Far”

“Near”

“Near”

“Short Baseline” 
Measurement of 
θ13 at Daya Bay

For phenomenology 
details, see lectures 
by Kayser, Wark, and 

others



Daya Bay: Rate and Reactor Power
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sin22θ13	  =	  0.089	  ±	  0.010	  (stat)	  ±	  0.005	  (syst)



Exercise
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Calculate the expected distortion in the 
shape of the positron spectrum, using our 
current knowledge of the neutrino mixing 
angles, at 1.6km and at 100km.
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Answer: Daya Bay (1.6km)

“θ13 is 
small”

Answer: KamLAND (100km) 3

TABLE II: Estimated backgrounds after selection efficiencies.

Background Contribution

Accidentals 80.5± 0.1
9Li/8He 13.6± 1.0

Fast neutron & Atmospheric ν <9.0
13C(α,n)16O G.S. 157.2± 17.3
13C(α,n)16O 12C(n,nγ)12C (4.4 MeV γ) 6.1± 0.7
13C(α,n)16O 1st exc. state (6.05 MeV e+e−) 15.2± 3.5
13C(α,n)16O 2nd exc. state (6.13 MeV γ) 3.5± 0.2

Total 276.1± 23.5

ing accidental rate at low energies results in a lower efficiency.

Above the 208Tl Compton shoulder at 2.6 MeV, ε reaches 93%

reflecting the efficiency of spatial and temporal cuts (Rp, Rd,

∆R, ∆T ) alone. The systematic uncertainty in ε is evaluated

using 68Ge and 241Am9Be deployments to estimate the space

correlation uncertainties. The efficiency above 2.6 MeV dif-

fers less than 0.5% relative to the efficiency determined from

Monte Carlo; in the region below 1.4 MeV it differs by ∼7%.

The average efficiency change over the full spectrum is 0.6%.

The dominant background is caused by 13C(α,n)16O re-

actions. The prime α particle source is the decay of 210Po,

a daughter of the 222Rn decay chain introduced into the LS

during assembly. From observations of the quenched scintil-

lator signal from the 5.3 MeV α, we estimate that there are

(5.56± 0.22)× 109 210Po α-decays. While the 13C abun-

dance is only 1.1% of the carbon in the LS, the reaction rate is

significant, resulting in neutrons with energies up to 7.3 MeV.

These neutrons primarily undergo n-p scattering and most of

the observed scintillation energy spectrum is quenched be-

low 2.7 MeV. In addition, 12C(n,nγ)12C (4.4 MeV γ) and the

1st (6.05 MeV, e+e−) and 2nd (6.13 MeV γ) excited states of
16O produce signals in coincidence with the scattered neutron

but the exact cross sections are not well known. A 210Po13C

source was employed to study the 13C(α,n)16O reaction and

tune a simulation using the cross sections from Ref. [9, 10].

We find that the cross sections for the excited 16O states from

Ref. [9] agree with the 210Po13C data after scaling the 1st ex-

cited state by 0.6; the 2nd excited state requires no scaling. For

the ground-state we use the cross section from Ref. [10] after

subtracting the scaled excited states while accounting for the

energy-dependent neutron detection efficiency [11] and scal-

ing the resulting spectrum by 1.05. Including the 210Po decay-

rate, we assign an uncertainty of 11% for the ground-state and

20% for the excited states. Accounting for ε(Ep), there should

be 182.0± 21.7 13C(α,n)16O events in the data-set.

To mitigate background arising from the cosmogenic beta

delayed-neutron emitters 9Li and 8He, we apply a 2 s veto

within a 3-m-radius cylinder around the reconstructed tracks

of well-identified muons passing through the LS. For muons

that either deposit a large amount of energy or cannot be

tracked, we apply a 2 s veto of the full detector. We estimate

that 13.6± 1.0 events from 9Li/8He decays remain by fit-
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FIG. 1: Prompt event energy spectrum of νe candidate events.

All histograms corresponding to reactor spectra and expected back-

grounds incorporate the energy-dependent selection efficiency (top

panel). The shaded background and geo-neutrino histograms are cu-

mulative. The data show the statistical uncertainties, the band on the

blue histogram indicates the event rate systematic uncertainty.

ting the time distribution of identified 9Li/8He since the prior

muons. Spallation-produced neutrons are suppressed with a

2 ms full-volume veto after a detected muon in the analysis.

Some neutrons are produced by muons that are undetected

by the OD or miss the OD but interact in the nearby rock.

These neutrons can be scattered and then capture in the LS,

mimicking the νe signal. We also expect some high-energy

background events from atmospheric neutrinos. The energy

spectrum of these backgrounds is assumed to be flat to at

least 30 MeV based on a simulation following [12]. The at-

mospheric ν spectrum and interactions were modeled using

NUANCE [13]. We expect fewer than 9 neutron and atmo-

spheric ν events in the data-set. We observe 15 events in the

energy range 8.5 MeV to 30 MeV, consistent with the limit re-

ported previously [14].

The accidental coincidence background above 0.9 MeV is

measured with a 10-ms-to-20-s delayed-coincidence window

to be 80.5± 0.1 events. Other backgrounds from (γ,n) inter-

actions and spontaneous fission are negligible.

Anti-neutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt ener-

gies below 2.6 MeV. The expected geo-neutrino flux at the

KamLAND location is estimated from a reference model [8],

which assumes a radiogenic heat production rate of 16 TW

from the U and Th-decay chains. The calculated νe fluxes for

U and Th-decay, including a suppression factor of 0.57 due to

neutrino oscillation, are 2.24×106 cm−2s−1 (56.6 events) and

1.90×106 cm−2s−1 (13.1 events), respectively.

In the absence of νe disappearance, we expect to observe

2179± 89 (syst) events from reactors. The backgrounds in the

reactor energy region listed in Table II sum to 276.1± 23.5;

we also expect geo-neutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected

electron anti-neutrino events and the fitted backgrounds. The

“θ12 is big”
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Nuclear power reactors are intense and useful 
sources of electron antineutrinos.

Having led to the discovery of the neutrino more 
than 60 years ago, reactors have become a 
workhorse for neutrino physics in the past decade.

Precision experiments can now be done with 
reactor neutrinos. More good stuff to come!

Thank You!


