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Neutrino Oscillations

• Neutrinos are not massless:

• Flavor and mass eigenstates are different:

• Leads to neutrino flavor transformation

• Parameters governing oscillation:

• Neutrino mass differences

• Mixing angles

• CP-violating phase, δ

• Many current experiments
designed to measure θ13
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cij = cos(θij);
sij = sin(θij);

state, and then apply this to the final b-type neutrino state:
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After simplification, one gets a probability
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In this two-neutrino case, the parameters governing the oscillatory behavior are the neutrino
mixing angle ⌅ and the di⇥erence between the masses of the neutrinos, �m = m1 - m2.

This basic picture is reproduced largely in extending to three neutrino flavors and mass
states. In place of a single mixing angle, the mass and flavor states are related by the unitary
PMNS matrix, which consists of three mixing angles and one CP-violating phase:
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where sij and cij are sin �ij and cos �ij . Two Majorana phases are also included in the matrix
but cancel out in all physical cases.

Parameter Best Fit Value 3⇤ Interval

|�m2
13| (10�5eV 2) 7.65+.23

�.20 7.05� 8.34

|�m2
12| (10�3eV 2) 2.40+.12

�.11 2.07� 2.75

sin2 �23 .304+.022
�.016 .25� .37

sin2 �12 .5+.07
�.06 .36� .67

sin2 �13 .01+.016
�.011 < .056

Table 4: Best-fit values for neutrino mixing angles and mass splittings. Taken from [14].

Table 4 lists the current knowledge of these parameters as well as the splittings between
the three mass states. Using the same quantum mechanical process as for two flavor and mass
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~10-3 eV2

~10-4 eV2
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The Daya Bay Experiment: Looking For θ13
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• Three reactor sites with 2 cores, 17.4 GWth total

• 6 detectors at three experimental halls (EHs)

• 120 T total target mass, 60 T at far site

• Positions measured to 3cm or better!
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• Near-far sites allow relative measurement:

• Largest uncertainties cancel:

• Reactor shape, thermal power

• Largest detector systematics

• Baseline optimized for a θ13 measurement

Daya Bay: A Relative Measurement
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3 Proposed PhD Research

My graduate research focuses on making a precision measurement of the reactor ⇤e flux with
the Daya Bay near site detectors. During the design and construction process, this will involve
conducting studies aimed at understanding and minimizing AD-related and reactor ⇤e flux
systematics which will dominate the uncertainty in the measurement. During the first few
months of near site operation, we will obtain the first Daya Bay data, and use it to do a
calibration of the near site, making a first important check to see if both near site detectors
measure the same ⇤e flux. Using nine months of near site data obtained before the startup of
the other experimental halls, which should include in excess of 250,000 detected ⇤e, important
first results for the Daya Bay collaboration will be developed. These results will include:

• A measurement of ⇤e disappearance, resulting in competitive limits on the value of ⇥13

• The first measurement of the contribution of 238U to the total reactor ⇤e flux

This research plan will not only conclude with useful and interesting physics results, but will
also allow me to take a significant part in all phases of the experiment, including design,
construction, calibration, data taking, and analysis.

In order to achieve a systematic uncertainty of <1%, which is essential to reaching a
sensitivity to ⇥13 of <0.01, Daya Bay will use identical near and far detectors to cancel out
uncertainties common to all detectors. This includes uncertainties in the ⇤e flux from the
reactor cores and some detector-related systematics, like the hydrogen-to-carbon ratio of the
detector liquids. However, in reality, no two detectors can be physically identical. Thus,
any e�ects of physical nonidenticalness of detectors must be well-studied and minimized if a
systematics-cancelling near-far ratio measurement is to be valid. Studying e�ects of noniden-
ticalness will be my contribution to the proper handling of detector-related systematics, as
well as a contribution to the detector design and construction e�ort. My analysis of detec-
tor identicalness for Daya Bay could be instructive to other future high-precision oscillation
experiments utilizing identical near-far detectors.

The number of detected neutrinos at the near site is given by:

Ndet =
Np

4⌅L2

�
�⇧PsurSdE, (20)

where Np is the number of target protons, L is the distance from the reactor, � is the detection
e⌅ciency ⇧ is the inverse beta cross section, Psur is the neutrino survival probability, and S

is the di�erential energy distribution of the antineutrino. Non-identical detectors will di�er
in �, their e⌅ciency in detecting antineutrinos. Physical non-identicalness is only an issue
if the physical di�erences between detectors result in significant di�erences in systematic
uncertainties related to �. In order to determine this relation between physical variances and
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Interaction cross-section

EfficiencyBaseline

# Protons

Δm231 = 2.5 x 10-3 eV2

sin22θ13 =0.1

Near Sites Far Site

θ13 Oscillation θ12 Oscillation

Reactor spectrum, power
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Daya Bay νe Detectors (ADs)
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• A Daya Bay AD: three-zone liquid scintillator detector 

0.1% Gd-doped LSLS

Mineral Oil

Calibration
Units

Inner, Outer
Acrylic Vessels

 (IAV, OAV)

192 8” PMTs

Top/Bottom
Reflectors

Energy (MeV)

Daya Bay Monte Carlo Data

6MeV
Cut

Prompt e+

spectrum

Delayed n-cap 
spectrum

Energy (MeV)

20 tons

~30us delay

Overflow Tanks

Inverse Beta Decay (IBD)



Bryce LittlejohnJune 14, 2012

Daya Bay νe Detectors (ADs)
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Interior of a Daya Bay antineutrino detector
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Acrylic Vessels (AVs)
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Designed AV Stress Testing System in Lab

On-site characterization measurements

AV Cleaning at Daya Bay

• Played major role in AV design, construction,
assembly and characterization:

• B.R. Littlejohn, et. al., JINST 4 T09001 (2009)

• H.R. Band, B.R. Littlejohn, et. al., JINST 7 06004 (2012)

• M. Krohn, B.R. Littlejohn, K.M. Heeger, arXiv:1206.1944 (2012)
Submitted to JINST
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Daya Bay Detector Deployment
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Hall 1

Hall 2 Hall 3

Data Taking
Began 11/5/2011

Data Taking
Began 12/232011

• Detectors installed in
water muon veto pool

• Resistive plate chambers
installed over top for
further muon veto

• All three halls running
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Data-Taking Periods

• A: Near-Site Comparison:

• Sep. 23 2011 - Dec. 23, 2012

• Side-by-side comparison of two
near-site detectors

• Demonstrated detector systematics

• NIM A685 78 (2012)

• B: First Oscillation Result:

• Dec. 24, 2011 - Feb. 17, 2012

• All 3 halls (6ADs) operating

• Phys. Rev. Lett 108 171803 (2012)

• C: This Update:

• Dec. 24, 2011 - May 11, 2012

• More than 2.5x the previous dataset
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Data Set Summary
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>200k antineutrinos detected!

Consistent neutrino event rates at all sites with low B/S
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• Dominated by statistical uncertainty at the far site: 1%

• Reactor uncertainty contribution, near-far measurement: < 0.1%

• Baseline uncertainties: 0.02%

Uncertainties Summary
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Near Halls Far Hall

Accidentals 0.02% 0.05%

8He/9Li 0.2% 0.2%

Fast Neutron 0.03% 0.05%

241Am12C Source 0.003% 0.3%

Background Uncertainties

F.P. An et al., PRL 108 171803 (2012)
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Near Versus Far Comparison
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Rate Analysis
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Impacts of Large θ13
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• Theoretical possibilities are greatly reduced, although more are surely on their way!

• Prospects for mass hierarchy and δcp greatly improved at future neutrino exps.

GUTs
Flavor

Symmetries

C. Albright, arXiv:0911.2437v1 (2009)

http://www.fnal.gov/directorate/plan for discovery/
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Daya Bay: θ13 and More
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• Primary Goals

• Precision measurement of sin22θ13 measurement with extended calibration, improved analysis, 
and increased statistics

• Measurement of mass-squared splitting

• Additional Science Goals

• Measure reactor flux and spectra with largest dataset ever collected

• Search for new non-standard antineutrino interactions, like sterile neutrinos: arXiv:1109.6036

• Measure cosmogenic neutron and isotope production at various depths for future exps.

• Technical Studies

• Demonstrate multi-year operation of “functionally identical detectors”

• Verify long-term GdLS stability

Daya Bay has measured non-zero θ13 to >7σ
Expect much more to come from Daya Bay!


