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1995 - Nobel Prize to Fred 
Reines at UC Irvine

2003 - First observation of reactor 
antineutrino disappearance

1956 - First observation 
of (anti)neutrinos

KamLAND

Savannah River

Daya Bay

2012 - Measurement of θ13 
with Reactor Neutrinos

Reactor Antineutrinos 
A Tool for Discovery

KamLAND

Daya Bay, 
Double Chooz
RENO
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?

a story of varying baselines... 
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Observable !  Spectrum

From Bemporad, Gratta and Vogel

reactor 
spectrum

mean energy of νe: 3.6 MeV
only disappearance 
experiments possible
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observed spectrum

νe from β-decays, pure νe source
of n-rich fission products
on average ~6 beta decays until stable

> 99.9% of νe are produced by fissions in 
235U, 238U, 239Pu, 241Pu

cross-
section

Reactor Antineutrinos
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mean energy of νe: 3.6 MeV
only disappearance 
experiments possible
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Reactor Antineutrinos

νe from β-decays, pure νe source
of n-rich fission products
on average ~6 beta decays until stable

> 99.9% of νe are produced by fissions in 
235U, 238U, 239Pu, 241Pu
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Antineutrino Candidates  (Inverse Beta Decay)
Prompt + Delayed Coincidence
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IBD 
candidates

νe + p → e+ + n

Uncertainty in relative 
Ed efficiency (0.12%) 
between detectors is 
largest systematic.

Prompt Energy Signal Delayed Energy Signal
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prompt event:
positron deposits energy and annihilates (~ns)

delayed event: 
neutron thermalizes and captures on Gd



Oscillation Measurements
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Neutrino Mixing
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Mixing Angles

maximal? large, but not maximal!

atmospheric, K2K reactor and accelerator 0νββSNO, solar SK, KamLAND
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Reactor Neutrino Oscillations

νe νe,x νe,x
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 for 3 active ν, two 
different oscillation length 
scales: Δm212, Δm223

Δm223 = 
~2.4 x 10-3 eV2

Δm212 =
~7.6 x 10-5 eV2
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far

Reactor Neutrino Oscillations

νe νe,x νe,x
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Absolute Reactor Flux
Largest uncertainty in 
previous measurements

Relative Measurement
Removes absolute 
uncertainties!
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detector 1 detector 2

relative measurement (largely) cancels reactor systematics
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6 detectors, Dec 2011- Jul 2012 
217 days

now running with 8 detectors

target mass: 20 ton per AD
photosensors:       192 8”-PMTs
energy resolution:  (7.5 / √E  + 0.9)%

Gd-doped 
liquid scintillator

liquid 
scintillator
γ-catcher

mineral oil

six 2.9 GWth reactors

Daya Bay Reactor Experiment

Experimental Halls Antineutrino Detector
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Daya Bay Antineutrino Rate vs Time
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Over 1 Million Antineutrino Interactions Detected 

Far hall

Daya Bay near hall

Ling Ao near hall
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Observation of ve Disappearance 
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Based on 55 days of data with 6 ADs, discovered disappearance of 
reactor νe at short baseline.    [PRL 108, 171803] 

Obtained the most precise value of θ13:
sin22θ13 = 0.089 ± 0.010 ± 0.005   [CPC 37, 011001] 

sin22θ13 > 0

One of Science’s breakthroughs of year 2012
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621 days of data, n+Gd

most precise measurement of sin22θ13 (6%), and Δm2ee in the electron neutrino 
disappearance channel (4%) 

Phys.Rev.Lett. 115 (2015) 11, 111802 

Daya Bay Neutrino Oscillation
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Daya Bay Neutrino Oscillation
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Neutrino oscillation is energy and 
baseline dependent
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Daya Bay demonstrates L/E oscillation

Phys.Rev.Lett. 115 (2015) 11, 111802 
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Daya Bay Precision Measurement of θ13
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2011

2013

2012

2014
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Daya Bay Sensitivity Projections 

sin22θ13 Δm2
ee 

MINOS uncertainty 

Precision Measurements in sin22θ13 and Δm2
ee

Daya Bay remains statistically limited through 2015. Will also improve systematics. 

17

Major systematics:
θ13: Relative + absolute energy, and relative efficiencies
|Δm2

ee| : Relative energy model, relative efficiencies, and backgrounds

Aim to improve precision of sin22θ13 and Δm2ee to 3% by 2017.



ν Anomalies
Beyond 3 Neutrinos?

Δm2new ~1 eV2
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Neutrino Anomalies - More than 3 ν?
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Anomalies in 3-v global oscillation data

new oscillation signal requires: 
Δm2 ~ O(1eV2) and sin22θ > 10-3

“sterile” neutrino states

LSND    (νe appearance)
MiniBoone    (νe appearance)
Ga anomaly
Neff in cosmology
Reactor anomaly and spectrum (νe disappearance)

MiniBooneLSND Cosmology (WMAP)Ga Source Reactor
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Implications for Future Neutrino Program

20

Discovery of eV-scale sterile neutrinos 
would be a paradigm change for particle 
physics. 

- Expected neutrino spectrum and 
sensitivity to CP violation for long-
baseline neutrino program

- Effective neutrino mass measured by 
0νββ

DUNE

Neutrinoless Double Beta Decay

Gandhi, Kayser, Masud, Prakash arXiv:
1508.06275

K. Han
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Search for Sterile Neutrinos at Daya Bay

21

Daya Bay probes largely unexplored 
region at Δm241 < 0.1 eV2

sterile neutrinos would appear as 
additional spectral distortion and overall 
rate deficit
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is found by any of the methods. Fig. 2 shows the observed282

prompt energy spectra at EH2 and EH3, each divided by the283

prediction using the EH1 spectrum.284

Two methods are adopted to set the exclusion limits in285

the (|�m2
41|, sin2 2✓14) space. The first one is a frequen-286

tist approach with a likelihood ratio as the ordering principle,287

as proposed by Feldman and Cousins [55]. For each point288

⌘ ⌘ (|�m2
41|, sin2 2✓14), the value ��2

c(⌘) encompassing a289

fraction ↵ of the events in the �2
(⌘) � �2

(⌘best) distribu-290

tion is determined. This distribution is obtained by fitting a291

large number of simulated experiments that include statistical292

and systematic variations. In order to reduce the number of293

computations, the simulated experiments are generated with-294

out any variation in ✓13, after it was verified that the depen-295

dency of ��2
c(⌘) on this parameter was negligible. The point296

⌘ is then declared to be inside the ↵ C.L. acceptance region if297

��2
data(⌘) < ��2

c(⌘).298
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FIG. 3. The exclusion contours for the neutrino oscillation parame-
ters sin2 2✓14 and |�m2

41| are shown. The red long-dash curve rep-
resents the 95% confidence level exclusion contour with Feldman-
Cousin method [55]. The black solid curve represents the 95% CLs

exclusion contour [56]. The parameter space on the right side of the
contours is excluded. For comparison, Bugey [32] 90% C.L. on ⌫e

disappearance is also shown with green dashed line.

The second method is the so-called CLs statistical299

method [56], whose detailed approach with Gaussian parent300

distribution is described in Ref. [57]. A two-hypothesis test301

is performed in the (sin2 2✓14, |�m2
41|) phase space: the null302

hypothesis H0 (standard 3-⌫ model) and the alternative hy-303

pothesis H1 (3+1-⌫ model with fixed value of sin2 2✓14 and304

|�m2
41|). The value of ✓13 is fixed with the data’s best-fit305

value for each hypothesis. Since both hypotheses have fixed306

values of sin2 2✓14 and |�m2
41|, their �2 difference follows a307

Gaussian distribution. The mean and variance of this Gaussian308

distribution can be calculated from the Asimov dataset with-309

out statistical or systematic fluctuations, which avoids massive310

computing. The CLs value is defined by:311

CLs =
1� p1
1� p0

=

1� p4⌫
1� p3⌫

, (3)

where p0 (p3⌫) and p1 (p4⌫) are the p-values for the 3-⌫ and312

4-⌫ hypothesis models respectively. CLs < 0.05 is required313

to set the 95% CLs exclusion contours.314

The 95% confidence level upper limit contour from the315

Feldman-Cousins method and the 95% CLs method exclu-316

sion contour are shown in Fig. 3. The two methods give317

comparable results. The impact of varying the IBD prompt318

energy spectrum bin size from 200 keV to 500 keV is negli-319

gible. As a comparison, Bugey’s 90% C.L. exclusion on ⌫e320

disappearance from their ratio of the positron energy spectra321

measured at 40/15 m [32] is also shown. This result pro-322

vides the most stringent limits on sterile neutrino mixing at323

|�m2
41| < 0.1 eV

2 using the electron antineutrino disappear-324

ance channel. Our results are complementary to the ⌫µ !325

⌫e appearance results from OPERA [20] and ICARUS [21].326

While the appearance mode constrains a product of the cou-327

pling of muon neutrino to the fourth-generation mass eigen-328

state and the coupling of electron neutrino to the fourth gen-329

eration mass eigenstate, the ⌫e disappearance mode only con-330

strains the latter.331

It should be noted that the choice of mass ordering that oc-332

curs as a result of introducing the fourth neutrino mass eigen-333

state has a negligible impact on the results. The same is true334

concerning the choice of neutrino mass ordering between the335

original three neutrino flavor states.336

In summary, we report on a sterile neutrino search based on337

a minimal extension of the Standard Model, the 3 (active) + 1338

(sterile) neutrino mixing model , in the Daya Bay Reactor Ex-339

periment, using the electron-antineutrino disappearance chan-340

nel. The analysis uses the relative event rate and the spectral341

comparison of three far and three near antineutrino detectors342

at different baselines from six nuclear reactors. The observed343

data is in good agreement with the standard 3-neutrino model.344

The current precision is dominated by statistics. With three345

or more years of additional data, the sensitivity to sin

2
2✓14 is346

expected to improve by a factor of two for most �m2
41 values.347

Still, the current result already yields the world’s most strin-348

gent limits on sin

2
2✓14 in the |�m41|2 < 0.1 eV2 region.349

The Daya Bay Experiment is supported in part by the Min-350

istry of Science and Technology of China, the United States351

Department of Energy, the Chinese Academy of Sciences, the352

National Natural Science Foundation of China, the Guang-353

dong provincial government, the Shenzhen municipal govern-354

ment, the China Guangdong Nuclear Power Group, Shanghai355

Laboratory for Particle Physics and Cosmology, the Research356

Grants Council of the Hong Kong Special Administrative Re-357

gion of China, University Development Fund of The Univer-358

sity of Hong Kong, the MOE program for Research of Ex-359

cellence at National Taiwan University, National Chiao-Tung360

University, and NSC fund support from Taiwan, the U.S. Na-361
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Light Sterile Neutrino Search Results

• All 217 days of 6-AD period


• Consistent with standard 3-flavor 
neutrino oscillation model


• Able to set stringent limits in the 
region 10-3 eV2 < Δm241 < 0.1 eV2
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FIG. 1. Comparison of the 95% CLs sensitivities (see text for details)
for various combinations of the EH’s data. The solid and dot-dashed
curves represent the sensitivity assuming a 5% and 100% uncertainty
in the reactor flux rate. The 100% uncertainty corresponds to a com-
parison of spectra only. Normal mass hierarchy is assumed for both
�m2

31 and �m2
41. The green dashed line represents Bugey’s [32]

90% C.L. on ⌫e disappearance and the magenta double-dot-single-
dashed line represents KARMEN and LSND 95% C.L. on ⌫e disap-
pearance from ⌫e-carbon cross section measurement [33].

|�m2
41| < 0.3 eV2 region.228

Three independent analyses are considered, each with a dif-229

ferent treatment of the predicted reactor antineutrino flux and230

systematic errors. The first analysis uses the predicted reac-231

tor antineutrino spectra to simultaneously fit the data from the232

three sites, very similarly to what is described in the most re-233

cent Daya Bay spectral analysis [44]. A binned log-likelihood234

method is adopted with nuisance parameters corresponding235

to the constraints from the detector response and the back-236

grounds on the one hand, and with a covariance matrix en-237

capsulating the reactor flux uncertainties as given in the Hu-238

ber [50] and Mueller [36] flux models on the other hand.239

The absolute reactor flux rate uncertainty is enlarged to 5%240

based on Ref. [37]. The fit uses sin2(2✓12) = 0.857± 0.024,241

�m2
21 = (7.50 ± 0.20) ⇥ 10

�5
eV

2 [51] and |�m2
32| =242

(2.41 ± 0.10) ⇥ 10

�3
eV

2 [52]. We adopted these values243

rather than those in Ref. [4], since the latter are obtained244

through a global fit including all available data. The values245

of sin

2
2✓14, sin2 2✓13 and |�m2

41| are unconstrained. For246

the 3+1 neutrino model, a global minimum of �2
4⌫/NDF =247

158.8/153 is obtained, while the minimum for the standard248

three-neutrino model is �2
3⌫/NDF = 162.6/155. We use the249

��2
= �2

3⌫ � �2
4⌫ distribution obtained from standard three-250

neutrino Monte Carlo samples that incorporate both statistical251

and systematic effects to assign a p-value [53]. The data are252
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FIG. 2. Prompt energy spectra observed at EH2 (top) and EH3 (bot-
tom), divided by the extrapolation from the EH1 spectrum with the
three-neutrino best fit oscillation parameters from our previous anal-
ysis. The gray band represents the uncertainty of the three-standard
neutrino oscillation prediction, which includes the statistical uncer-
tainty of the EH1 data and all the systematic uncertainties. Predic-
tions with sin2 2✓14 = 0.1 and two representative |�m2

41| values
are also shown by the dashed curves. As shown in Fig. 1, most of the
sensitivity at |�m2

41| ⇠ 4 ⇥ 10�2(4 ⇥ 10�3) eV2 comes from the
relative spectral shape comparison between EH1 and EH2 (EH3).

thus consistent with the standard three-neutrino model, and253

there is no significant signal for sterile neutrino mixing.254

The second analysis performs a purely relative comparison255

between the near and the far data. The observed near sites’256

prompt energy spectra are first unfolded into the correspond-257

ing true neutrino energy spectra. These spectra are then ex-258

trapolated to the far site based on the known baselines and259

the reactor power profiles. A covariance matrix, generated260

from a large Monte Carlo dataset incorporating both statisti-261

cal and systematic variations, is used to account for all un-262

certainties. The resulting p-value is 0.87. More details about263

this approach can be found in Ref. [54]. The third analysis ex-264

ploits both rate and spectra information in a way that is similar265

to the first method but using a covariance matrix. This matrix266

is calculated based on standard uncertainty propagation meth-267

ods, without an extensive generation of Monte Carlo samples.268

The obtained p-value is 0.74.269

The various analyses have complementary strengths. Those270

that incorporate absolute flux normalization constraints have271

a slightly higher reach in sensitivity, particularly for higher272

values of |�m2
41|. The purely relative analysis however is273

more robust against uncertainties in the predicted reactor an-274

tineutrino flux. The different treatment of systematic uncer-275

tainties provides a thorough cross-check of the results, which276

are found to be consistent for all the analyses in the region277

where the relative spectra measurement dominates the sensi-278

tivity (|�m2
41| < 0.3 eV

2). As evidenced by the reported279

p-values, no significant signature for sterile neutrino mixing280

is found by any of the methods. Fig. 2 shows the observed281

Bugey

dashed curves assumes sin22θ14 = 0.1 

 Poster: Search for sterile neutrino mixing at Daya Bay (Yasuhiro Nakajima)

Daya Bay

Phys. Rev. Lett. 113, 141802 (2014)
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Reactor Flux and Spectrum “Anomalies”
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Flux Deficit
Consistent with previous experiments

Extra neutrino oscillations or artifact 
of flux predictions?

Spectral Deviation

New feature in 4-6 MeV region of 
spectrum.

arXiv:1508.04233, accepted by PRL 
Daya Bay collaboration

Understanding reactor flux and spectrum 
anomalies requires reactor measurements

http://arxiv.org/abs/arXiv:1508.04233
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Reactor Spectrum Anomaly
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Spectral deviation
- 10% excess in 4-6 MeV region when 
compared to model calculations 

Observed in all 3 θ13 experiments

RENO

Daya Bay

Double Chooz
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Modeling the Reactor Spectrum
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Challenges
Reactor neutrino spectrum is an admixture of 
thousands beta branches from fission 
products of 235U, 238U, 239Pu and 241Pu
Conversion method: Cumulative neutrino spectrum 
from measured beta spectrum

Summation method: Combine fission yields with 
decay data in databases

- discrepancies between databases
- decay schemes
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Short-Baseline Reactor Neutrino Experiments
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Search for sterile neutrinos
through neutrino oscillations

Segmented detector

Relative measurement 
within detector
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Short-Baseline Reactor Experiments Worldwide
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STEREO: Gd-LS 
detector at 10m from 
ILL , France

Neutrino-4: Gd-LS 
detector  at 6-12m from 
SM-3, Russia

SoLid/CHANDLER: segmented 
composite scintillator cubes at 
5.5m from BR2, Belgium

NuLAT: Boron-
loaded plastic 
scintillator cubes

NEOS: Gd-LS 
detector at ~30m from 
Hanbit, Korea

DANSS: Segmented plastic 
scintillator at ~10m from KNPP, 
Russia 

PROSPECT: Segmented 
6Li liquid scintillator at 
7-12m from HFIR, US
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Precision Oscillation and Spectrum Experiment
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Münster, April 10, 2014 HFIR, ORNL

Phase II 
two detectors,
movable AD-I, ~7-12m baseline
stationary AD-II, ~15-19m baseline

Phase I
one movable detector AD-I, ~7-12 m baseline

Search for short-baseline oscillation at distances <10m
Precision measurement of 235U reactor νe spectrum

2 detectors, movable baseline, research reactor

power: 85 MW (research)
fuel: highly enriched uranium (235U)
core shape: cylindrical, compact
duty-cycle: 41%

physics program, arXiv: 1512.02202
test detector studies, JINST 10 P11004 (2015)   
background measurements, NIM A806 (2016) 401
whitepaper, arXiv: 1309.7647  

HFIR, ORNL

prospect.yale.edu

http://arxiv.org/abs/arXiv:1309.7647
http://prospect.yale.edu
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High Flux Isotope Reactor, Oak Ridge National Lab
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Compact reactor core

HEU core provides static spectrum
of mainly 235U.

Research Reactor Spectrum

Compact core (< 1m) avoids oscillation washout
Nucl. Instrum. Meth. A806 (2016) 401–419,
arXiv:1506.03547, 
PROSPECT collaboration

power: 85 MW (research)
fuel: highly enriched uranium (235U)
core shape: cylindrical
size: h=0.5m r=0.2m (compact)
duty-cycle: 41%

US Research Reactor

http://arxiv.org/abs/arXiv:1506.03547
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PROSPECT Phase I Detector System
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Antineutrino Detector

- 3000L of 6Li liquid scintillator
- 120 scintillator loaded cells, ~15x15x120cm
- double ended PMT readout, light guides, <4-5%/√E resolutions
- thin optical separators, minimal dead material
- containment vessel, filled in place
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PROSPECT Physics
A Precision Oscillation Experiment

Daya Bay

phase I
phase II

best fit reactor 
anomaly

4σ test of best fit after 1 year
>3σ test of favored region after 3 years
5σ test of allowed region after 3+3 years

A Precision Spectrum Experiment

IBD signal
backgrounds 
after analysis cuts

Measurement of 235U spectrum
Compare different reactor models 
Opportunity to compare different reactor cores

between 2-6 MeV:
average stat. precision < 1.5%, 
systematics < 2%



PROSPECT Detector and Shielding Development
PROSPECT-0.1
Characterize LS
Aug 2014-Spring 2015

PROSPECT-2
Background studies
Dec 2014 - Aug 2015

PROSPECT-20
Segment characterization
Scintillator studies
Background studies
Spring/Summer 2015

PROSPECT-50
Baseline design prototype
Winter 2015

PROSPECT AD-I
Physics measurement
Late 2016

5cm length
0.1 liters

LS, 6LiLS

1x2 segments
1.2m length

50 liters
6LiLS

10x12 segments
1.2m length

~3 tons
6LiLS

T.J. Langford - Yale University December Workshop - ORNL

Building the shielding

4

12.5 cm length
1.7 liters

6LiLS

1m length
23 liters

LS, 6LiLS

PROSPECT-400*
Fiducialization and 
background studies
Mid 2016

4x4 segments
1.2m length

400 liters
6LiLS

*Technically ready 
to proceed directly 
to AD-1 with 
available funding

PROSPECT Phase I AD-I

reactor core
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Mass Hierarchy?
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Mass Hierarchy and Reactor Neutrinos
Precision Measurement at ~ 58km

mass hierarchy is contained in the spectrum
independent of the unknown CP phase

arXiv:1307.5487

33

determine mass hierarchy from precision 
measurements of  |Δm231| and |Δm232|
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Mass Hierarchy and Reactor Neutrinos
Precision Measurement at ~ 58km

mass hierarchy is contained in the spectrum
independent of the unknown CP phase

arXiv:1307.5487

34

determine mass hierarchy from precision 
measurements of  |Δm231| and |Δm232|
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Mass Hierarchy and Reactor Neutrinos
Proposed Projects: JUNO and RENO-50

Mass Hierarchy Sensitivity

RENO-50 JUNO

JUNO

Precision 3-v Oscillation Physics
Current JUNO

Δm212 3% 0.6%

Δm223 5% 0.6%

sin2θ12 6% 0.7%

sin2θ23 20% N/A

sin2θ13 10% 
(~4% in 3 yrs)

15%

35
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1995 - Nobel Prize to Fred 
Reines at UC Irvine

2003 - First observation of reactor 
antineutrino disappearance

1956 - First observation 
of (anti)neutrinos

KamLAND

Savannah River

Daya Bay

2012 - Measurement of θ13 
with Reactor Neutrinos

Reactor Antineutrinos in History 
A Tool for Discovery

KamLAND

Daya Bay, 
Double Chooz
RENO

36

?

a story of varying baselines... 
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Summary & Outlook 

Short-baseline (L~10m) experiments (e.g. PROSPECT) offer opportunities for 
precision studies of reactor spectrum and a definitive search for short-baseline 
oscillation and sterile neutrinos.

Current reactor experiments (L~1-2km) provide precision data on θ13, and reactor 
antineutrino flux and spectra, and complementary limits on sterile neutrinos. 
Flux measurement is consistent with previous short-baseline measurements (~6% 
deficit). Positron spectrum appears inconsistent with current predictions in 4-6 MeV 
region.

Medium-baseline experiments (L~60km) (e.g JUNO, RENO-50) are technically 
demanding but may offer <1% precision oscillation physics and a window to the 
mass hierarchy.

37

Reactor experiments may inform nuclear modeling of reactors. Detectors may 
find applications in reactor monitoring.

After 60 years of reactor neutrino experiments, future is bright. 
Active field with ongoing and planned experiments. 


