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What is a neutrino?
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• No “electric” charge (electro-magnetic force) 
• No “color” charge (strong force)
• They do have “flavor” charge (weak force)
• They do have some mass (gravity)

• Relic neutrinos – 100/cm3 @ 2K
• Influence nucleo-synthesis and CMB
• Required to explain SN explosions
• Neutrino astronomy is a growing field
• Matter-Antimatter asymmetry 
• They are one of the fundamental particles
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Relation to Mass States
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ν i = Uα i να
α
∑να = U*

α i ν i
i
∑

Flavor and Mass states are  related by a 
unitary mixing matrix.
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PMNS Matrix ( 3 flavor case )
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6 Free parameters: 
3 real mixing angles , 3 complex phases
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8

UPMNS =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ 2 Uτ 3

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=
0.8 0.5 Ue3

0.4 0.6 0.7
0.4 0.6 0.7

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

?
Pontecorvo, Maki, Nakagawa, Sakata

U =

c12c13 s12c13 s13e
− iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12c23 − c12s23s13e

iδ −c12c23 − s12s23s13e
iδ c23c13

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

eiα1 /2 0 0
0 eiα2 /2 0
0 0 1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥



Brandon Seilhan, IIT SMU Seminar

PMNS Matrix ( 3 flavor case )

8

UPMNS =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ 2 Uτ 3

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=
0.8 0.5 Ue3

0.4 0.6 0.7
0.4 0.6 0.7

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

?
Pontecorvo, Maki, Nakagawa, Sakata

U =

c12c13 s12c13 s13e
− iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12c23 − c12s23s13e

iδ −c12c23 − s12s23s13e
iδ c23c13

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

eiα1 /2 0 0
0 eiα2 /2 0
0 0 1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥



Brandon Seilhan, IIT SMU Seminar

Current Knowledge
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sin2 (2θ12) = 0.87± 0.03

∆m2
21 = (7.59± 0.20)× 10−5 eV2

sin2 (2θ23) > 0.92
��∆m2

32

�� = (2.43± 0.13)× 10−3 eV2

sin2 (2θ13) < 0.15,CL = 90%

2010 PDG
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Picture Version

10

1!
2!

3!

1!
2!

3!

Inverted
Hierarchy

Normal
Hierarchy

In
c
re

a
s
in

g
 M

a
s
s

e! µ! "!



Neutrino
Oscillation



Brandon Seilhan, IIT SMU Seminar

What does this mean?
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l" l#

U#i
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* prop(!i)

A neutrino 
produced as 
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Is Detected as 
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Propagation of Mass
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−i ∂
∂t

ν i (τ i ) = mi ν i (τ i )

In the rest frame of the neutrino:

Which has the solution:

ν i (τ i ) = e− imiτ i ν i (0)

Which can be rewritten:

ν i (τ i ) = e
− imi

2L
2E ν i (0)
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Oscillation Probability
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Oscillation Probability
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P(να →νβ ) = Amp(να →νβ )
2
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CP Violating Term If U is imaginary! P να →νβ( )CPT=P νβ →να( ) = P να →νβ ,U→ U∗( )
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3 Neutrino Case
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In The 3 neutrino case we have an 
explicit representation of U

U =

c12c13 s12c13 s13e
− iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12c23 − c12s23s13e

iδ −c12c23 − s12s23s13e
iδ c23c13
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⎢
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⎥
⎥
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General 3x3 Oscillation Result
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CP Violating Phase
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Survival Probability
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P νe →νe( ) = 1− sin2 2θ13 sin2 Δm31
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4E
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⎝⎜

⎞
⎠⎟
− cos4θ13 sin
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⎞
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Survival Probability (E dependent)
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Previous plot
averaged over

energies. 
Each energy bin has 
a slightly different 
survival probability
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Signal Size
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For 
antineutrinos 

with 3-4 MeV of 
Energy, the 

optimal distance 
to measure θ13 is 
around 1700m
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Spectral Distortion
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In addition to a 
deficit of events, 

the energy 
spectrum also 

changes. 

P νe →νe( ) = 1− sin2 2θ13 sin2 Δm31
2 L
4E

⎛
⎝⎜

⎞
⎠⎟
− cos4θ13 sin

2 2θ12 sin
2 Δm21

2 L
4E

⎛
⎝⎜

⎞
⎠⎟
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Previous Reactor Experiments
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e-

!
_

e p

n

e+

P νe →νe( ) = 1− sin2 2θ13 sin2 Δm31
2 L
4E

⎛
⎝⎜

⎞
⎠⎟
− cos4θ13 sin

2 2θ12 sin
2 Δm21
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4E

⎛
⎝⎜

⎞
⎠⎟

Look for a deficit of anti-neutrino events by 
predicting the expected flux.
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Location
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55 km
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Experimental Halls
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12
Daya Bay

cores 

Ling Ao
cores 

Ling Ao II
cores

Liquid 
Scintillator

hall 

Entrance 

Construction 
tunnel 

Water
hall 

Empty detectors: moved to underground
                             halls via access tunnel.
Filled detectors: transported between
                           halls via horizontal tunnels.

295 m

8
1
0
 m

465 m

90
0 

m

Daya Bay Near
Overburden: 98 m 

Ling Ao Near
Overburden: 112 m 

Far site
Overburden: 355 m 

17.4 GWth When all 
6 cores are online
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Where Does DayaBay Fit In?
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KamLAND Collaboration et al. First Results from KamLAND: Evidence for Reactor Antineutrino 
Disappearance. Physical Review Letters (2003) vol. 90 (2) pp. 021802

DayaBay
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antineutrino detectors
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Experimental Setup
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Experimental Setup
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Coincidence Method
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Neutron Capture + Coincidence Signal
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νe + p → e+ + n  (prompt)

→ + p → D + γ(2.2 MeV)    (delayed)

→ + Gd → Gd* → Gd + γ’s(8 MeV)  (delayed)

     0.3b

50,000b

• Energy of νe is given by:

Eν ≈ Te+ + Tn + (mn - mp) + m e+ ≈ Te+ + 1.8 MeV 

10-40 keV
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Measured IBD Spectrum
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The Measured 
Spectrum is the 
convolution of 
the Incoming 
Flux and IBD 

Cross Section.

1.8 MeV 
Threshold
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3 Zone Detector
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3 Zone Detector
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Calibration
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3 Zone Detector
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Calibration

Overflow 
(Target Mass Monitoring)
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3 Zone Detector

31

Calibration

Overflow 
(Target Mass Monitoring)

Target Region (GDLS)
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3 Zone Detector

31

Calibration

Overflow 
(Target Mass Monitoring)

Target Region (GDLS)

Gamma Catcher (LS)
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3 Zone Detector

31

Calibration

Overflow 
(Target Mass Monitoring)

Target Region (GDLS)

Gamma Catcher (LS)

Oil Buffer (MO)
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3 Zone Detector
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Target Mass: 

20t per Detector

Detector Mass: ~110t

192 (+8 calibration) PMTS

Energy Resolution 12%/√E

Site Rate 
(per AD per Day)

AD’s

DBNear 840 2 (40 ton)

LANear 760 2 (40 ton)

Far 90 4 (80 ton)
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Detection Efficiency
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6 MeV 10 MeV

Delayed n Signal

6 MeV cut for delayed neutrons: 91.5%,
uncertainty 0.22% assuming 1% energy 
uncertainty

Prompt e+ Signal

1 MeV cut for prompt positrons: >99%, 
uncertainty negligible

Gd CaptureH Capture
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Backgrounds
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(Normalized to area)

• Fast Neutron
• Proton recoil + neutron 

capture.

• 9Li/8He
• 49.5% / 16% branching 

fraction for beta decay 
followed by neutron 
emission.

• Accidental
• Natural Radiation + 

neutron Capture.
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Near Site Background Rate
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With background to signal ratio of 0.3%
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Muon System
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•Water Cherenkov detector
• ~1000 total pmt’s
• 1PMT/8m2 (inner)
• 1PMT/6-7m2 (outer)

•Divided into 2 optically 
separated regions
• 2 region design provides independent 

triggers
• When combined give a 98% muon 

efficiency

10m

outer water pool (1m)

inner water pool

The water pools are the first of two systems to 
veto muons and help suppress backgrounds 
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Resistive Plate Chambers
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•1512 RPC’s
• 189 modules (8 RPC’s per module)
• Modules overlap to eliminate dead 

space

•6048 readout strips
• 4 readout strips per RPC
• Each strip is 2m x 25cm 
• Zigzag design (6cm pitch)

•4 layer structure
• Trigger on 3 of 4 layers hit
• Alternate direction
• 0.5m spatial resolution

A

RPC Arrangement

4 layers of RPC module

Each module slightly larger than 2×2 m,
overlap to exclude dead region

RPC support structure

Hawaii workshop Oct. 12, 2009 12 / 20

The second system consists of 4 layers of RPC’s 
that cover the entire water pool
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Muon Detection Efficiency
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Muon Veto Efficiency

Layer ≥1 ≥2 ≥3 ≥4

1 95%

2 99.75% 90.25%

3 99.987% 99.275% 85.74%

4 99.999% 99.952% 98.598% 81.45%

RPC requirement: hits in 3 out of 4 layers.

Pool Only Pool+RPC

Near 98.85±0.12% 99.43±0.09%

Far 98.81±0.12% 99.44±0.08%

Muon track length in water.

Red histogram shows the events which

miss both inner and outer water shield

vetos.

Most inefficient muons are short tracks

from outer water shield (far away from

AD).

Hawaii workshop Oct. 12, 2009 16 / 20

Water Pool Veto Efficiency

Simulation result with conservative assumptions: λatt =30 m,
Reflectivity ∼80%, Singles Rate=50 kHz/PMT, Dead time
fraction ≤1%

Inner veto require >11 PMTs: 98% tagging eff.

The baseline water shield muon trigger uses an OR of a
multiplicity trigger for inner and outer shields.

Hawaii workshop Oct. 12, 2009 9 / 20
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from outer water shield (far away from
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Hawaii workshop Oct. 12, 2009 16 / 20

Total
Planes

Trigger Threshold
RPC

Water Pool

Water Pool + RPC

Using an 11 pmt 
multiplicity trigger in the 
water pool and requiring 3 
of 4 RPC layers register a 
hit gives a combined muon 
detection efficiency of 
over 99%
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DayaBay -- Tour
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DayaBay -- Tour

40



Brandon Seilhan, IIT SMU Seminar

DayaBay -- Tour
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© 2010 The Regents of the University of California, Lawrence Berkeley National Laboratory
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DayaBay -- Tour
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© 2010 The Regents of the University of California, Lawrence Berkeley National Laboratory
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Sensitivity / Schedule
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• Summer 2011: Daya Bay near hall physics ready
• Fall 2012: all near/far halls physics ready

Upcoming Milestones



Near Site
Physics
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Near Site Physics

• Data is available soon because we will take 
DBNear site data while commissioning the 
other two halls.

• High event rate (840 / module / day)

• No Near/Far Cancellation, need a very 
good understanding of Reactor Flux.

• Non-optimal Baseline.

45
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Potential Topics

• First “real” chance to test identicalness.

• Observe reactors:

• Burn-up
• Shutdowns
• Power Fluctuations

• Single site Theta13 Measurement.

46
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Flux Predictions
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Huber and Schwetz. Precision spectroscopy with reactor antineutrinos. Phys. Rev. D (2004)
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Fission Rates
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Fission Fractions
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Rate by Isotope
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Using a “standard” core:    [0.570:0.078:0.295:0.057]
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Fuel Cycle
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Beginning of 
Fuel Cycle

End of Fuel 
Cycle
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IBD Rate
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Reactor Shutdowns
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IAEA: OPERATING EXPERIENCE WITH NUCLEAR POWER STATIONS IN MEMBER STATES IN 2004-2009
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Shutdown Observation
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As various cores
are shutdown, we 

will observe a 
corresponding drop 

in flux.
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Shutdown
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Theta 13 Sensitivity
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Live time
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Live time takes into account 80% uptime

0.081
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Global Chi Squared
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Parameter Uncertainty Desctiption Value

σb2b Bin to bin uncorrelated 0.003

σc Reactor correlated 0.02

σr Reactor uncorrelated 0.02

σshp Reactor flux shape 0.02

σD Detector Correlated 0.02

σd Detector uncorrelated 0.0038

σf Fast Neutron 1.0

σn Accidental 1.0

σs
8
He/

9
Li 0.003
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Reactor Uncorrelated
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Reactor Correlated
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Detector Correlated
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Examples:   H/Gd ratio, H/C ratio, neutron capture time, spill in / spill out
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Detector Uncorrelated

62



Brandon Seilhan, IIT SMU Seminar

Detector Uncertainty
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9Li / 8He 
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Other Backgrounds
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Bin-to-bin
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Reactor Flux Shape
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In Full running this has a much lower impact because the nearsites will 

“measure” the flux much better than 2 % 
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Uncertainty Summary
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Summary

69

• Oscillation experiments give a unique handle 
on weakly interacting neutrinos.

• With full running scheduled for Fall 2012 the 
goal sensitivity can be reached as early as 
2014.

• In the near term, interesting physics 
measurements can be made using near site 
data taken during commissioning of the 
remaining sights.



Thank You





Backup



Brandon Seilhan, IIT SMU Seminar

Dry-Run Results
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Single LED with simple
charge center of mass

reconstruction

Two LED’s in succession
simulating IBD prompt

and delayed signal.
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Propagator
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3 Neutrino Mixing
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P να →νβ( ) = e− im1
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Coverage From DayaBay

76



Brandon Seilhan, IIT SMU Seminar

Muon Rate
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Expected Muon Flux from
Simulation.

Detailed topo map, modified Gaisser formula, and MUSIC
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Water Pool Efficiency
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Water Pool Veto Efficiency

Simulation result with conservative assumptions: λatt =30 m,
Reflectivity ∼80%, Singles Rate=50 kHz/PMT, Dead time
fraction ≤1%

Inner veto require >11 PMTs: 98% tagging eff.

The baseline water shield muon trigger uses an OR of a
multiplicity trigger for inner and outer shields.

Hawaii workshop Oct. 12, 2009 9 / 20

Muon Veto Efficiency

Layer ≥1 ≥2 ≥3 ≥4

1 95%

2 99.75% 90.25%

3 99.987% 99.275% 85.74%

4 99.999% 99.952% 98.598% 81.45%

RPC requirement: hits in 3 out of 4 layers.

Pool Only Pool+RPC

Near 98.85±0.12% 99.43±0.09%

Far 98.81±0.12% 99.44±0.08%

Muon track length in water.

Red histogram shows the events which

miss both inner and outer water shield

vetos.

Most inefficient muons are short tracks

from outer water shield (far away from

AD).

Hawaii workshop Oct. 12, 2009 16 / 20

Inefficient muons (red) are 
typically short tracks in the outer 

water shield.

11 Fired PMT cut gives >98% 
efficiency in both inner and 

outer water shields.
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IBD Cross Section
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Fuel Cycles
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238U(n,γ )239U

239U T1 2 =23min
Eν
max =1.26MeV⎯ →⎯⎯⎯⎯ 239Np

239Np T1 2 =2.4  days
Eν
max =0.71 MeV⎯ →⎯⎯⎯⎯ 239Pu

UN
E>1.8  MeV

= 0
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Isotope Yields
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2.3. Commercial reactors in Japan

During the measurement period of KamLAND in Ref.
[3] (from 9 March 2002 to 11 January 2004), 52 commercial
reactors in 16 electric power stations and a prototype
reactor operated in Japan. All Japanese commercial
reactors are light water reactors (LWRs), 29 are boiling
water reactors (BWRs) and 23 are pressurized water
reactors (PWRs). Both types of LWRs use 3–5% enriched
uranium fuel. Generally, reactor operation stops once a
year for refueling and regular maintenance. During the
refueling, one-fourth of the total nuclear fuel is exchanged
in BWRs and one-third in PWRs.

To calculate production rates of reactor n̄e’s, knowledge
of the correlation between the ‘‘core thermal output’’ and
the fission rates is required. The core thermal output is
defined as the thermal energy generated in the reactor
cores, and it is calculated by measuring the heat balance of
the reactor cores. The heat taken out by the cooling water,
Qfw, is the dominant dissipation source of the reactor
energy. Other contributions are less than 1%. Therefore,
the uncertainty of the calculated core thermal output is
dominated by the accuracy of measuring Qfw which itself is
dominated by the accuracy of measuring the flow of the
coolant. The accuracy of the flow of the coolant in turn is
determined by the uncertainty of the feedwater flowmeters,
which are calibrated to within 2%. In the KamLAND
experiment, a value of 2% is used as the uncertainty of the
core thermal output.
All Japanese reactors have a contribution of more than

!0:1% to the total reactor n̄e flux at the location of
KamLAND and about half of reactors contribute between
1% and 7%. Therefore, to accurately calculate the total n̄e
flux in the KamLAND experiment, it is required to trace
the time variation of the fission rate of all the reactors. To
calculate f isotopereactorðtÞ, it is necessary to understand the burnup
process of nuclear fuel. The process of burnup is
complicated and depends on the type of core, history of
the burnup, initial enrichment, fuel exchange history, etc.
Detailed simulations exist that calculate the change of the
fuel components in accordance with the burnup. The
simulation uses the ‘‘reactor core analysis method’’, which
traces the burnup effect of the three-dimensional fuel
component in the reactor core. Ideally, it is desirable to
perform the simulation for all the reactor cores. However,
it is practically impossible to perform such a detailed
simulation for all the commercial reactors, because it is
very labor intensive. Based on the above circumstances, we
have developed a simple core modeling scheme and
calculation code which can be used to calculate f isotopereactorðtÞ
easily without reducing accuracy. We required that the
discrepancy of the n̄e energy spectrum from our simplified
model be less than 1% from the detailed method. In our
model, the burnup effect of the fission rate of each fissile
isotope in the entire core is approximated phenomenolo-
gically using reactor operation parameters of the nuclear
reactor and calculated based on a reference reactor core.
All of these parameters have been recorded regularly by the
nuclear power station, so we can use them to calculate
the fission rates without requiring additional effort from
the electric power company. The details of this method are
described in the next section.

3. Fission rate calculation

3.1. Reactor core analysis

To study the burnup effect of the fission rate in nuclear
fuel, sample reactor cores under actual operating condi-
tions listed in Table 2 were analyzed with the detailed core

ARTICLE IN PRESS

Table 1
Comparisons of the numbers of observed no-oscillation n̄e’s per fission

above the 3.4MeV n̄e energy threshold for the isotopes to 235U, N n̄e=N
235U
n̄e

Isotopes

235U 238U 239Pu 241Pu

N n̄e=N
235U
n̄e

1 1.52 0.60 0.87

a 0.56 0.08 0.30 0.06
x 0.61 0.13 0.20 0.06

a are the contributions of the isotopes to the total number of fission rates
in a typical reactor core, corresponding to the contributions to the total
energy release. x are the contributions of the isotopes to the total number
of observed no-oscillation n̄e’s above the 3.4MeV energy threshold from a
typical reactor core given from N n̄e=N

235U
n̄e and a.
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Fig. 1. (a) Reactor n̄e energy spectra for four main fissile isotopes [5]. The
shaded region for the isotopes gives the uncertainty in the spectrum.
(b) Cross-section of the inverse b-decay reaction [4]. (c) n̄e observed no-
oscillation spectrum for each fissile isotope; this is a convolution of
(a) and (b).

K. Nakajima et al. / Nuclear Instruments and Methods in Physics Research A 569 (2006) 837–844 839

Nakajima et al. Nuclear Inst. and Methods in Physics Research (2006)
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Reactor
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Core Data
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Areva Press Release
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Fuel Pin and Assembly
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Event Rated
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  840 740 90


