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Why Neutrinos?

3



• We need to understand neutrinos if we want to understand our 
universe!

Why neutrinos?

− Unlike light, neutrinos 
travel without 
interference, which makes 
them invaluable 
astronomical 
messengers

− They are the second 
most abundant 
particle in the 
universe, and as such 
they are important players 
in cosmological processes

− Some of their properties lie outside the realm of our current 
best theory of particle physics (see next slide)

4

Neutrinos teach us volumes about a great variety 
of processes, inside and outside our planet



Neutrinos have mass!
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How they 
interact

How they 
propagate

• Neutrino oscillation can be understood through a simple principle: 

where U is parameterized in terms of three mixing angles (θ12,θ13,θ23) 
and one phase δ 

For example, as an approximation: 

5

(where Δm2ij = m2i-m2j is the so-called mass splitting)

amplitude frequency
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− Huge implication: neutrinos are massive (in contradiction with SM)!



What	
  is	
  the	
  rest	
  mass	
  
of	
  neutrinos	
  (and	
  
what	
  is	
  their	
  origin)?	
  

Which	
  is	
  the	
  right	
  mass	
  
hierarchy?	
  

Do	
  neutrinos	
  obey	
  CP,	
  CPT?	
  
Are	
  neutrinos	
  their	
  own	
  antiparticles?	
  	
  
Are	
  there	
  more	
  than	
  3	
  neutrinos	
  (sterile,	
  heavier	
  than	
  Z)?	
  	
  
Others…	
  

And	
  also:

2
12mΔ

2
23mΔ

Is	
  θ23	
  exactly	
  π/4?
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Our knowledge of neutrinos remains incomplete
• Amazing progress  has occurred in the last decade!
• Nonetheless,  many open questions remain:



Reactor Antineutrinos

− Can study neutrinos from astrophysical sources, the atmosphere,  
accelerators, radioactive isotopes … etc. 

• Field of experimental neutrino physics is very wide:
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• This talk focuses on antineutrinos from nuclear reactors:

Present: Daya Bay Near Future: JUNO

β- decay of neutron-rich 
fission products

n→ p + e- + νe

− Nuclear reactors are excellent sources 
of electron antineutrinos

− We are involved in two experiments:



Present: Daya Bay
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Motivation: The Search for θ13

• The Daya Bay Experiment was designed with one goal in mind: 
making a precision measurement of the θ13 mixing angle:
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• Why do we care about θ13?
− θ13 was the last missing piece in the 

neutrino oscillation puzzle (i.e. input to SM)

− θ13 is inextricably linked to the 
possibility of observing CP violation 
in the leptonic sector 

− It is through θ13 - driven oscillations that other experiments hope to 
determine the neutrino mass hierarchy 

Matter Anti-­‐matter

10,000,000,001 10,000,000,000

possible important 
consequences in cosmology!

• There are currently three reactor experiments that can 
measure θ13: Daya Bay, Double Chooz and Reno: 
− I will focus uniquely on Daya Bay, which made the first 

unambiguous determination of a non-zero θ13 in 2012
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The Daya Bay Reactor Neutrino Experiment

~230 Collaborators

North America (17) 
Brookhaven Natl Lab, CalTech, Illinois Institute of 

Technology, Iowa State, Lawrence Berkeley Natl Lab, 
Princeton, Rensselaer Polytechnic, Siena College, UC 
Berkeley, UCLA, Univ. of Cincinnati, Univ. of Houston, 

UIUC, Univ. of Wisconsin, Virginia Tech, William & 
Mary, Yale

Europe (2) 
Charles University, JINR Dubna

Asia (21) 
Beijing Normal Univ., CGNPG, CIAE, Dongguan 

Polytechnic, ECUST, IHEP, Nanjing Univ., Nankai 
Univ., NCEPU, Shandong Univ., Shanghai Jiao Tong 
Univ., Shenzhen Univ., Tsinghua Univ., USTC, Xian 

Jiaotong Univ., Zhongshan Univ., 
Chinese Univ. of Hong Kong, Univ. of Hong Kong, 
National Chiao Tung Univ., National Taiwan Univ., 

National United Univ.
South America (1) 

Catholic University of Chile

The Daya Bay Collaboration



Daya Bay 

Note: first started taking 
data with 6 detectors, 
and then ιnstalled all 8

EH2

EH1

EH3

• 8 identical detectors 
(represented by the 
cylinders in the plot) 
positioned around the 
Daya Bay Power Plant in 
China

• Main Principle: 
(i) sample the reactor 

antineutrino flux in 
the near and far 
locations, and 

(ii)  look for evidence 
of disappearance 
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Daya Bay Antineutrino Detectors (ADs)

Gd-doped  
liquid scintillator

liquid 
scintillator 
γ-catcher

mineral oil

Calibration units deploy 
sources and LEDs

νe + p → e+ + n

192 
PMTs

Zone Mass Liquid Purpose

Inner acrylic 
vessel

20 t
Gd-doped 

liquid 
scintillator

Anti-neutrino 
target

Outer acrylic 
vessel

20 t Liquid 
scintillator

Gamma catcher 
(from target 

zone)

Stainless steel 
vessel

40 t Mineral Oil Radiation 
shielding

~30µs

The detectors are ~100ton 
three-zone cylindrical modules:
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Daya Bay Antineutrino Detectors

PMTs

Four layers of RPCs

✓ Shields against gammas from 
ambient radioactivity and neutrons 
produced by cosmic rays

✓ Serves as a Cerenkov detector to 
tag cosmic ray muons (thus 
reducing backgrounds)

Design efficiency: 99.5%

• The detectors are immersed in 
instrumented water pools: 
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Inside of Outer Water Shield
• The water pools are divided into 

two optically-decoupled 
detectors:

✓ Allows for increased redundancy 
and efficiency 

• The pools are covered with a 
retractable RPC roof for further 
cosmic-ray tagging



14

Some Pictures: EH1 installation
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Some Pictures: EH3 (Far hall)
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• World’s most precise 
measurement of sin22θ13, 
(precision < 6%)


• Most precise measurement of 
Δm2ee in the electron neutrino 
disappearance channel


• consistent with the muon 
neutrino disappearance 
experiments


• comparable precision

sin2 2✓13 = 0.084+0.005
�0.005

|�m2
ee| = 2.44+0.10
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Latest Results on oscillation parameters

• Have performed an independent 
measurement through nH capture 
(PhysRevD.90.071101)
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prompt energy spectra at EH2 and EH3, each divided by the282

prediction using the EH1 spectrum.283

Two methods are adopted to set the exclusion limits in284

the (|�m2
41|, sin2 2✓14) space. The first one is a frequen-285

tist approach with a likelihood ratio as the ordering principle,286

as proposed by Feldman and Cousins [55]. For each point287

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

c(⌘) encompassing a288

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

(⌘best) distribu-289

tion is determined. This distribution is obtained by fitting a290

large number of simulated experiments that include statistical291

and systematic variations. In order to reduce the number of292

computations, the simulated experiments are generated with-293

out any variation in ✓13, after it was verified that the depen-294

dency of ��2
c(⌘) on this parameter was negligible. The point295

⌘ is then declared to be inside the ↵ C.L. acceptance region if296

��2
data(⌘) < ��2

c(⌘).297
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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 statistical298

method [56], whose detailed approach with Gaussian parent299

distribution is described in Ref. [57]. A two-hypothesis test300

is performed in the (sin2 2✓14, |�m2
41|) phase space: the null301

hypothesis H0 (standard 3-⌫ model) and the alternative hy-302

pothesis H1 (3+1-⌫ model with fixed value of sin2 2✓14 and303

|�m2
41|). The value of ✓13 is fixed with the data’s best-fit304

value for each hypothesis. Since both hypotheses have fixed305

values of sin2 2✓14 and |�m2
41|, their �2 difference follows a306

Gaussian distribution. The mean and variance of this Gaussian307

distribution can be calculated from the Asimov dataset with-308

out statistical or systematic fluctuations, which avoids massive309

computing. The CLs value is defined by:310

CLs =
1� p1
1� p0

=

1� p4⌫
1� p3⌫

, (3)

where p0 (p3⌫) and p1 (p4⌫) are the p-values for the 3-⌫ and311

4-⌫ hypothesis models respectively. CLs < 0.05 is required312

to set the 95% CLs exclusion contours.313

The 95% confidence level upper limit contour from the314

Feldman-Cousins method and the 95% CLs method exclu-315

sion contour are shown in Fig. 3. The two methods give316

comparable results. The impact of varying the IBD prompt317

energy spectrum bin size from 200 keV to 500 keV is negli-318

gible. As a comparison, Bugey’s 90% C.L. exclusion on ⌫e319

disappearance from their ratio of the positron energy spectra320

measured at 40/15 m [32] is also shown. This result pro-321

vides the most stringent limits on sterile neutrino mixing at322

|�m2
41| < 0.1 eV

2 using the electron antineutrino disappear-323

ance channel. Our results are complementary to the ⌫µ !324

⌫e appearance results from OPERA [20] and ICARUS [21].325

While the appearance mode constrains a product of the cou-326

pling of muon neutrino to the fourth-generation mass eigen-327

state and the coupling of electron neutrino to the fourth gen-328

eration mass eigenstate, the ⌫e disappearance mode only con-329

strains the latter.330

It should be noted that the choice of mass ordering that oc-331

curs as a result of introducing the fourth neutrino mass eigen-332

state has a negligible impact on the results. The same is true333

concerning the choice of neutrino mass ordering between the334

original three neutrino flavor states.335

In summary, we report on a sterile neutrino search based on336

a minimal extension of the Standard Model, the 3 (active) + 1337

(sterile) neutrino mixing model , in the Daya Bay Reactor Ex-338

periment, using the electron-antineutrino disappearance chan-339

nel. The analysis uses the relative event rate and the spectral340

comparison of three far and three near antineutrino detectors341

at different baselines from six nuclear reactors. The observed342

data is in good agreement with the standard 3-neutrino model.343

The current precision is dominated by statistics. With three344

or more years of additional data, the sensitivity to sin

2
2✓14 is345

expected to improve by a factor of two for most �m2
41 values.346

Still, the current result already yields the world’s most strin-347

gent limits on sin

2
2✓14 in the |�m41|2 < 0.1 eV2 region.348

The Daya Bay Experiment is supported in part by the Min-349

istry of Science and Technology of China, the United States350

Department of Energy, the Chinese Academy of Sciences, the351

National Natural Science Foundation of China, the Guang-352

dong provincial government, the Shenzhen municipal govern-353

ment, the China Guangdong Nuclear Power Group, Shanghai354

Laboratory for Particle Physics and Cosmology, the Research355

Grants Council of the Hong Kong Special Administrative Re-356

gion of China, University Development Fund of The Univer-357

sity of Hong Kong, the MOE program for Research of Ex-358

cellence at National Taiwan University, National Chiao-Tung359

University, and NSC fund support from Taiwan, the U.S. Na-360

tional Science Foundation, the Alfred P. Sloan Foundation,361 17

Other results 

• Daya Bay has also recently released other groundbreaking results: 
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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 eV

2 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

previously 
unexplored 

region

− Search for sterile neutrino mixing 
(PhysRevLett.113.141802)

− High-statistics measurement of reactor 
antineutrino flux and spectral shape: 
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Future: JUNO
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Future: Going after other questions

• Reactor experiments are also in a great position to answer some of 
the unanswered questions of our day:

− Strategy: put a huge (20kt) liquid scintillator detector at a baseline of 
~50-60km from two major power plants in China

− This experiment is now called JUNO (used to be called Daya Bay II)
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− For example, the neutrino mass hierarchy:



JUNO Strategy

• Exploit interference between Δm231 and Δm232 terms in the oscillation 
probability:

20
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JUNO Strategy

• Enhance signal through Fourier transform techniques: 

• Expects to achieve a ~3-4σ sensitivity to the mass hierarchy in ~6 years. 
− Will also make the world’s most precise measurements of 3 oscillation 

parameters, as well as precision studies of geoneutrinos, proton-
decay…etc. 
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JUNO expectations 

• Funding for R&D is 
secured

• Challenges to address:

− Building the structure:

− Energy resolution: 

• Similar proposal in Korea (RENO-50) seems to also be going forward

✓ Need to increase QE of PMTs from ~25% to ~40%  

✓ Need highly transparent LS (from ~20m attenuation length to ~30m), 
with high light-yield 

✓ Building concentric 
steel and acrylic 
spheres is *very* hard

• Total cost is ~300M 
USD. 

• Could begin data-taking as early as 2020



Summary & Conclusions
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Summary & Conclusions

• Neutrinos are fascinating particles that can teach us volumes about 
our universe 

• Reactor Experiments have and will continue to play a major role 
when it comes to understanding these elusive particles:

• Stay tuned for future results! 

− The Daya Bay and JUNO experiments are at the front line in this 
field 

− The latest results have already broken new ground in their 
respective areas, and the same is expected in the near future



Thank you for 
your attention!


