
André	Rubbia	(ETH	Zürich)

Neutrino 
experiments

v1

XLIV	Interna;onal	Mee;ng	on	Fundamental	Physics,	Madrid/Spain,	April	4-8th	2016



04.04.16 André Rubbia | Neutrino Experiments (IMFP16)
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• Recent T2K results

• Recent NOvA results

• Recent reactor results

• Recent atmospheric neutrino results from 
IceCube

• Next generation experiments
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Neutrino flavour oscillations
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• The Standard Model is the best theoretical model that can describe the 
electro-weak and strong forces
• Expect 3 mass-less active light neutrinos, but observed oscillations 
between flavors: at least 2 out of the 3 active neutrinos have mass
• Produced as flavor states (!e, !", !#), propagate in space as mass states 
(!1, !2, !3) and possibly detected as different flavor state
• Neutrino oscillations could violate the CP symmetry

B. Pontecorvo, J. Exp. Theor. Phys. 6, 429 
(1957); 7, 172 (1958); 26, 984 (1968); Z. 
Maki, M. Nakagawa, and S. Sakata, Prog. 
Theor. Phys. 28, 870 (1962).

Neutrino oscillations

!" !1, !2, !3 !", !e or !#

Δm2ij = m2i - m2j (i,j=1,2,3)Pontecorvo-Maki-Nakagawa-Sakata 
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but did not anticipate neutrino masses.
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The 3𝛎SM paradigm
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cij = cos ✓ij

sij = sin ✓ij

• Combining all solar, atm, reactor, 
and accelerators experiments that 
took place during the years 1998 until 
now, all the parameters of PMNS have 
been well measured except δCP and 
the mass hierarchy

• Goals of the T2K experiment:
- Precise measurement of the 
mixing angles Ɵ13 and Ɵ23  

- Precise measurement of the 
mass squared splitting Δm232

- Search for CP violation in leptonic 
sector δCP
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Current&Ques=ons&In&Neutrino&Physics&

•  Mass&hierarchy&

•  Nature&of&ν3&K&
θ23&octant&

•  Is&CP&violated?&

•  Is&there&more&
to&this&picture?&

ν3 
νe νe 

νµ νµ ντ ντ 

? 

Θ23<45° (ντ) Θ23>45° (νµ) 

3/7/16,&C.&Group& La&Thuile&2016&K&Recent&Results&from&NOvA& 5&

The octant of θ23 is also not well determined
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T2K (Tokai-to-Kamioka) experiment
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Neutrino oscillation: νµ disappearance   

K Mahn, Les Rencontres de Physique de la 

Vallée d'Aoste 

Because of neutrino mixing, as the neutrinos propagate, the mass states interfere:  

At the atmospheric Δm2
32 ~ 10

‐3  eV2, a beam of νµ will: 
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Probability to observe νβ afer starOng in flavor state να depends on: 
   L (km): Distance the neutrino has travelled               

   E (GeV): Energy of the neutrino 

  Δm2 (eV2): Difference of the square of the mass eigenvalues 
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 ‘’disappear’’ into other neutrino flavors   

A small fracOon of  νe will ‘’appear’’ 
Δm2

31 ~ Δm
2
32 
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T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

T2K (Tokai-to-Kamioka) experiment

!"#���	��
�

��������$
%&'$()*$!"#$+&,,-.&'-/&0�

��

! Discovery of νμ → νe oscillation (νe appearance)

! Precision measurement of νμ disappearance

T2K Main Goals:
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JPARC/T2K neutrino beam
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T2K flux

• 30 GeV proton beam on C target (90 cm)
• 3 magnetic horns (250kA) 
• !μ from π+ decay  (~96m decay pipe)
• Small !e contamination from µ and K (<1%)
• Muon Monitor (MUMON)

- measure the beam profile and intensity
- monitor the on-axis beam direction

• Beam dump to stop hadrons
• 2.5º off-axis neutrino beam

- low-energy narrow band
- peak at oscillation maximum
- decrease high-energy background

T2K Neutrino Beam
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The T2K neutrino beam

Maximum 

beam power: 

~390kW

Total POT for 

Run 1-6:     

11.04 x 10
20

POT: Protons On Target

● Horn polarity changes between 

neutrino and anti-neutrino beam modes

● Increased “wrong-sign” neutrino 

component in anti-neutrino mode

– Neutrino cross section larger than 

for anti-neutrinos

● No sign selection at far detector – must 

measure at near detectors

Preliminary

SK flux predictionMuon Neutrino mode: 6.9 x 1020 POT (Run 1-4) 
Muon AntiNeutrino mode: 4.1 x 1020 POT (Run 5-6)
Beam power has been increased up to 390 kW 
Operation with a world record of 1.2x1014 proton per pulse  
<1mrad beam direction stability (<2% beam energy shift) 

T2K - Data collection
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T2K analysis strategy

8 C. K. Jung!ICFA Seminar, Oct. 2014!

F 

T2K Experimental Setup and #
Oscillation Analysis Strategy!

€ 

ΦSK ⋅Posc ⋅σ reaction
H 2O ⋅εSKdEν

Proton beam 
interaction in the 
target 
 Hadron production 
FLUKA, NA61, etc. 

Φ'

Neutrino-nucleus 
interactions (NEUT) 
MiniBooNE, MINERvA 

σ'

Constrained Φ σ  

Fit 

Super-Kamiokande 

Near 
detector data  Tracking inside 

horns and He vessel 
GEANT3+GCALOR Measured oscillation 

parameters 

Predicted Φ and 
correlated σ at SK 

SK data and uncertainties 
(detector and uncorrelated σ)  

Fit 
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Recent T2K results
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• Electron neutrino appearance discovery (PRL 112, 061802 (2013))

• 28 electron-like events; BG = 4.64±0.53

• Measured:

• 7.3σ significance for non-zero θ13

• Muon neutrino disappearance meas’ment (PRL 112, 181801 (2014))

• 120 events observed (446±22.5 w/o osc)

• Measured

• Joint neutrino appearance & disappearance + combined with reactor 
(CPV) (PRD 91, 072010 (2015)) 
 

• Antineutrino oscillation analyses (arxiv:1512.02495)

• 34 mu-like observed (103.6 w/o osc); 3 positron-like (consistent)

sin2 2θ13 = 0.150−0.034
+0.039 (NH ) sin2 2θ13 = 0.182−0.040

+0.046 (IH )

sin2 2θ23 = 0.514−0.056
+0.055 (NH ) sin2 2θ23 = 0.511−0.055

+0.055 (IH )
Δm2

23 = (2.51± 0.10)×10
−3eV 2 (NH ) Δm2

23 = (2.48 ± 0.10)×10
−3eV 2 (IH )

sin2θ23 = 0.524−0.059
+0.057 (NH ),  0.523−0.065

+0.055 (IH )

sin2θ13 = 0.042−0.021
+0.013(NH ),  0.049−0.021

+0.015 (IH )
Some hints on δCP and MH !

Combining T2K + reactor
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T2K: neutrino&antineutrino results
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Measurement in Super-K 
• Select 𝜈𝑒 and 𝜈𝜇 

candidate events in 
Super-K. 

• 𝜈𝑒 appearance and 𝜈𝜇 
disappearance are 
clearly seen. 

8 

𝜈𝜇 candidate event 
(sharp Cherenkov ring) 

𝜈𝑒 candidate event 
(fuzzy Cherenkov ring) 

Reconstructed neutrino energy spectra of 𝜈𝑒 and 𝜈𝜇candidate events 

𝜈𝑒 

𝜈𝜇 
• Oscillation analysis at far detector assuming the unitarity of the PMNS matrix 
• Performed the search for !μ-bar →!e-bar oscillations, last step toward the 
measurement of δCP

• Assume PMNS oscillation parameters measured with !μ beam data with 2014 
analysis (sin2Ɵ13 constrained with reactor experiments)
• Parameter β-bar: 0 → bkg only, 1 → signal + bkg  �̄ ⇥ P (⌫̄µ ! ⌫̄e)
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• 3.73 ± 0.64 events are expected for δCP = -1.601 (best-fit of 2014 analysis) 
and 3 events are observed

νe-bar appearance analysis at the far detector

20

3.73 ± 0.64 events are expected for δCP = -1.601 
(best-fit of 2014 analysis) 

• Systematic uncertainties: ~4.5% for !μ and ~7% for !e samples  

Reconstructed Neutrino Energy (GeV)
0 0.2 0.4 0.6 0.8 1 1.2

N
um

be
r o

f e
ve

nt
s

0

1

2

3

4

5

6

7

8

9

Expected
Data
Best-fit

PRELIMINARY

Reconstructed Neutrino Energy (GeV)
0 1 2 3 4 5 6 7

N
um

be
r o

f e
ve

nt
s

0

5

10

15

20

25

30

35

40

Expected
Data
Best-fit

PRELIMINARY

Reconstructed Neutrino Energy (GeV)
0 0.2 0.4 0.6 0.8 1 1.2

N
um

be
r o

f e
ve

nt
s

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

Expected
Data
Best-fit

PRELIMINARY

Reconstructed Neutrino Energy (GeV)
0 1 2 3 4 5 6 7

N
um

be
r o

f e
ve

nt
s

0

1

2

3

4

5

6

7

Expected
Data
Best-fit

PRELIMINARY

νe νe - bar νμ νμ - bar
Exp. Oscillated 25.9 3.1 120.1 32.5

Exp. Not oscillated 5.5 1.2 466.6 94.9
Observed 31 3 124 34

νμ νe

νμ - bar νe - bar

Search for CP violation at the far detector
δCP = -1.601

23
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T2K: neutrino&antineutrino results
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Result of the T2K oscillation analysis 
• Data until May 2013 (Run1-4, ν mode data) were analyzed. 
• sin2𝜃23 result is the world best precision, and favors maximal 

mixing. 
• sin22𝜃13 result is compatible with the value measured with 

reactor 𝜈 𝑒 disappearance. 
• Significance of 𝜈𝑒 

appearance is 7.3𝜎. 
90% confidence region for sin2θ23, Δm32 90% confidence region for sin22θ13, δCP 2 

𝑃 𝜈 𝑒 → 𝜈 𝑒 ≅ 1 − sin22𝜃13sin2
Δm31

2 𝐿
4𝐸

 

𝜈 𝑒 survival probability from reactor 

PDG2013 
(Reactor) 
 Best fit 

Best fit 

10 

Super-K (NH)            MINOS (NH) 

Combined result with reactor experiments 
Δ𝜒2 as a function of δCP with critical  limit • Add constraint on sin22𝜃13 by 

reactor experiments to the fit. 
• Improve precision on sin2𝜃23 

and Δm32
2 . 

• 90% C.L. excluded region of 𝛿𝐶𝑃: 
0.15𝜋 < 𝛿𝐶𝑃 < 0.83𝜋 (NH) 
−0.08𝜋 < 𝛿𝐶𝑃 < 1.09𝜋 (IH) 

90% confidence region for sin2θ23, Δm32 90% confidence region for sin22θ13, δCP 2 
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Super-K (NH)            MINOS (NH) 

Search for CP violation at the far detector

• A difference between !μ →!e and !μ-bar →!e-bar could be due to CP violation 

• sin2Ɵ13 is non-zero (~0.022). T2K could be sensitive to δCP if maximal (±π/2) 

• Measure all the oscillation channels simultaneously using all 4 event samples: 

!μ, !μ-bar, !e, !e-bar

νμ (νμ-bar) disappearance → measure sin2ɵ23 and Δm232
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νe (νe-bar) appearance → measure sin2ɵ13 and δCP 

• sin2Ɵ13 is constrained with reactor measurements (0.0219 ± 0.0012) 
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Super-K (NH)            MINOS (NH) 

T2K+reactor hint δCP ≈ -π/2 (maximal?) and NH

Including subleading terms:
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Other T2K results
New results published in the last year:

Physics Title Journal / Status

Sterile oscillation Search for short baseline νe disappearance with the T2K near 
detector

Phys. Rev. D 91, 
051102(R) (2015)

PMNS oscillation Neutrino Oscillation Physics Potential of the T2K Experiment Prog. Theor. Exp. Phys.
043C01 (2015)

Cross-section Measurement of the muon neutrino CCQE cross section with 
ND280 at T2K

Phys. Rev. D 92, 
112003 (2015)

Cross-section Measurement of the electron neutrino charged-current interaction 
rate on water with the T2K ND280 pi0 detector

Phys. Rev. D 91, 
112010 (2015)

Cross-section Measurement of the muon neutrino charged current quasi-elastic 
cross-section on carbon with the T2K on-axis neutrino beam

Phys. Rev. D 91, 
112002 (2015)

Cross-section Measurement of the muon neutrino inclusive charged-current 
cross section in the energy range of 1-3 GeV with the T2K 
INGRID detector

Accepted by PRD
arXiv:1509.06940

Neutrino mass Upper bound on neutrino mass based on T2K neutrino timing 
measurements

Phys. Rev. D 93, 
012006 (2016)

Cross-section Measurement of double-differential muon neutrino 
charged-current interactions on C8H8 without pions in the final 
state using the T2K off-axis beam

Submitted to journal 
arXiv:1602.03652

Many more nearing publication – all publications, conference talks etc. at 
http://t2k-experiment.org/for-physicists/ 

Other T2K results
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T2K - power & pot projection

13

T2K expected POT projection 

7 

with MRPS & latest challenging power assumption 

New 

7/15 PAC 

New power projection 

4 

T. Kobayashi

•With JPARC/MR 
power supply 
upgrade (approved) 
expect to reach T2K 
approved statistics by 
≈2020

T2K is approved for 
78x1020 POT

From 2011-2016 (Run1-6): 
accumulated 11x1020 POT
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T2K - ultimate CP sensitivity

14
07/03/16 Mark Scott, TRIUMF 39

T2K future sensitivity

● Plots assume 1:1, ν:ν running, for normal mass hierarchy

● T2K-only, left, assumes δ
CP

 = -90°

● T2K + NOvA reach 90% sensitivity to δ
CP

 ≠ 0 

T2K should reach 78x1020 POT by ≈2020
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The	NOνA	Experiment
NuMI	Off-Axis	νe	Appearance	Experiment

‣ 810	km	baseline	from	Fermilab	
to	Ash	River,	MN	

‣ 700	kW	NuMI	neutrino	beam	at	
Fermilab	

‣ Near	and	Far	Detectors	placed	
14	mrad	off	the	NuMI	beam	axis	

‣ Measure	νμ→νe,	νμ̄→νē	to:	
๏ Determine	ν	mass	hierarchy		
๏ Determine	the	θ23	octant	
๏ Constrain	δCP	

‣ Use	νμ→νμ,	νμ̄→νμ̄	to:	
๏ make	precise	measurements	
of	θ23	and	Δm2

32	

‣ Many	other	physics	topics:	

๏ ν		cross	secTons	at	the	ND	
๏ Sterile	neutrinos	
๏ Supernova	neutrinos	
๏ …	

NOνA Near Detector



04.04.16 André Rubbia | Neutrino Experiments (IMFP16)

FNAL/NUMI beam power

16

Integrated beam to NUMI : 2.5e21 pot @ 120 GeV

550 kW

NOvA results based on : 2.74e20 pot-equiv
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NOvA muon disappearance

17

Muon&Neutrino&Disappearance&K&Results&

~200 events expected 
(without oscillation) 
33 events observed 

(68% C.L.)

arXiv:1601.05037 
Accepted by Physical Review D, RC

3/7/16,&C.&Group& La&Thuile&2016&K&Recent&Results&from&NOvA& 30&

Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015 25

‣ 201	events	predicted	without	neutrino	oscillaTons	(including	2.0	beam	bkgnd	and	1.4	cosmic	bkgnd)		

νμ	CC	Energy	Spectrum

!2 / Ndof = 12.6 / 16 

33	events	observed	
NOvA	sees	νμ		disappearance	consistent	with	oscilla;ons

Accepted for publication



04.04.16 André Rubbia | Neutrino Experiments (IMFP16)

MINOS recent result (after T2K)

18 Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015 31

‣ LID:		

๏ Select	6	events	
๏ 3.3σ	evidence	for	νe	appearance	

‣ LEM:	

๏ Select	11	events	
๏ 5.5σ	for	νe	appearance	

‣ All	6	LID-selected	events	are	also	selected	by	
LEM	

๏ The	trinomial	probability	for	observing	11	
events	with	a	(LID-only/LEM-only/Both)	
distribuTon	is	P(11:0/5/6)	=	9.2%	

νe	CC	Selected	Events

NH !CP=3π/2 IH !CP=π/2

LID 5.62 ± 0.72 2.24 ± 0.29

LEM 5.91 ± 0.59 2.34 ± 0.23

Poster:	
Jianming	Bian

Two	independent	
par-cle	IDs:	“LID”	
and	“LEM”	
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NOvA result on CP-phase

19
Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015
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‣ LID	results	in	good	agreement	with	
reactor	measurements	(gray	band)	for	
normal	(top)	and	inverted	(booom)	
hierarchy	

‣ Agreement	is	~1σ	beoer	for	normal	
hierarchy	

‣ (δCP,	sin2θ13)	contours	include:	

๏ errors	on	solar	parameters	
๏ Δm2

32	varied	within	errors	of	NOvA’s	
new	result		

๏ sin2θ23	=	0.5	

νe	Appearance	Allowed	Regions	-	LID

Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015
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‣ Use	reactor	measurement	of		

sin22θ13=0.086±0.05																																												
as	input	to	understand	how	NOvA’s	results	

favor	choices	of	mass	hierarchy	or	δCP		

๏ Both	LID	and	LEM	prefer	NH	with	δCP	
between	π	and	2π	

๏ LID	shows	some	tension	with	IH	for															
0	<δCP	<	0.8	π	

๏ LEM	disfavors	IH	at	greater	than	2σ	for	all	
values	of	δCP	

‣ Beware	of	trials	factor	of	choosing	to	only	

look	at	LEM	results		

๏ true	answer	is	most	likely	somewhere	in	

between	LID	and	LEM	results	

‣ Note:	Jagged	contours	are	due	to	discrete	nature	of	

counTng	experiment	

Significance	of	νe	Appearance	Results
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NOvA δCP+MH hints consistent with T2K
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NOvA sensitivity on MH

20

NOvA+T2K reach 3σ C.L. on MH for favoured region and true NH

Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015 53

NOvA	Sensi;vi;es

3σ C.L.
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Reactor experiments: disappearance
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Reactor-Based Ǆ13 Experiments
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Latest results from Daya Bay

22

Antineutrino Oscillation Results

• We do a relative analysis where we 
predict the far spectra from the near 
spectra 

• The most precise measurement in the 
world, roughly 6% precision. 

• Measurement in ∆m2ee, consistent 
and of comparable precision to muon 
neutrino disappearance channel.
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PRL 115, 111802 (2015)
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The most precise measurement of θ13 (6%)

Using near/far comparison:

Antineutrino Oscillation Results
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• We do a relative analysis where we 
predict the far spectra from the near 
spectra 

• The most precise measurement in the 
world, roughly 6% precision. 

• Measurement in ∆m2ee, consistent 
and of comparable precision to muon 
neutrino disappearance channel.

Similar results from RENO and Double-CHOOZ

217	days	x	6AD	+	404	days	x	8AD	
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 T. Schwetz

The reactor anomaly

28

Mention et al, 11,12

• SBL reactor data (L < 100m) in tension with predicted flux
f = 0.935±0.024 (different from 1 @ 2.7σ)

• systematics?
‣ normalization of ILL electron spectra
‣ neutron lifetime (use 2012 PDG value)

• sterile neutrinos at the eV scale? 

3ν

(3+1)ν

Reactor anomaly ?

PhysRevLe>.116.061801	

Absolute Reactor Flux Measurement 

Measurement consistent with 
previous short baseline experiments 

2016-3-14 Rencontres de Moriond EW 2016 20 

PhysRevLett.116.061801 

3-AD (near sites)  measurement 
with 217 days of data 

IBD yield 
18

43 2

2

= 5.92 0.14 10 /
(1.55 0.04) 10 / /
( )f

Y cm
cm fission

GW day
V

�

�

 r u

r u

Compare to flux models 

¾ Data/Prediction (Huber+Mueller) 
0.946 ± 0.022 

¾ Data/Prediction (ILL+Vogel) 
0.991 ± 0.023 

Absolute flux and spectrum are measured 
with the absolute detection efficiency and 
energy scale. Correlated uncertainties are 
used, different from θ13 study 

Using nGd sample 

Yiming Zhang 

Tsinghua University, Beijing, China 
On behalf of Daya Bay Collaboration 

The 51th Rencontres de Moriond EW 2016 @ La Thuile, Aosta valley, Italy 
March 12th – 19th, 2016 

Absolute Reactor Flux Measurement 

Measurement consistent with 
previous short baseline experiments 

2016-3-14 Rencontres de Moriond EW 2016 20 

PhysRevLett.116.061801 

3-AD (near sites)  measurement 
with 217 days of data 

IBD yield 
18

43 2

2

= 5.92 0.14 10 /
(1.55 0.04) 10 / /
( )f

Y cm
cm fission

GW day
V

�

�

 r u

r u

Compare to flux models 

¾ Data/Prediction (Huber+Mueller) 
0.946 ± 0.022 

¾ Data/Prediction (ILL+Vogel) 
0.991 ± 0.023 

Absolute flux and spectrum are measured 
with the absolute detection efficiency and 
energy scale. Correlated uncertainties are 
used, different from θ13 study 

Using nGd sample 

Anomaly depends on 
theoretical flux chosen

Data Bay latest analysis:
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Hint for discrepancies with theoretical 
reactor neutrino predictions

24

Spectral shape from reactor antineutrinos 

• Daya Bay measured positron spectra 
of IBD events in three near  ADs. The 
Daya Bay measured positron spectra 
of IBD events from three near ADs are 
combined and compared with 
predictions. 

• Daya Bay observes a 2.6# 
discrepancy in the 0.7-12MeV 
range (4.4# in the 4-6MeV 
range)

24

• Observation of a 2.6σ 
discrepancy in the 
0.7-12MeV range  
(4.4σ in range 4-6MeV)

• Possibilities to explain the 
discrepancy:

• error in flux prediction
• bias in experiments 

(unlikely)
• new physics

Yiming Zhang 

Tsinghua University, Beijing, China 
On behalf of Daya Bay Collaboration 

The 51th Rencontres de Moriond EW 2016 @ La Thuile, Aosta valley, Italy 
March 12th – 19th, 2016 

“Theoretical reactor flux 
not fully understood”
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Oscillations with Very Large Volume Detectors

• Neutrinos available over a wide range of energies and baselines

• Oscillations produce distinctive  

patterns in energy-angle space

• Control systematics by comparing 

energies and path lengths – trade  
statistics for systematics

~12,700km

IceCube 
DeepCore 

PINGU

νµ
νµνµνµ

νµ

νµ

νµ
νµ

νµ

  5

Atmospheric neutrino oscillations
»Resonance region

» Complicated disappearance pattern, diHerent for neutrinos/antineutrinos

»Oscillations depend on θ13, θ23 and                               including their sign

» At/Below the threshold of IceCube DeepCore  PINGU→

Δ m
32

2
,Δ m

31

2

Resonance region Resonance regionAtmospheric neutrino 3uxM. Honda et al., Phys. Rev D92, 023004 (2015)

•Very Large Volume Neutrino 
Telescopes in deep ice 
• Primary goal: neutrino astronomy 

(Understanding the sources of 
cosmic rays)

• Secondary goal: DM, atm neutrino 
oscillations

• Atmospheric neutrinos measurable 
over a wide range of energies and 
baselines 
• oscillations + matter effects produce 

distinctive patterns in E & angle (i.e. 
baseline) phase space

• control systematics by comparing E 
& angle (trade statistics for 
systematics)

Tyce DeYoung

Oscillograms

• Measure atmospheric parameters (Δm2atm, θ23) at high energies

• Tau neutrino appearance also accessible – test of 3x3 mixing paradigm


• Below ~15 GeV, matter resonances (MSW) depend on mass ordering

5

  2

Atmospheric neutrino oscillations
»Neutrinos change 3avor as they travel

» Earth's matter pro6le modi6es expectation from vacuum oscillations

»  Between Eν = 2-15 GeV  resonances, transitions → νe  ν↔ μ take place

»  For Eν >15 GeV  saturation (→ θ13→π/2), dominated by νμ  ν↔ τ transitions

Resonance region Saturation Resonance region Saturation
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Yáñez and Kouchner, arXiv:1509.08404
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IceCube @ South Pole

Tyce DeYoung
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Below ~15 GeV, matter resonances (MSW) depend on MH 
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IceCube atmospheric result

26

Tyce DeYoung

Atmospheric Oscillations

• Project data onto 
reconstructed (L/Eν)  
for illustration

• Actual analysis is 

performed in 2D to  
control systematics


• Shaded range shows 
allowed systematics  
with constraints  
from current data


• Second survival  
maximum just  
below DeepCore’s  
energy threshold

7

Phys. Rev D91, 072004 (2015)

Tyce DeYoung

Current Measurements

• Two follow-up  
analyses with greatly  
improved statistics  
now in collaboration 
review process

• Monte Carlo data 

challenges predict 
precision comparable 
to leading oscillation 
measurements

8

14

FIG. 16. 90% confidence contours of the latest result from
IceCube (IC86-B) in the sin2 ✓

23

��m2

32

plane in comparison
with the ones of the most sensitive experiments [54, 84, 85].
The log-likelihood profiles for individual oscillation parame-
ters are also shown (right and top). A normal mass ordering
is assumed. Updated from [9].

V. NEUTRINO OSCILLATIONS WITH THE
NEXT GENERATION OF VLVNTS

After the measurements from ANTARES and Ice-
Cube/DeepCore in the atmospheric sector, the next goal
of VLVNTs is to further decrease the energy threshold
below the 15GeV domain in order to improve the sensi-
tivity to the PMNS matrix elements and determine the
NMO. Measuring the neutrino mass ordering is the main
objective of the forthcoming ORCA (Oscillation Research
with Cosmics in the Abyss) and PINGU (Precision Ice-
Cube Next Generation Upgrade) detectors as part of the
KM3NeT [86] and IceCube Gen-2 [87] infrastructures re-
spectively.

A. Design of future detectors

Both ORCA and PINGU will be more densely
equipped than the currently running detectors and
should reach several megatons in instrumented volume.
Their concepts are similar in many ways, with the most
significant di↵erences coming arising from the detection
medium, the proposed detector layout and the (default)
optical module design.

1. Hardware and detector geometry

The PINGU optical module will most likely be a sim-
plified and modernized version of that of IceCube, which
has demonstrated its stability and reliability over almost
ten years of operation. The PINGU DOM design re-

moves components which are no longer required, such
as the local coincidence logic and the multiple amplifi-
cation modes, while providing a larger dynamic range
than the original IceCube DOM and improved time reso-
lution of 2 ns [88]. A schematic view of the IceCube and
PINGU (Gen2) DOMs is shown in Fig. 18. By main-
taining the basic IceCube design, the PINGU DOM min-
imizes risk and cost. The ORCA optical module will
follow the KM3NeT design [86] with each DOM hous-
ing 31 small (3”) PMTs arranged in a 17” glass sphere
together with the associated electronics, as can be see
from Fig. 17. This design o↵ers the possibility of cre-
ating coincidences within the OM to suppress the large
40K decay background as well as the thermal noise of the
PMTs. The orientation of the PMTs within the OM can
also be used in the reconstruction of events, although this
has not been implemented so far. A single sphere houses
three to four times the photo cathode of an ANTARES
OM with an almost uniform angular coverage, improving
the cost e↵ectiveness by a factor four. Several prototypes
of such a multi-PMT OM have been successfully tested
in-situ [89].

The final layouts of ORCA and PINGU are still un-
der optimization5. The current benchmark geometries
used for establishing the detector performances consist
of 40 (115) strings with a horizontal spacing of ⇠20 m
for PINGU (ORCA). The vertical spacing is set to 6 m
for ORCA and 3 m for PINGU. While a PINGU string
will hold up to 96 DOMs, there are 18 DOMs in a de-
fault ORCA string. The maximum number of DOMs
that a PINGU string can hold is given by the mechan-
ical constraints of the down-hole cable and the appear-
ance of shadowing e↵ects, while for ORCA the constraint
comes from the launcher vehicle (a large spherical frame
in which the DOMs slot into dedicated cavities) used for
string deployments. The separation between the sensors
of both detectors is smaller than the absorption and scat-
tering lengths of their respective media, making the opti-
cal properties of ice and salt water less relevant than for
ANTARES and IceCube/DeepCore.

The footprints of the ORCA and PINGU detectors
are shown in Figure 19. The instrumented volumes of
both detectors is of order 3.5 to 4 Mt, and their e↵ec-
tive masses reach the same value for neutrinos of energy
above 10 GeV. While the PINGU extension is foreseen to
be embedded inside the current IceCube/DeepCore de-
tector (which will be used for background vetoing), the
ORCA detector will be located around 10 km west from
the ANTARES site, at a depth of 2475m.

5 Preliminary results tend to indicate that the best vertical spacing
between OM is around 10 m for ORCA, while similar studies in
the PINGU case favor a vertical spacing of about 3 m, close to
the adopted benchmark.

Phys. Rev D91, 072004 (2015)

Shaded range shows allowed 
systematics with constraints 
from current data 

Precision comparable with LBL

Results compatible with LBL & SK

Measure atmospheric parameters 
(Δm2, θ23) at high energies 
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The 3𝛎SM study programme
•Establish the 3𝜈SM as the correct description of nature

•Determine precisely all parameters (<5%), e.g. the degree 
to which θ23 differs from π/4

•Test matter effects through Earth
•Complete the three active neutrinos 3𝜈SM model (PMNS)

•Determine the mass hierarchy and the complex CP-phase
•Test (and discover?) CPV in the leptonic sector

•Search for deviations from the 3𝜈SM model
•Test the unitarity of the PMNS neutrino mixing matrix
•Search for non-standard interactions
•Is this picture affected by new sterile neutrinos ?

27

➠Next generation of experiments !
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JUNO - Jiangmen Underground Neutrino Observatory 

28

Next-generation Large Liquid Scintillator detector
- medium baseline reactors experiment (<L>=50 km)
- aim at much improved light yield and energy resolution ≈3%/√E(MeV)
- relatively shallow depth (700m overburden)

C. Jollet - La Thuile 2016

Detector design

9

20 kt LS

Top muon veto: plastic scintillator strips 

Water Cherenkov veto: 20 kton water

Buffer: water

PMTs: 17000 20” PMTs + 34000 3’’ 
PMTS for a ∼77.8% coverage

PMTs: 2000 20” veto PMTs

LS: 20 kton LAB based

LS container: acrylic. The maximum 
stress should be <35 MPa.

Buffer/PMT support: Stainless steel 
structure

• The experiment consists of a very large 20 kton liquid scintillator detector.

Acrylic Sphere - ∅=35.4 m

Central Detector - ∅=40.1 m

43.5 m

43
.5

 m

C. Jollet - La Thuile 2016

Challenge of the JUNO detector

10

Calibration

Top Tracker

Electronic

Central 
detector

Water 
Cherenkov

LS filling room

Experiment Daya Bay BOREXINO KamLAND JUNO
LS mass 20 ton ~300 ton ∼1 kton 20 kton

Coverage ∼12% ~34% ∼34% ∼80%
Energy resolution ∼7.5%/√E ∼5%/√E ∼6%/√E ∼3%/√E
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Mass hierarchy determination for reactor antineutrinos
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [79] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

2∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
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#
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)"

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)"

1− sin2 2θ12 sin2∆21

,

and [95,96]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)
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FIG. 3: Distribution of RL and PV values for different pa-
rameters of baseline and sin2(2θ13). For each parameter to
be scanned, the default baseline is 60 km and all the other
parameters are the values as in Table I. Two clusters of RL
and PV values are clearly seen for NH and IH cases.

For even smaller sin2(2θ13), the main peak becomes
less significant. For example, if the main peak is required
to be twice higher than that of noise, sin2(2θ13) must be
greater than 0.005 in order to clearly identify the main
peak, for a variety of neutrino energy spectra in a rea-
sonable range.

For a realistic experiment in the near future, the en-
ergy resolution and statistics are of the most concern. At
60 km, θ12 has the least impact to the mass hierarchy de-
termination. The energy resolution must be good enough
not to smear the difference between P31 and P32, which
requires the energy resolution be better than 3%/

√
E. A

detector with a mass at 10 kton level may be necessary,
depending on the size of θ13. If shortening the baseline,
the noise in the Fourier spectra from θ12 oscillation in-
creases, thus degrade the sensitivity. In the mean time
requirements to the energy resolution and the detector
size are relaxed. The optimization of the baseline as well
as the energy resolution and detector size for different θ13

assumptions are undergoing.
In summary, the method to discriminate the mass hier-

archy has been studied by using a Fourier sine(FST) and
cosine(FCT) transform to the observed reactor neutrino
L/E spectra. The FCT and FST spectra can separate P31

and P32 oscillation components from the large 1 − P21

component in a specific δm2 range. Features of mass
hierarchy are enhanced in this representation and more
sensitive than that of the Fourier power spectrum at very
small sin2(2θ13). We found that an ideal detector at an
intermediate baseline (∼ 60 km) could identify the mass

hierarchy for a mixing angle sin2(2θ13) > 0.005, without
requirements on accurate information of reactor neutrino
spectra and the value of ∆m2

32. A paper of a detailed
analysis of experimental errors will be released soon [20].
Similar methods can be applied to other experiments us-
ing different neutrino sources, such as accelerator-based
neutrino beams or atmospheric neutrinos.
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FIG. 4: The FCT and FST spectra and Fourier power spec-
trum for sin2(2θ13) = 0.005. The solid line is for NH and the
dashed line is for IH. The FCT and FST spectra have distinc-
tive features to identify the mass hierarchy, which looks more
sensitive than the Fourier power spectrum method.

[1] P. Adamson et al. [MINOS Collaboration],
arXiv:0806.2237 [hep-ex].

[2] Y. Itow et al. [The T2K Collaboration],

• The spectral distortion contains the MH 
information, thus the sensitivity is obtained 
constructing a !2 function. The discriminator of the 
MH is defined as:
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parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952 × 10−42cm2(E(0)
e p(0)

e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)
e is the

positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1 − P21 − P31 − P32

P21 = cos4(θ13) sin2(2θ12) sin2(∆21)

P31 = cos2(θ12) sin2(2θ13) sin2(∆31)

P32 = sin2(θ12) sin2(2θ13) sin2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i − m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.

Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2

ij |, respec-
tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =

! tmax

tmin

F (t) sin(ωt)dt
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

! tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.
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• Moreover, Fourier analysis can be applied to the 
reconstructed energy spectrum to discriminate 
between the two hierarchies.

Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).

To obtain the MH sensitivity, we employ the least-squares method and construct a χ2 function
as 3,

χ2
REA =

Nbin!

i=1

[Mi − Ti(1 +
"

k αikϵk)]2

Mi
+
!

k

ϵ2k
σ2k

, (2.9)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted neutrino events
with oscillations, σk is the systematic uncertainty, ϵk is the corresponding pull parameter, and αik

is the fraction of neutrino event contribution of the k-th pull parameter to the i-th energy bin. The
considered systematic uncertainties include the correlated (absolute) reactor uncertainty (2%), the
uncorrelated (relative) reactor uncertainty (0.8%), the spectrum shape uncertainty (1%) and the
detector-related uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy
between 1.8 MeV and 8.0 MeV.

We fit the spectrum assuming the normal MH or inverted MH with the chisquare method and
take the difference of the minima as a measure of the MH sensitivity. The discriminator of the MH
can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (2.10)

where the minimization process is implemented for all the relevant oscillation parameters. Note
that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different positions of

|∆m2
ee|.

2.3.2 Baseline Optimization

The discriminator defined in Eq. (2.10) can be used to obtain the optimal baseline, which are
shown in the left panel of Fig. 2-7. A sensitivity of ∆χ2

MH ≃ 16 is obtained for the ideal case with
identical baselines at around 50 km. The impact of the baseline difference due to multiple reactor
cores is shown in the right panel of Fig. 2-7, by keeping the baseline of one reactor unchanged and
varying that of another. A rapid oscillatory behavior is observed and demonstrates the importance
of reducing the baseline differences of reactor cores. The worst case is at ∆L ∼ 1.7 km, where the
|∆m2

ee| related oscillation is cancelled between two reactors.

3A different definition with the Poisson χ2 function yields the consistent MH sensitivity [79,80].
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Antineutrino Oscillation Results

• We do a relative analysis where we 
predict the far spectra from the near 
spectra 

• The most precise measurement in the 
world, roughly 6% precision. 

• Measurement in ∆m2ee, consistent 
and of comparable precision to muon 
neutrino disappearance channel.
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• Two critical parameters have to be optimized: the baseline and the energy resolution.

Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).
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T h e b a s e l i n e i s 
optimized to 53 km 
with a difference to 
reactor cores of less 
than 500 m. 

The energy resolution 
( p h o t o - e l e c t r o n 
statistics) is a critical 
parameter in the 
achievable sensitivity. 
The goal is to achieve 
3%/√E[MeV].
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Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).
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3A different definition with the Poisson χ2 function yields the consistent MH sensitivity [79,80].
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Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (11).

detector energy resolution 3%/
!

E(MeV) as a benchmark. A normal MH is assumed to
be the true one (otherwise mentioned explicitly) while the conclusion won’t be changed
for the other assumption. The relevant oscillation parameters are taken from the latest
global analysis [28] as ∆m2

21 = 7.54 × 10−5eV−2, (∆m2
31 +∆m2

32)/2 = 2.43 × 10−5eV−2,
sin2 θ13 = 0.024 and sin2 θ12 = 0.307. The CP-violating phase will be specified when
needed. Finally, the reactor antineutrino flux model from Vogel et al. [33] is adopted
in our simulation1. Because two of the three mass-squared differences (∆m2

21, ∆m2
31

and ∆m2
32) are independent, we choose ∆m2

21 and ∆m2
ee defined in Eq. (5) as the free

parameters in this work.
To obtain the sensitivity of the proposed experiment, we employ the least squares

method and construct a standard χ2 function as following:

χ2
REA =

Nbin
"

i=1

[Mi − Ti(1 +
#

k αikϵk)]2

Mi

+
"

k

ϵ2k
σ2
k

, (11)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted
reactor antineutrino flux with oscillations, σk is the systematic uncertainty, ϵk is the
corresponding pull parameter, and αik is the fraction of neutrino event contribution of
the k-th pull parameter to the i-th energy bin. The considered systematic uncertainties
include the correlated (absolute) reactor uncertainty (2%), the uncorrelated (relative)
reactor uncertainty (0.8%), the flux spectrum uncertainty (1%) and the detector-related
uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The

1We have tried both the calculated [33] and the new evaluations [34, 35] of the reactor antineutrino
fluxes. The discrepancy only influences the measurement of θ12. Both evaluations give consistent results
on the MH determination.
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• The neutrino mixing matrix can be parameterized as:

sin2(2θ12) = 0.857 ± 0.024

∆m2
21 = (7.50 ± 0.20) × 10−5eV 2

sin2(2θ13) = 0.095 ± 0.010

m2
β =

∑

i

|Uei|2m2
i

mββ = |
∑

i

U2
eimi|

#σ =
√

∆χ2

U =

⎡

⎣

1 0 0
0 c23 s23
0 −s23 c23

⎤

⎦×

⎡

⎣

c13 0 s13e−iδ

0 1 0
−s13e−iδ 0 c13

⎤

⎦×

⎡

⎣

c12 s12 0
−s12 c12 0
0 0 1

⎤

⎦×

⎡

⎣

eiξ1/2 0 0
0 eiξ2/2 0
0 0 1

⎤

⎦

4

Atmospheric Solar

• The non-zero value of θ13 opens 
the way for the measurement of 
the CP violation phase in the 
leptonic sector. 

• An addit ional goal for next 
generation neutrino experiment is 
the mass hierarchy determination.

2

parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952 × 10−42cm2(E(0)
e p(0)

e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)
e is the

positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1 − P21 − P31 − P32

P21 = cos4(θ13) sin2(2θ12) sin2(∆21)

P31 = cos2(θ12) sin2(2θ13) sin2(∆31)

P32 = sin2(θ12) sin2(2θ13) sin2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i − m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.

Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2

ij |, respec-
tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =

! tmax

tmin

F (t) sin(ωt)dt

L/E (km/MeV)
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

! tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and

2
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sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952 × 10−42cm2(E(0)
e p(0)

e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)
e is the

positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1 − P21 − P31 − P32

P21 = cos4(θ13) sin2(2θ12) sin2(∆21)

P31 = cos2(θ12) sin2(2θ13) sin2(∆31)

P32 = sin2(θ12) sin2(2θ13) sin2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i − m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.

Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2

ij |, respec-
tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

! tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and

• According to the mass hierarchy, one 
oscillation frequency ω  is larger than the 
other:
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Determination of the Neutrino Mass Hierarchy at an Intermediate Baseline

Liang Zhan, Yifang Wang, Jun Cao, Liangjian Wen
Institute of High Energy Physics, Beijing, 100049

It is generally believed that neutrino mass hierarchy can be determined at a long baseline exper-
iment, often using accelerator neutrino beams. Reactor neutrino experiments at an intermediate
baseline have the capability to distinguish normal or inverted hierarchy. Recently it has been
demonstrated that the mass hierarchy could possibly be identified using Fourier transform to the
L/E spectrum if the mixing angle sin2(2θ13) > 0.02. In this study a more sensitive Fourier anal-
ysis is introduced. We found that an ideal detector at an intermediate baseline (∼ 60 km) could
identify the mass hierarchy for a mixing angle sin2(2θ13) > 0.005, without requirements on accurate
information of reactor neutrino spectra and the value of ∆m

2
32.

PACS numbers: 13.15.+g, 14.60.Pq, 14.60.Lm

Recent results from solar, atmospheric, reactor and ac-
celerator neutrino experiments all show that neutrinos
are massive and they can oscillate from one type to an-
other. Among all the six mixing parameters, three of
them are known, two unknowns, and one of them, the
mass-squared difference ∆m2

32, defined as m2
3 − m2

2, is
only known to be |∆m2

32| = (2.43±0.13)×10−3eV2 (68%
C.L.) from accelerator neutrino experiments [1]. The
question, if the mass hierarchy is normal (∆m2

32 > 0)
or inverted (∆m2

32 < 0), is not known now but is funda-
mental to particle physics.

For normal hierarchy (NH) or inverted hierarchy (IH),
the neutrino mass-squared difference has the following
relations:

∆m2
31 = ∆m2

32 + ∆m2
21

NH : |∆m2
31| = |∆m2

32| + |∆m2
21|

IH : |∆m2
31| = |∆m2

32|− |∆m2
21| (1)

In principle, the mass hierarchy can be determined by
precision measurements of |∆m2

31| and |∆m2
32|. In fact it

is extremely difficult since ∆m2
21 is only ∼ 3% of |∆m2

32|,
hence |∆m2

32| and |∆m2
31| have to be measured with a

precision much better than 3 %.
Effects of mass hierarchy can be amplified by matter

effects if the baseline is large enough, say several hun-
dreds to thousands of kilometers. Such experiments often
need accelerator-based neutrino beams and huge detec-
tors. Proposals such as T2K [2, 3], Nova [3, 4, 5] and
T2KK [6] have mass hierarchy sensitivity in the νµ → νe

channel if θ13 is large enough (i.e. sin2(2θ13) ≥ 0.03). In
addition, they are affected by the (δCP , sign(∆m2

32)) de-
generacy [7, 8]. At a magic baseline [9, 10], L ∼ 7000 km,
the degeneracy can be canceled but it requires a very in-
tensive source such as a neutrino factory or a beta-beam
which will not be available in the near future. A method
using atmospheric neutrinos [11, 12] with a baseline of
L ∼ 104 km and the neutrino energy of E ∼ 1 GeV is
sensitive to mass hierarchy for very small or even null
value of θ13, if the measurement precision of |∆m2

32| is
better than 2%.

Method using reactor neutrino based intermediate
baseline (40 − 65 km) experiments has been explored

based on precision measurement of distortions of the en-
ergy spectrum due to non-zero θ13 [13, 14]. Recently, a
study [15] shows a new method to distinguish normal or
inverted hierarchy after a Fourier transform of the L/E
spectrum of reactor neutrinos. It is observed that the
Fourier power spectrum has a small shoulder next to the
main peak, and their relative position can be used to
determine the mass hierarchy. Afilter method is used
to improve the sensitivity to the mass hierarchy up to
sin2(2θ13) > 0.02, if ∆m2

32 is known a priori. Compar-
ing to a normal L/E analysis, the Fourier analysis natu-
rally separates the mass hierarchy information from un-
certainties of the reactor neutrino spectra and other mix-
ing parameters, which is critical for very small sin2(2θ13)
oscillations.

In this paper, we report that if a proper Fourier trans-
form is applied and if all information is fully utilized,
the capability of an intermediate baseline reactor exper-
iment to determine the neutrino mass hierarchy can be
improved for a smaller mixing angle θ13 without know-
ing ∆m2

32 a priori. In the following, we will use a reactor
neutrino spectrum to illustrate the method, but such a
method can be generalized to other experiments.

For a reactor neutrino experiment, the observed neu-
trino spectrum at a baseline L, F (L/E), can be written
as

F (L/E) = φ(E)σ(E)Pee(L/E)

where E is the electron antineutrino (νe) energy, φ(E) is
the flux of νe from the reactor, σ(E) is the interaction
cross section of νe with matter, and Pee(L/E) is the νe

survival probability.
The νe flux φ(E) from the reactor can be parameter-

ized as [16],

φ(E) = 0.58Exp(0.870 − 0.160E − 0.091E2)

+ 0.30Exp(0.896 − 0.239E − 0.0981E2)

+ 0.07Exp(0.976 − 0.162E − 0.0790E2)

+ 0.05Exp(0.793 − 0.080E − 0.1085E2), (2)

where four exponential terms are contributions from iso-
topes 235U, 239Pu, 238U and 241Pu in the reactor fuel,
respectively.

ωP31 > ωP32
ωP31 < ωP32

νe

νµ

ντ

ν1

ν2

ν3

∆m2
atm

∆m2
sol

Normal Hierarchy (N.H.)

Δm2
31 > 0

νe

νµ

ντ

∆m2
sol

∆m2
atm

ν1

ν2

ν3

Inverted Hierarchy (I.H.)

Δm2
31 < 0

Introduction

• The electron antineutrino survival 
probability in vacuum can be written as:

sij = sin(θij)

cij = cos(θij)

δ = CP phase

ξ1, ξ2 = Majorana phases
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• The neutrino mixing matrix can be parameterized as:

sin2(2θ12) = 0.857 ± 0.024

∆m2
21 = (7.50 ± 0.20) × 10−5eV 2

sin2(2θ13) = 0.095 ± 0.010

m2
β =

∑

i

|Uei|2m2
i

mββ = |
∑

i

U2
eimi|

#σ =
√

∆χ2

U =

⎡

⎣

1 0 0
0 c23 s23
0 −s23 c23

⎤

⎦×

⎡

⎣

c13 0 s13e−iδ

0 1 0
−s13e−iδ 0 c13

⎤

⎦×

⎡

⎣

c12 s12 0
−s12 c12 0
0 0 1

⎤

⎦×

⎡

⎣

eiξ1/2 0 0
0 eiξ2/2 0
0 0 1

⎤

⎦
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Atmospheric Solar

• The non-zero value of θ13 opens 
the way for the measurement of 
the CP violation phase in the 
leptonic sector. 

• An addit ional goal for next 
generation neutrino experiment is 
the mass hierarchy determination.

2

parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952 × 10−42cm2(E(0)
e p(0)

e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)
e is the

positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1 − P21 − P31 − P32

P21 = cos4(θ13) sin2(2θ12) sin2(∆21)

P31 = cos2(θ12) sin2(2θ13) sin2(∆31)

P32 = sin2(θ12) sin2(2θ13) sin2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i − m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.

Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2

ij |, respec-
tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =

! tmax

tmin
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

! tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and

2

parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952 × 10−42cm2(E(0)
e p(0)

e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)
e is the

positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1 − P21 − P31 − P32

P21 = cos4(θ13) sin2(2θ12) sin2(∆21)

P31 = cos2(θ12) sin2(2θ13) sin2(∆31)

P32 = sin2(θ12) sin2(2θ13) sin2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i − m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.
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ij |, respec-
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! tmax

tmin

F (t) sin(ωt)dt
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.
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• According to the mass hierarchy, one 
oscillation frequency ω  is larger than the 
other:
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Determination of the Neutrino Mass Hierarchy at an Intermediate Baseline

Liang Zhan, Yifang Wang, Jun Cao, Liangjian Wen
Institute of High Energy Physics, Beijing, 100049

It is generally believed that neutrino mass hierarchy can be determined at a long baseline exper-
iment, often using accelerator neutrino beams. Reactor neutrino experiments at an intermediate
baseline have the capability to distinguish normal or inverted hierarchy. Recently it has been
demonstrated that the mass hierarchy could possibly be identified using Fourier transform to the
L/E spectrum if the mixing angle sin2(2θ13) > 0.02. In this study a more sensitive Fourier anal-
ysis is introduced. We found that an ideal detector at an intermediate baseline (∼ 60 km) could
identify the mass hierarchy for a mixing angle sin2(2θ13) > 0.005, without requirements on accurate
information of reactor neutrino spectra and the value of ∆m

2
32.

PACS numbers: 13.15.+g, 14.60.Pq, 14.60.Lm

Recent results from solar, atmospheric, reactor and ac-
celerator neutrino experiments all show that neutrinos
are massive and they can oscillate from one type to an-
other. Among all the six mixing parameters, three of
them are known, two unknowns, and one of them, the
mass-squared difference ∆m2

32, defined as m2
3 − m2

2, is
only known to be |∆m2

32| = (2.43±0.13)×10−3eV2 (68%
C.L.) from accelerator neutrino experiments [1]. The
question, if the mass hierarchy is normal (∆m2

32 > 0)
or inverted (∆m2

32 < 0), is not known now but is funda-
mental to particle physics.

For normal hierarchy (NH) or inverted hierarchy (IH),
the neutrino mass-squared difference has the following
relations:

∆m2
31 = ∆m2

32 + ∆m2
21

NH : |∆m2
31| = |∆m2

32| + |∆m2
21|

IH : |∆m2
31| = |∆m2

32|− |∆m2
21| (1)

In principle, the mass hierarchy can be determined by
precision measurements of |∆m2

31| and |∆m2
32|. In fact it

is extremely difficult since ∆m2
21 is only ∼ 3% of |∆m2

32|,
hence |∆m2

32| and |∆m2
31| have to be measured with a

precision much better than 3 %.
Effects of mass hierarchy can be amplified by matter

effects if the baseline is large enough, say several hun-
dreds to thousands of kilometers. Such experiments often
need accelerator-based neutrino beams and huge detec-
tors. Proposals such as T2K [2, 3], Nova [3, 4, 5] and
T2KK [6] have mass hierarchy sensitivity in the νµ → νe

channel if θ13 is large enough (i.e. sin2(2θ13) ≥ 0.03). In
addition, they are affected by the (δCP , sign(∆m2

32)) de-
generacy [7, 8]. At a magic baseline [9, 10], L ∼ 7000 km,
the degeneracy can be canceled but it requires a very in-
tensive source such as a neutrino factory or a beta-beam
which will not be available in the near future. A method
using atmospheric neutrinos [11, 12] with a baseline of
L ∼ 104 km and the neutrino energy of E ∼ 1 GeV is
sensitive to mass hierarchy for very small or even null
value of θ13, if the measurement precision of |∆m2

32| is
better than 2%.

Method using reactor neutrino based intermediate
baseline (40 − 65 km) experiments has been explored

based on precision measurement of distortions of the en-
ergy spectrum due to non-zero θ13 [13, 14]. Recently, a
study [15] shows a new method to distinguish normal or
inverted hierarchy after a Fourier transform of the L/E
spectrum of reactor neutrinos. It is observed that the
Fourier power spectrum has a small shoulder next to the
main peak, and their relative position can be used to
determine the mass hierarchy. Afilter method is used
to improve the sensitivity to the mass hierarchy up to
sin2(2θ13) > 0.02, if ∆m2

32 is known a priori. Compar-
ing to a normal L/E analysis, the Fourier analysis natu-
rally separates the mass hierarchy information from un-
certainties of the reactor neutrino spectra and other mix-
ing parameters, which is critical for very small sin2(2θ13)
oscillations.

In this paper, we report that if a proper Fourier trans-
form is applied and if all information is fully utilized,
the capability of an intermediate baseline reactor exper-
iment to determine the neutrino mass hierarchy can be
improved for a smaller mixing angle θ13 without know-
ing ∆m2

32 a priori. In the following, we will use a reactor
neutrino spectrum to illustrate the method, but such a
method can be generalized to other experiments.

For a reactor neutrino experiment, the observed neu-
trino spectrum at a baseline L, F (L/E), can be written
as

F (L/E) = φ(E)σ(E)Pee(L/E)

where E is the electron antineutrino (νe) energy, φ(E) is
the flux of νe from the reactor, σ(E) is the interaction
cross section of νe with matter, and Pee(L/E) is the νe

survival probability.
The νe flux φ(E) from the reactor can be parameter-

ized as [16],

φ(E) = 0.58Exp(0.870 − 0.160E − 0.091E2)

+ 0.30Exp(0.896 − 0.239E − 0.0981E2)

+ 0.07Exp(0.976 − 0.162E − 0.0790E2)

+ 0.05Exp(0.793 − 0.080E − 0.1085E2), (2)

where four exponential terms are contributions from iso-
topes 235U, 239Pu, 238U and 241Pu in the reactor fuel,
respectively.

ωP31 > ωP32
ωP31 < ωP32

νe

νµ

ντ

ν1

ν2

ν3

∆m2
atm

∆m2
sol

Normal Hierarchy (N.H.)

Δm2
31 > 0

νe

νµ

ντ

∆m2
sol

∆m2
atm

ν1

ν2

ν3

Inverted Hierarchy (I.H.)

Δm2
31 < 0

Introduction

• The electron antineutrino survival 
probability in vacuum can be written as:

sij = sin(θij)

cij = cos(θij)

δ = CP phase

ξ1, ξ2 = Majorana phases
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Relative measurement: Δ!2>9
Absolute measurement: Δ!2>16

(or ∆m2
32) in the two solutions are different due to non-zero ∆m2

21. The value of ηα varies
for different oscillation channels due to the flavor-dependent amplitudes in the oscillation
probabilities, so the degeneracy of the neutrino MH can be removed by comparing the
effective mass-square differences of different neutrino flavors [25, 26].

Using the standard parametrization of the leptonic mixing matrix [7], we get the
effective mass-squared differences in Eq. (3) for different channels of neutrino oscillations

∆m2
ee ≃ cos2 θ12∆m2

31 + sin2 θ12∆m2
32 , (5)

∆m2
µµ ≃ sin2 θ12∆m2

31 + cos2 θ12∆m2
32 + sin 2θ12 sin θ13 tan θ23 cos δ∆m2

21 , (6)

∆m2
ττ ≃ sin2 θ12∆m2

31 + cos2 θ12∆m2
32 − sin 2θ12 sin θ13 cot θ23 cos δ∆m2

21 , (7)

where terms at the order of O(sin2 θ13∆m2
21) have been neglected for simplicity. We can

also calculate the differences of the effective quantities between different flavors as

|∆m2
ee|− |∆m2

µµ| = ±∆m2
21(cos 2θ12 − sin 2θ12 sin θ13 tan θ23 cos δ) , (8)

|∆m2
µµ|− |∆m2

ττ | = ±2∆m2
21 sin 2θ12 sin θ13 csc 2θ23 cos δ , (9)

where the positive and negative signs correspond to normal and inverted mass hierarchies,
respectively.

On the other hand, at the first oscillation maximum of the solar mass-squared dif-
ference, such as the reactor neutrino experiment at the medium baseline, we have the
approximation of sin∆21 ∼ 1 and cos∆21 ∼ 0. Therefore, we can separate the fast and
slow oscillation terms, if ηα fulfills the equation as

|Uα1|
2 cos[ηα∆21] cos[2∆32 + ηα∆21] + |Uα2|

2 sin[ηα∆21] sin[2∆32 + ηα∆21] = 0 . (10)

One should note that ηα depends on both the neutrino MH and the neutrino energy. The
MH sensitivity is encoded in the energy dependence of ∆m2

αα. Moreover, because of the
different definitions of ∆m2

αα in these two oscillation scenarios, the MH sensitivity of the
reactor neutrino experiment at the medium baseline can be improved by including the
extra measurements of ∆m2

ee in Eq. (5) and ∆m2
µµ in Eq. (6).

For a reactor neutrino experiment at the medium baseline, corrections to the mass-
squared differences from the terrestrial matter effect are around 1% and the induced
uncertainties are negligibly small (less than 0.1%). On the other hand, in the muon-
neutrino disappearance channel of long-baseline accelerator neutrino experiments, the
matter corrections are suppressed by the smallness of θ13 and only at the level of 0.2%
for the baselines of several hundreds kilometers (e.g., 295 km for T2K [31] and 735 km
for NOvA [32]). Moreover, the different signs in the matter potentials of neutrino and
antineutrino oscillations are also favorable to increase the discrepancy of different mass-
squared differences.

3 Statistical Analysis

The 20 kt liquid scintillator detector of Daya Bay II Experiment [20–22] will be located
at equal baselines of 52 km away from two reactor complexes (36 GW in total). In
this study we use nominal running time of six years, 300 effective days per year, and a
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Sensitivity for 100 k IBDs  
(20 kton×35 GW×6 years).

Figure 2-16: the reactor-only (dashed) and combined (solid) distributions of the ∆χ2 function in
Eq. (2.9) and Eq. (2.23), where a 1% (left panel) or 1.5% (right panel) relative error of ∆m2

µµ is
assumed and the CP-violating phase (δ) is assigned to be 90◦/270◦ (cos δ = 0) for illustration. The
black and red lines are for the true (normal) and false (inverted) neutrino MH, respectively.

of supernoca neutrino bursts, cosmological probe of neutrino properties, and model building of the
neutrino masses and flavor mixing.

Thanks to the relatively large θ13 discovered in recent reactor and accelerator neutrino exper-
iments, precise measurements of the reactor antineutrino spectrum at a medium baseline of about
50 km can probe the interference effect of two fast oscillation modes (i.e., oscillations induced by
∆m2

31 and∆m2
32) and sensitive to the neutrino MH. The corresponding sensitivity depends strongly

on the energy resolution, the baseline differences and energy response functions. Moreover, the MH
sensitivity can be improved by including a measurement of the effective mass-squared difference in
the long-baseline muon-neutrino disappearance experiment due to flavor dependence of the effective
mass-squared differences.

We have calculated the MH sensitivity at JUNO taking into account the real spatial distribution
of reactor complexes, reactor related uncertainties, detector related uncertainties and background
related uncertainties. We demonstrated that a median sensitivity of ∼ 3σ can be achieved with
the reasonable assumption of the systematics and six years of running. We emphasized that the
reactor shape uncertainty and detector non-linearity response, are the important factors to be dealt
with. In addition, we have studied the additional sensitivity by including precision measurements
of |∆m2

µµ| from long baseline muon (anti)neutrino disappearance. A confidence level of ∆χ2
MH ∼ 14

(3.7σ) or ∆χ2
MH ∼ 19 (4.4σ) can be obtained, for the |∆m2

µµ| uncertainty of 1.5% or 1%.
Besides the spectral measurement of reactor antineutrino oscillations, there are other methods

to resolve the MH using the matter-induced oscillation of accelerator or atmospheric neutrinos.
Worldwide, there are many ongoing and planed experiments designed in this respect. These in-
clude the long baseline accelerator neutrino experiments (i.e. NOνA and DUNE) and atmospheric
neutrino experiments (i.e., INO, PINGU, Hyper-K). Using different oscillation patterns, different
neutrino sources and different detector techniques, they are complementary in systematics and con-
tain a great amount of synergies. Therefore, the mass hierarchy, being one of the most important
undetermined fundamental parameters in neutrino physics, clearly deserves multiple experiments
with preferably different experimental techniques. A consistent resolution of the MH from all these
experiments will greatly increase our confidence in the MH determination.

54

• Taking into account the true baseline and 3% 
energy resolution at 1 MeV, JUNO can achieve a 
relative measurement (no constraint on Δm231 or 
Δm232) of Δ!2>9 for 100 kIBDs (20 kton×35 
GW×6 years). 

• JUNO can also perform an absolute measurement 
accounting for constraints from external 
experiments in particular on Δm2μμ from long 
baseline experiments.

Figure 2-9: The iso-∆χ2
MH contour plot as the function of the event statistics (luminosity) and the

energy resolution, where the vertical dash-dotted line stands for the nominal running of six years
with 80% signal efficiency.

parametrization for the detector energy resolution is defined as

σE
E

=

!"
a√
E

#2

+ b2 +
$ c

E

%2
, (2.11)

where the visible energy E is in the unit of MeV.
Based on our numerical calculation of the MH sensitivity in terms of ∆χ2

MH , we find an
approximate relation for effects of non-stochastic terms (i.e., b, c) using the equivalent a term,
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, (2.12)

which indicates that the influence of b is 1.6 times larger than the a term, and c is less significant
than a by a factor of 1.6. Therefore, a requirement for the resolution of a/

√
E better than 3% is

equivalent to the following requirement,
&

(a)2 + (1.6 × b)2 +
$ c

1.6

%2
≤ 3% . (2.13)

Using Fig. 2-9 and the approximation in Eq. (2.12), we can study different effects of detector design
parameters and optimize the corresponding requirements.

The energy resolution of the JUNO detector is projected in Appendix 13.2.2 with a full MC
simulation. Toy MC is also used to study the degradation due to the PMT charge resolution,
dark noise, quantum efficiency variation, and smearing from the vertex reconstruction, as shown
in Tab. 13-4. Besides the detector response and reconstruction, the variation of the neutron re-
coil energy also degrades the resolution of the reconstructed neutrino energy, which introduces a
degradation of ∆χ2

MH ≃ 0.1 on the MH sensitivity.
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Mass hierarchy determination for reactor antineutrinos
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [79] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

2∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
sin2 2θ13

!
1−

"
1− sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

#
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)"

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)"

1− sin2 2θ12 sin2∆21

,

and [95,96]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)
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FIG. 3: Distribution of RL and PV values for different pa-
rameters of baseline and sin2(2θ13). For each parameter to
be scanned, the default baseline is 60 km and all the other
parameters are the values as in Table I. Two clusters of RL
and PV values are clearly seen for NH and IH cases.

For even smaller sin2(2θ13), the main peak becomes
less significant. For example, if the main peak is required
to be twice higher than that of noise, sin2(2θ13) must be
greater than 0.005 in order to clearly identify the main
peak, for a variety of neutrino energy spectra in a rea-
sonable range.

For a realistic experiment in the near future, the en-
ergy resolution and statistics are of the most concern. At
60 km, θ12 has the least impact to the mass hierarchy de-
termination. The energy resolution must be good enough
not to smear the difference between P31 and P32, which
requires the energy resolution be better than 3%/

√
E. A

detector with a mass at 10 kton level may be necessary,
depending on the size of θ13. If shortening the baseline,
the noise in the Fourier spectra from θ12 oscillation in-
creases, thus degrade the sensitivity. In the mean time
requirements to the energy resolution and the detector
size are relaxed. The optimization of the baseline as well
as the energy resolution and detector size for different θ13

assumptions are undergoing.
In summary, the method to discriminate the mass hier-

archy has been studied by using a Fourier sine(FST) and
cosine(FCT) transform to the observed reactor neutrino
L/E spectra. The FCT and FST spectra can separate P31

and P32 oscillation components from the large 1 − P21

component in a specific δm2 range. Features of mass
hierarchy are enhanced in this representation and more
sensitive than that of the Fourier power spectrum at very
small sin2(2θ13). We found that an ideal detector at an
intermediate baseline (∼ 60 km) could identify the mass

hierarchy for a mixing angle sin2(2θ13) > 0.005, without
requirements on accurate information of reactor neutrino
spectra and the value of ∆m2

32. A paper of a detailed
analysis of experimental errors will be released soon [20].
Similar methods can be applied to other experiments us-
ing different neutrino sources, such as accelerator-based
neutrino beams or atmospheric neutrinos.
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FIG. 4: The FCT and FST spectra and Fourier power spec-
trum for sin2(2θ13) = 0.005. The solid line is for NH and the
dashed line is for IH. The FCT and FST spectra have distinc-
tive features to identify the mass hierarchy, which looks more
sensitive than the Fourier power spectrum method.

[1] P. Adamson et al. [MINOS Collaboration],
arXiv:0806.2237 [hep-ex].

[2] Y. Itow et al. [The T2K Collaboration],

• The spectral distortion contains the MH 
information, thus the sensitivity is obtained 
constructing a !2 function. The discriminator of the 
MH is defined as:

2

parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952 × 10−42cm2(E(0)
e p(0)

e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)
e is the

positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1 − P21 − P31 − P32

P21 = cos4(θ13) sin2(2θ12) sin2(∆21)

P31 = cos2(θ12) sin2(2θ13) sin2(∆31)

P32 = sin2(θ12) sin2(2θ13) sin2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i − m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.

Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2

ij |, respec-
tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =

! tmax

tmin

F (t) sin(ωt)dt
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

! tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and
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in meters, and E is the νe energy in MeV.

Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2
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tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.
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where ω is the frequency, ω = 2.54∆m2
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to
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Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2
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32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
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31|; while for IN, the P32 spectra
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3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
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• Moreover, Fourier analysis can be applied to the 
reconstructed energy spectrum to discriminate 
between the two hierarchies.

Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).

To obtain the MH sensitivity, we employ the least-squares method and construct a χ2 function
as 3,

χ2
REA =

Nbin!

i=1

[Mi − Ti(1 +
"

k αikϵk)]2

Mi
+
!

k

ϵ2k
σ2k

, (2.9)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted neutrino events
with oscillations, σk is the systematic uncertainty, ϵk is the corresponding pull parameter, and αik

is the fraction of neutrino event contribution of the k-th pull parameter to the i-th energy bin. The
considered systematic uncertainties include the correlated (absolute) reactor uncertainty (2%), the
uncorrelated (relative) reactor uncertainty (0.8%), the spectrum shape uncertainty (1%) and the
detector-related uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy
between 1.8 MeV and 8.0 MeV.

We fit the spectrum assuming the normal MH or inverted MH with the chisquare method and
take the difference of the minima as a measure of the MH sensitivity. The discriminator of the MH
can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (2.10)

where the minimization process is implemented for all the relevant oscillation parameters. Note
that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different positions of

|∆m2
ee|.

2.3.2 Baseline Optimization

The discriminator defined in Eq. (2.10) can be used to obtain the optimal baseline, which are
shown in the left panel of Fig. 2-7. A sensitivity of ∆χ2

MH ≃ 16 is obtained for the ideal case with
identical baselines at around 50 km. The impact of the baseline difference due to multiple reactor
cores is shown in the right panel of Fig. 2-7, by keeping the baseline of one reactor unchanged and
varying that of another. A rapid oscillatory behavior is observed and demonstrates the importance
of reducing the baseline differences of reactor cores. The worst case is at ∆L ∼ 1.7 km, where the
|∆m2

ee| related oscillation is cancelled between two reactors.

3A different definition with the Poisson χ2 function yields the consistent MH sensitivity [79,80].
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3σ C.L.

2σ C.L.

The JUNO experiment
Jiangmen Underground Neutrino Observatory

C. Jollet - IPHC - University of Strasbourg
On behalf of the JUNO collaboration

8th March 2016 - Les Rencontres de Physique de  la 
Vallée d’Aoste

Projected sensitivity MH ordering at 3σ C.L. in 6 years
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ORCA

DOMs with 31 x 3” PMTs: 
~3x IceCube photocathode  
Directional information on 
      photon arrival 
Use PMT coincidence to  
      reduce 40K background18 DOMs/line at 6 m spacing 

2070 DOMs  
~4 MTon Effective mass

ORCA

KM3NeTKM3NeT:(Next(genera/on(Neutrino(Telescope((
in(the(Mediterranean(Sea(

Low$Energy+
(ORCA)+

High$Energy++
(ARCA)+

!(

Distributed(research(infrastructure(with(2(main(physics(topics:(
LowBEnergy(studies(of(atmospheric(neutrinos(–(HighBEnergy(search(for(cosmic(neutrinos(((

PINGU

• 40 additional strings embedded in DeepCore with  
22 m spacing, 96 DOMs spaced vertically at 3 m

• Increase photon collection efficiency by more than an  

order of magnitude over DeepCore

• Additional calibration devices to  

better control detector systematics  
(not included in projections)


• Achieve few GeV energy threshold 
with ~5 MTon fiducial volume


• Closely follow IceCube design to 
minimize costs, risks, timeline 

• Engineering issues and cost of  

deploying instrumentation are well 
understood from IceCube experience X (m)
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Y 
(m

)  

-150

-100

-50
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50

100
Top view of the PINGU new candidate detector

IceCube
DeepCore
PINGU

South Pole: 40 additional strings 
embedded in IceCube/DeepCore 
with 22 m spacing, 96 DOMs spaced 
vertically at 3 m → lower E threshold

Start data taking in ≈2020



04.04.16 André Rubbia | Neutrino Experiments (IMFP16)

Atmospherics : PINGU/ORCA

32

Precision Oscillation Measurements
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IceCube 2014 [NH]
T2K 2014 [NH] - With Systematics
T2K 2014 [NH] - No Systematics
PINGU [NH] 3year - Best Fit
PINGU [NH] 3 year - Maximal Mixing3.0
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IceCube 2014

Normal mass ordering assumed, 90% CL contours

PINGU 3 year, Fogli 2012 global inputs

PINGU 3 year, NuFit 2014 global inputs

PINGU 3 year, maximal mixing

IceCube 2015 (3-year DeepCore - projected*)

*does not yet include full systematic uncertainties

• PINGU
• Event rates, detector resolutions 

and efficiencies parametrized 
from full detector Monte Carlo

• Expect ~50k (νμ+νμ ̅) and ~40k 
(νe+νe̅ ) per year – largest 
sample ever in this energy range

• No direct ν/ν ̅discrimination but 
σνN ~ 2σνN̅

• Sensitive to matter effects in 
Earth 

• Similar arguments for ORCA

Projected sensitivity MH ordering at 3σ C.L. in 4 years
Tyce DeYoung

Signature of Mass Ordering (PINGU)

• Event rates, detector resolutions and efficiencies parametrized from full detector Monte 
Carlo to eliminate statistical fluctuations


• Expect ~50k (νµ+νµ̅) and ~40k (νe+νe̅) per year – largest sample ever in this energy range

16

Events ID’d as cascades (νe, NC)Events ID’d as tracks (νμ CC)

similar plots 

for ORCA
IceCube Preliminary IceCube  

Preliminary

Tyce DeYoung

Signature of Mass Ordering (PINGU)

• Event rates, detector resolutions and efficiencies parametrized from full detector Monte 
Carlo to eliminate statistical fluctuations


• Expect ~50k (νµ+νµ̅) and ~40k (νe+νe̅) per year – largest sample ever in this energy range

16

Events ID’d as cascades (νe, NC)Events ID’d as tracks (νμ CC)

similar plots 

for ORCA
IceCube Preliminary IceCube  

Preliminary
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T2K#Phase#2#proposal##

3/14/16 51st#Renconstres#de#Moriond

! Approved#T2K#statistics,#7.8#x1021
POT,#can#be#accumulated#by#JFY2020

! Hyper?K#and#DUNE#are#expected#to#
start#around#2026

! T2K#Phase#2,#if#extended#to#JFY2026,#
collects#~#20x1021 POT

! Neutrino#beamlineupgrade#&#
analysis#improvements#(SK#fiducial
volume,#add#new#event#sample)######################
" Effectively#add 50%#statistics

! Reduction#of#systematic#uncertainties#
to#enhance#CPV#sensitivity

3

Number#of#events#expected#at#T2K#far#detector#
with#full#proposed# T2K#Phase#2#exposure

J?PARC#Main#Ring#expected#beam#power
&#T2K#Phase#2#accumulation#scenario#

today

2020

•Next generation LBL 
experiments (DUNE&HK) 
are expected to turn on 
around 2025

•Proposal for T2K 
phase II ⇒ continue to 
take data until 2026 
beyond approved T2K 
program (7.8x1021 pot)

•Assume constant power 
increase until 1.3MW ⇒ 
accumulated  POT 
reaches 20x1021 pot ?

T2K#Phase#2#proposal##

3/14/16 51st#Renconstres#de#Moriond

! Approved#T2K#statistics,#7.8#x1021
POT,#can#be#accumulated#by#JFY2020

! Hyper?K#and#DUNE#are#expected#to#
start#around#2026

! T2K#Phase#2,#if#extended#to#JFY2026,#
collects#~#20x1021 POT

! Neutrino#beamlineupgrade#&#
analysis#improvements#(SK#fiducial
volume,#add#new#event#sample)######################
" Effectively#add 50%#statistics

! Reduction#of#systematic#uncertainties#
to#enhance#CPV#sensitivity

3

Number#of#events#expected#at#T2K#far#detector#
with#full#proposed# T2K#Phase#2#exposure

J?PARC#Main#Ring#expected#beam#power
&#T2K#Phase#2#accumulation#scenario#

Data taking window 2020-2026 ?
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T2K#Phase#2#sensitivity#to#CPV

3/14/16 51st#Renconstres#de#Moriond

! 2016#work?in?progress#systematic#uncertainty#is#implemented

! ~#3! significance#sensitivity#to#CP#violation#if#"CP=#? #/2
! 99%#C.L.#significance#for#more#than#35%#of#the#possible#true#values#of#"CP

4

)21Protons-on-Target (x10
0 5 10 15 20

=0
C

P
δ

 to
 e

xc
lu

de
 s

in
2 χ 

∆

0

5

10

15 =0.4323θ2True sin

=0.5023θ2True sin

=0.6023θ2True sin

  90% C.L.

  99% C.L.

 C.L.σ  3

w/ eff. stat. improvements (no sys. errs.)

w/ 2016 sys. errs.

Work in Progress

)°(CPδTrue 
200− 100− 0 100 200

=0
CPδ

 to
 e

xc
lu

de
 s

in
2 χ 

∆

0

5

10

15

20

=0.4323θ2True sin
=0.5023θ2True sin
=0.6023θ2True sin

  90% C.L.

  99% C.L.

 C.L.σ  3

 POT w/ eff. stat. improvements & 2016 sys. errs.2120x10
 POT w/ 2016 sys. errs.217.8x10

Work in Progress

Assumption: data-taking equally in ⌫-mode and ⌫̄-mode,

known MH and reactor constraint used

�CP = �⇡

2

Assume known mass hierarchy (MH)
(baseline 295 km “too short”)
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HyperKamiokande

35

Hyper-Kamiokande

Detector ¥ 25 POT ¥ 2 

 560 Kiloton Water Cherenkov Detector 
with a high intensity beam from J-PARC

 Mul�purpose machine with all of the 
physics topics of  Super-K and T2K, plus 
a few more 

� Solar and Supernova Neutrinos 
� Atmospheric Neutrinos 
� Nucleon Decay 
� Far detector for T2K
� Neutrino Geochemistry 

( ¥ 12 cur. ) 

M.Yokoyama (UTokyo) 12

R&D progress over the world

M.Yokoyama (UTokyo)

Hyper-K Proto-Collaboration

7

• Formed in Jan. 2015 as a step towards a full collaboration

• 13 countries, ~240 members and growing

• Governance structure has been defined 

• Active R&D ongoing over the world

• Discussion on international contributions, task/cost sharing

Hyper-Kamiokande International Working Group

As of Apr. 2015

13 countries, 67 institutes, ~250 people

Europe 112

France 10

Italy 15

Poland 4

Russia 8

Spain 3

Switzerland 22

UK 50

Asia 73

Japan 65

Korea 8

Americas 63

Brazil 2

Canada 17

USA 44

Project leader
M.Shiozawa (ICRR, Japan)

co-leader
F. Di Lodovico (QMUL, UK)

Data taking in 2026 ?
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M.Yokoyama (UTokyo)

CPV sensitivity

δCP 68% error

• Excellent sensitivity to CPV

• >3σ for 78% of δ
• >5σ for 56% of δ

• From discovery to  
δCP measurement:

• ~9° error possible

• Test predictions from 
flavor symmetries, 
leptogenesis etc

• Study with updated 
systematics ongoing

24
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Masashi Yokoyama (UTokyo)

Oscillation sensitivity

• Based on a framework developed for T2K sensitivity study

• Fit reconstructed Eν distributions

• Both νe and νμ samples, for ν and anti-ν run

• Fit sin2θ23, Δm232, sin22θ13, δCP

• Mass hierarchy assumed to be known  
(from other experiments and/or HK atmospheric ν)

• Systematic error estimated based on T2K experience/
prospects

• Implemented as covariance matrix,  
including correlation between energy/flavor bins

23

HK Fiducial volume = 560 kton
JPARC beam = 15.6x1021 pot

SK volume = 25 kton
JPARC beam = 7.8x1021 pot by 2020  
(Runs 1-6 up to now 1.1x1021 pot)

Assume known mass hierarchy (MH)
(baseline 295 km “too short”)



04.04.16 André Rubbia | Neutrino Experiments (IMFP16)

International 𝜈 program hosted in USA

38
I. Kreslo, 1.04.2016 RECFA visit to Switzerland -- ETHZ 15

Comprehensive LAr-based program in USA

European Strategy for Particle Physics (2013):

Strategic USA «P5» report:

Form a new international collaboration to design and execute a highly capable Long-
Baseline Neutrino Facility (LBNF)  hosted by the U.S. 
To proceed, a project plan and identified resources must exist to meet the minimum 
requirements in the text. LBNF is the  highest-priority large project in its timeframe.
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Short Baseline Program (SBN)

39
I. Kreslo, 1.04.2016 RECFA visit to Switzerland -- ETHZ 18

Short-Baseline Program (SBN)
A Proposal for a Three Detector Short-Baseline Neutrino Oscillation 
Program in the Fermilab Booster Neutrino Beam
MicroBooNE and LAr1-ND and ICARUS-WA104 Collaborations 
(M. Antonello (Gran Sasso) et al.). Mar 4, 2015. 209 pp.
e-Print: arXiv:1503.01520

Data taking in 2018
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Sensitivity to test LSND
•Establish the 3νSM as the correct description of nature

•Determine precisely all parameters (<5%), e.g. the degree 
to which θ23 differs from π/4

•Test matter effects through Earth  

•Complete the three active neutrinos 3νSM model (PMNS)
•Determine the mass hierarchy and the complex CP-phase
•Test (and discover?) CPV in the leptonic sector 

•Search for deviations from the 3νSM model
•Test the unitarity of the PMNS neutrino mixing matrix
•Search for non-standard interactions

40

SBN νe Appearance Sensitivity!

10! 20 April 2015!Peter Wilson | Fermilab SBN Program!

SBND@110m%

MicroBooNE@470m%

ICARUS@600m%

~5σ coverage of LSND 99% CL Region for 6.6x1020 

 P.O.T.  ~ 3 years (13.2x1020 for MicroBooNE) 
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Neutrino candidate

41
Moriond EW 2015 MicroBooNE Results S, Lockwitz, FNAL

First Neutrino Events

23

MicroBooNE in operation
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FNAL/Booster neutrinos

42

MicroBooNE collecting data (more than design)
First results expected within 2016

2x1020 pot
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LBNF/DUNE

43

DUNE Experimental Strategy  
 

Wide%band,%high%purity%ºµ%beam%with%peak%flux%
at%2.5%GeV%opera<ng%at%»1.2%MW%and%upgradeable%

•  four%iden<cal%cryostats%deep%underground%
•  staged%approach%to%four%independent%10%kt%LAr%detector%modules%%
•  SingleGphase%and%doubleGphase%readout%under%considera<on%%%

high%precision%%
near%detector%

June 23,2015 Thomas Kutter | Prototype Detector & Beam Test7

Chapter 7: Near Detector Reference Design 7–85

Magnet'
Coils'

Forward'
ECAL'

End'
RPCs'

Backward'ECAL'Barrel'
ECAL'

STT'Module'

Barrel''
RPCs'

End'
RPCs'

Figure 7.1: A schematic drawing of the fine-grained tracker design. fig:STT_schematic

LBNE Conceptual Design Report

complex

“Long-Baseline Neutrino Facility (LBNF) and Deep Underground Neutrino 
Experiment (DUNE) Conceptual Design Report Volume 2: The Physics 
Program for DUNE at LBNF” (arXiv:1512.06148)

“Conceptual Design 
Report Volume 4: The 
DUNE Detectors at LBNF” 
(arXiv:1601.02984)

Data taking in 2026 ?

http://arxiv.org/abs/1512.06148
http://arxiv.org/abs/1601.02984
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Other

Armenia
Ukraine
Finland

Mexico Greece
Czech	Republic

Poland
Russia Brazil

France

Spain

Italy

Switzerland

India

UK

USA

The DUNE Collaboration

44 Sanford
Underground
Research
Facility

Armenia Yerevan Inst. for Theoretical 
Physics and Modeling
Belgium Univ. de Liege 
Brazil Univ. Federal do ABC; Univ. Federal 
de Alfenas em Poços de Caldas; Univ.  
de Campinas; Univ. Estadual de Feira de 
Santana; Univ. Federal de Goias; 
Observatorio Nacional 
Bulgaria Univ. of Sofia
Canada York University
Colombia Univ. del Atlantico
Czech Republic Charles University, Prague; 
Czech Technical University, Prague; Institute 
of Physics ASCR, Prague
France Lab. d’Annecy-le-Vieux de Phys. 
des Particules; Inst. de Physique Nucleaire 
de Lyon; APC-Paris; CEA/Sacla
Germany Max Planck Inst. for Physics, 
Munich
India Aligarh Muslim University; Banaras 
Hindu University; Bhabha Atomic Research 
Center; Univ. of Delhi; Indian Inst. of 
Technology, Guwahati; Harish-Chandra 
Research Institute; Indian Inst. of Technology, 
Hyderabad; Univ. of Hyderabad; Univ. of 
Jammu; Jawaharlal Nehru University; Koneru 

Lakshmaiah; Univ. of Lucknow; Panjab 
University; Punjab Agri. University; Variable 
Energy Cyclotron Centre
Iran Inst. for Research in Fundamental 
Sciences 
Italy Lab. Nazionali del Gran Sasso, Assergi; 
Univ. di Catania; Gran Sasso Science 
Institute; Univ. di Milano; INFN Sezione di 
Milano Bicocca; INFN Sezione di Napoli; 
Univ. of Padova; Univ. of Pavia, INFN 
Sezione di Pavia; CNI Pisa; Univ. di Pisa
Japan KEK; Kavli IPMU, Univ. of Tokyo
Madagascar Univ. of Antananarivo
Mexico Univ. de Colima; CINVESTAV
Netherlands NIKHEF
Peru PUCP
Poland Inst. of Nuclear Physics, Krakow; 
National Centre for Nuclear Research, 
Warsaw; Univ. of Warsaw; Wroclaw 
University
Romania Horia Hulubei National Institute
Russia Inst. for Nuclear Research, Moscow
Spain Inst. de Fìsica d’Altas Energias, 
Barcelona; CIEMAT; Inst. de Fisica 
Corpuscular, Madrid
Switzerland Univ. of Bern; CERN; ETH Zurich 

List of countries and participating institutions

Turkey TUBITAK Space Technologies 
Research Institute
Ukraine Kyiv National University 
United Kingdom Univ. of Cambridge; 
Univ. of Durham; Univ. of Huddersfield; 
Imperial College of Science, Tech. & 
Medicine; Lancaster University; Univ. of 
Liverpool; University College London; 
Univ. of Manchester; Univ. of Oxford; 
STFC Rutherford Appleton Laboratory; 
Univ. of Sheffield; Univ. of Sussex; Univ. 
of Warwick
USA Univ. of Alabama; Argonne National 
Lab; Boston University; Brookhaven 
National Lab; Univ. of California, Berkeley; 
Univ. of California, Davis; Univ. of California, 
Irvine; Univ. of California, Los Angeles; 
California Inst. of Technology; Univ. of 
Chicago; Univ. of Cincinnati; Univ. of 
Colorado; Colorado State University; 
Columbia University; Cornell University; 
Dakota State University; Drexel University; 
Duke University; Fermi National Accelerator 
Lab; Univ. of Hawaii; Univ. of Houston; Idaho 
State University; Illinois Institute of 
Technology; Indiana University; Iowa State 

University; Kansas State University; 
Lawrence Berkeley National Lab; Los Alamos 
National Lab; Louisiana State University; 
Univ. of Maryland; Massachusetts Institute 
of Technology; Michigan State University; 
Univ. of Minnesota; Univ. of Minnesota 
(Duluth); Univ. of New Mexico; Northwest-
ern University; Univ. of Notre Dame; Ohio 
State University; Oregon State University; 
Pacific Northwest National Lab; Univ. of 
Pennsylvania; Pennsylvania State 
University; Univ. of Pittsburgh; Princeton 
University; Univ. of Puerto Rico; Univ. of 
Rochester; SLAC National Accelerator Lab; 
Univ. of South Carolina; Univ. of South 
Dakota; South Dakota School of Mines and 
Technology; South Dakota Science And 
Technology Authority; South Dakota State 
University; Southern Methodist University; 
Stanford University; Stony Brook 
University; Syracuse University; Univ. of 
Tennessee; Univ. of Texas at Arlington; 
Univ. of Texas at Austin; Tufts University; 
Virginia Tech; Wichita State University; 
College of William and Mary; Univ. of 
Wisconsin; Yale University

About 800 scientists from approximately 150 institutions in 26 countries 
collaborate on the Deep Underground Neutrino Experiment. Collaborators 
encourage and anticipate further international participation.

International collaboration

Keeps growing:

805 Collaborators 
27 Nations 
146 institutions

Finland Jyväskylä 
Greece Athens

Greece and 
Finland 
recently joined
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What is DUNE ?

45

A rapidly evolving international scientific collaboration merging strengths 
and expertise from all previous efforts (LBNE, LBNO, others), built around 
the organisation model successfully implemented at the LHC

- First formal collaboration meeting April 16th - 18th 2015 
- Conceptual Design Report (4 volumes) June 2015
- Passed DOE CD-1 Review July 2015
- Second collaboration meeting September 2nd - 5th 2015
- DOE CD-3a Review December 2015 → CD3a will trigger FS excavation
- Third collaboration meeting UTA, Texas  January 12th - 15th 2016
- Fourth collaboration meeting SDSMT, South Dakota  May 2016
- Collaboration meetings at FNAL (Sep 16) & CERN (Jan 2017)Fermilab Neutrino Platform 

51 

 

DOE HEP Status at HEPAP - 12/9/2015 

Photo taken during 2nd Collaboration meeting
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2nd											1st	osc		
	 										max

LBNF neutrino beam

46

LBNF 

Overview - “Near Site” – LBNF at Fermilab, Batavia, IL 

12.09.2015 C. J. Mossey | LBNF Far Site Construction Project 30 

• Primary proton beam @ 60-120GeV extracted from Main Injector 
• Initial 1.2 MW beam power, upgradable to 2.4 MW 
• Embankment allows target complex to be at grade and neutrino beam to be 

aimed to Lead, SD 
• Decay region followed by absorber 
• Four surface support buildings 
• Near Detector facility 

• Primary 60-120 GeV proton beam 
extracted from FNAL Main Injector 

• Initial ≈1.2 MW beam power upgradable to ≈2.4 MW 
utilising improvements from PIP-II 

• Near detector hall @ 574 m 
• Fermilab-based design with input and ideas from the 

full international DUNE Collaboration

Neutrino energy (GeV)

3-horn	system,	
CDR	“Optimized”	Design,	
and	the	well-known	NuMI-
like	Reference	Design		

➡ CP sensitivity optimisation maximises lower energies

1300km
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DUNE Near Detector

47

DUNE Near Detector!

Michelle Stancari   |   Les Rencontres de Physique de La Vallée d'Aoste !21!

Reference design!
•  Fine grained tracker inside 0.4T 

magnetic field (straw tubes)!
•  Lead-scintillator ECAL!
•  RPC muon tracker!

Other designs under consideration!
•  Magnetized LArTPC!
•  High Pressure GArTPC!

!

The near detector will measure !
•  CC νµ events (normalization and energy spectrum)!
•  CC νe and NC pi0 (backgrounds)!
•  Neutrino interaction properties! 107 interactions per 

year - high precision! 

DUNE CDR “detector volume” 
arXiv:1601.02984 
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Cryostat(1(

Cryostat(2(

Cryostat(3( Cryostat(4(Central(U1lity(Cavern((Cryogenics)(

LBNF/DUNE Far Site @ SURF

48

4850L Facilities (4300 mwe) 

Sanford Underground Research Facility

• Two parallel caverns each with 
two 10 kton detectors

• Separate cavern for utilities and 
cryogenics

• Four membrane tanks each 62m(L) x 14m(w) x 15m(h) 
with steel-frame exoskeleton designed by CERN

• Cryogenic system (w/ LAr purification) designed by 
joint FNAL and CERN

• Four independent and not necessary exactly identical 
10 kton fiducial LAr TPCs. Two operating by 2026.

Davis Campus  
(LZ, Majorana Demo)

Ross Campus  
(CASPAR, Low background, 
Majorana Demo Electroforming 
lab)

New Campus

Surface facilties
(power, cryo systems, compressors, 
control room, waste rock handling system)

http://sanfordlab.org
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DUNE Far Detector choice

49

:

('"#)%&*+'&').%',

!"#$(%&'()*+,''-(� .,-/+*0(",1+0&"*$

atmospheric 𝛎’s

   LAr-TPC Far Detector technology gives:
• Exquisite imaging capability in 3D 
– ~ few mm scale over large volume detector

• Excellent energy measurement capability: 
– totally active calorimeter

• Particle ID by  dE/dx, range, event topology ,….

in	energy	range:	few	MeV	–	few	GeV LAr-TPC

Far detector is a 40 kt (fiducial mass) liquid argon TPC,  a design optimized for:
• Pattern recognition 
• Energy measurement
• Particle ID

LBNE	
LBNO

SN 𝛎’s

accelerator 𝛎’s
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Far Detector Prototyping Program

50

• Basic technology demonstrated by ICARUS, ArgoNEUT/LArIAT, MicroBooNE, 
WA105 but DUNE scale is very different (each module is 40x ICARUS) and 
different in many details → need strong prototyping 

• DUNE has well-developed plans for a series of detector prototypes that will 
provide input to the process leading to the final design(s) for the DUNE far 
detector modules. 

• ProtoDUNE single- and dual-phase 300 tons prototypes to operate in 2018.

35T @ FNAL
protoDUNE single 

phase@CERN

WA105 – Cryostat Cut-out
protoDUNE dual 
phase@CERN

WA105 3x1x1@CERN

A View of the CERN TPC Prototype

3(APAs(
3(APAs(

Field(
Cage(

CPAs(

Field(
Cage(

3.6m(

3.6m(

Detector(components((
are(same(as(for(DUNE((
far(detector(
(
Keep(op>on(to(reduce(
dri2(distance(to(2.5m(
(reduced(space(charge((
effects)(
!Use(experience(from((
35t(detector(to(inform(
strategy(
(

6/2/2015 Thomas Kutter | FD Prototyping & Test Beam9

• Mitigation of risks associated with 
current detector designs

• Establishment of construction facilities 
required for full-scale production of 
detector components

• Early detection of potential issues with 
construction methods and detector 
performance

• Provide required calibration of detector 
response to particle interactions in 
charged particle test beams
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CERN EHN1 test beam extension

51

WA105

Total data volume 

� WA105 TDR: 175 M triggers

� If totally stored in non zero skipped lossless compression format� If totally stored in non-zero-skipped, lossless compression format 
(assuming Huffman, factor 10 compression: 15MB/event) Æ 2.4 PB 

(+ cosmic runs and technical tests)( )

Following discussions we had with the IT people at CERN this total data volume of 2.4 
PB does not present any problem on the CERN scale

� Online storage of 1 PB compatible with one week on uninterrupted data flow at 
100Hz 

� Requested link from online-storage to CERN computing division at 20 Gbps, 
compatible with 100 Hz rate,  non-zero-skipped and Huffman compressed data flow, 
(assuming a factor 10 compression factor) 

31

Ready for Data taking in spring 2018
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WA105 3x1x1 proto

52

10-ton scale Dual Phase LAr TPC
(3x1x1 m3 active 24 ton LAr total)

Detector integration in progress
Cryogenic Operation: September 2016

CERN Blg 182

Charge Readout Plane (CRP) cold bath test

Field cage + cathode

light readout

chimneys
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DUNE Primary Science Program

53

Focus on fundamental open questions in particle physics and 
astroparticle physics – aim for discoveries:
• 1) Neutrino Oscillation Physics
– CPV in the leptonic sector

• “Our best bet for explaining why there is matter in the universe”
– Neutrino Mass Hierarchy

• “Guaranteed determination of MH (>5sigmas)”
– Precision Oscillation Physics & testing the 3-flavor paradigm

• 2) Nucleon Decay
– Predicted in beyond the Standard Model theories

• “Probe the unification of the fundamental forces”
• 3) Supernova burst physics & astrophysics
– Galactic core collapse supernova, unique sensitivity to νe

• “Information on neutron star or even black-hole formation”
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LBL oscillation strategy

54

- Precise measurement of the L/E behaviour for neutrinos and antineutrinos at L>1000 km 

- High discovery potential for leptonic CPV and guaranteed determination of MH;  
test of 3-𝜈 flavour oscillation paradigm; determine the sector of Θ23

- Complete knowledge of PMNS matrix by precisely determining all parameters including 
CP-phase. Fundamental parameters of the SM → CKM and PMNS matrices to shed light 
on the flavour problem.
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• DUNE measures the energy dependence of electron-appearance and muon-
disappearance oscillation probabilities,  
independently  for neutrinos and antineutrinos

- E.g. Appearance probability for neutrinos

• High neutrino beam power and near + far 
detectors provide precise measurements 
with high statistics and low systematics

Ma#er	terms∾a

L/E	dependence

CP-even

CP-odd∾sinδCP

with

Aim for discovery!
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LBL oscillation strategy

55

Measure neutrino spectra at 1300 km in a wide-band beam
•  Determine MH and θ23 octant, probe CPV, test 3-flavor paradigm       
a  and search for ν NSI in a single experiment
–  Long baseline:

•  Matter effects are large ~ 40%
–  Wide-band beam:

•  Study νµ→νe (νµ→νe) and νµ→νx  (νµ→νx )  over range of energies
•  MH & CPV effects are separable  
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LBL science discovery potential
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Opportunities for early discoveries !

5σ	CPV		
Discovery

Rapidly reach scientifically interesting sensitivities:
– e.g. in best-case scenario for CPV (δCP = +π/2) :

• Reach 3σ CPV sensitivity with 60 – 70 kt.MW.year 
– e.g. in best-case scenario for MH :

• Reach 5σ MH sensitivity with 20 – 30  kt.MW.year 

DUNE 40 kton * 1.2 MW beam
≈ 50 kt.MW.year per year
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CPV sensitivity
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 Sensitivities depend on multiple factors:	
▪ CPV parameter δ, other mixing angles e.g. θ23	
▪ Beam spectrum, …

Beam focusing choiceCP coverage 25%, 50%, 75%

Reference beam

>3σ, 75% coverage>3σ, 75% coverage
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• Very significant progress in experimental neutrino physics shedding 
light into the leptonic flavour sector and more generally improving our 
understanding of the Standard Model with three massive neutrinos.
– Accelerator LBL (T2K & NOvA) collecting data for precision 

measurements, providing indirect information on CP violation & MH 
when combined with other global data

– Reactor experiments to improve precision on θ13, while studying 
potential anomalies

– Atmospheric neutrinos measurements provide complementary 
information about oscillations 

• Next generation international experiments are being planned/
constructed to complete our understanding of 3𝛎SM paradigm. 

• It is important to keep in mind that the history of neutrino experiments 
has been full of surprises, so let’s keep an open mind on anomalies, 
extra neutrinos, etc. as the new experiments deliver their data.
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Backup
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Single phase protoDUNE
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A View of the CERN TPC Prototype
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Dual phase protoDUNE - WA105 6x6x6m3
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2. Nucleon Decay (and atmospheric neutrinos)
- EW+QCD are all local-gauge QFT with similar structure → GUT ? many hints exist in 

favour (high energy behaviour of couplings; Qe=–Qp, neutrino masses, …) but the 
missing link is the direct observation of a nucleon decay.

- Measurements of branching ratios inform GUT models (SUSY, non-SUSY).

- Signatures of annihilations from n-nbar oscillations can also be searched for.

- DUNE provides a generational advance in atmospheric neutrino detection and study.nonbar transition probability 
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   mixed n-nbar QM state

H   

  ;   

  part different for  and 

n

n

n n n n n n

n n

n

n

E

E

E m U E m U

U U V n n

a
a

æ ö÷ç ÷çY = ÷ç ÷÷çè ø

æ ö÷ç ÷ç= ÷ç ÷÷çè ø

= + = +

= ¬

D-mixing amplitude

All beyond SM
physics is here

D

18

?
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A discovery would be monumental !
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3. Neutrino astrophysics, including supernova detection
- SN burst to verify models of stars’ explosions; but also neutrino physics
- Measurement of the neutrino energy spectra, time distributions and flavor 

composition with large statistics from SN will provide information about: 
- Supernova physics: 

- Core collapse mechanism 
- Supernova evolution in time 
- Cooling of the proto-neutron star 
- Nucleosynthesis of heavy nuclei 
- Black hole formation 

- Neutrino flavour transformation and propagation physics: 
- Flavor transformation in SN core has rich physics affected by my phenomena, 

such as matter & collective effects, sterile neutrinos and in general neutrino 
properties (e.g. anomalous magnetic moment)

- Early alert for astronomers

SN detection provides unique and broad science opportunities !
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64

Background processes:

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–42

the uncertainty is expected in the four-sample fit, so the residual uncorrelated normalization un-1

certainty on the ‹e sample is expected to be reduced to the 1–2% level, such that the 2% residual2

normalization uncertainty used in the sensitivity calculations is also well-justified. Variations on3

these assumptions are explored in Section
sec:syst_var
3.6.3.4

Table 3.8: Normalization uncertainties and correlations for background to the ‹e, ‹̄e, ‹µ, and ‹̄µ data
samples

Background Normalization Uncertainty Correlations
For ‹e/‹̄e appearance:
Beam ‹e 5% Uncorrelated in ‹e and ‹̄e samples
NC 5% Correlated in ‹e and ‹̄e samples
‹µ CC 5% Correlated to NC
‹· CC 20% Correlated in ‹e and ‹̄e samples
For ‹µ/‹̄µ disappearance:
NC 5% Uncorrelated to ‹e/‹̄e NC background
‹· 20% Correlated to ‹e/‹̄e ‹· background

tab:bgnormsys

3.6.3 E�ect of Variation in Uncertainty5
sec:syst_var

Figure
fig:exp_systs
3.23 shows DUNE sensitivity to determination of neutrino mass hierarchy and discovery of6

CP violation as a function of exposure for several levels of signal normalization uncertainty. As7

seen in Figure
fig:exp_systs
3.23, for early phases of DUNE with exposures less than 100 kt · MW · year, the8

experiment will be statistically limited. The impact of systematic uncertainty on the CP-violation9

sensitivity for large exposure is obvious in Figure
fig:exp_systs
3.23; the ‹e signal normalization uncertainty10

must be understood at the level of 5% ü 2% in order to reach 5‡ sensitivity for 75% of ”CP values11

with exposures less than ≥900 kt · MW · year in the case of the Optimized Design. Specifically,12

the absolute normalization of the ‹µ sample must be known to ≥5% and the normalization of the13

‹e sample, relative to the ‹̄e, ‹µ, and ‹̄µ samples after all constraints from external, near detector,14

and far detector data have been applied, must be determined at the few-percent level. This level15

of systematic uncertainty sets the capability and design requirements for all components of the16

experiment, including the beam design and the near and far detectors.17

Signal and background normalization uncertainties remain relatively unimportant for the mass18

hierarchy measurement, even at large exposure, when considering minimum sensitivity for 100% of19

”CP values. This is because the minimum sensitivity occurs in the near-degenerate region where it is20

di�cult to determine whether one is observing ”CP = +fi/2 in the normal hierarchy or ”CP = ≠fi/221

in the inverted hierarchy. Spectral analysis will help resolve this near-degeneracy, but is dependent22

on as-yet unexplored uncertainties in the spectral shape, which are expected to be dominated by23

energy-scale uncertainty. Figure
fig:escale_syst
3.24 shows the impact on MH and CP-violation sensitivity of24

one possible energy-scale variation, in which energy bins are adjusted by N[E]æN[(1+a)E], while25

keeping the total number of events fixed. This is only one possible type of energy-scale uncertainty;26

more comprehensive study of energy-scale uncertainty is in progress and will be included in future27

analyses of experimental sensitivity.28

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

Signal:  5% (abs. !μ norm.) ⊕ 2% (!e norm.) for both 
neutrinos and antineutrinos sample

CPV$&$MH$:$Systema0c$errors$presented$in$CDR$
A"er%fits%to%both%near%and%far%detector%data%and%all%external%constraints.%

From%CDR%Volume%2%“Physics”:%

External experimental and theoretical input (nu cross-sections, 
hadroproduction, detector test beams, SBN) and DUNE ND important 

ingredients to achieve these levels.
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MH, δCP and sin2θ23 Sensitivities
Mass hierarchy coverage
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Nucleon decay searches in DUNE

For	a	20kton	exposure	of	 
10	years	(200	kton×year)

66

Mode Life-me	(90%C.L.)
p➞νK+ >3×1034	yrs

p➞e+γ,	p➞µ+γ >3×1034	yrs

p➞µ–π+K+ >3×1034	yrs

n➞e–K+ >3×1034	yrs

p➞µ+K0,	p➞e+K0 >1×1034	yrs

p➞e+π0 >1×1034	yrs

p➞µ+π0 >0.8×1034	yrs

n➞e+π– >0.8×1034	yrs

JHEP 0704 (2007) 041 

DUNE	provides	a	genera;onal	advance	in		
detec;on	method: 
Exploit	tracking	and	calorimetry	for	unbiased,	exclusive	
final	state	reconstruc;on	of	decay	products	with	precise	
kinema;cs,	low	thresholds	(no	Cherenkov	threshold)

• Phenomenology	is	rich	and	there	are	many	
possible	decay	modes	(≈90	iden;fied)	

• Proton	decay	modes	
• Neutron	decay	modes	
• n-nbar	oscilla;on	modes	

• Backgrounds	can	be	calculated	using	
atmospheric	neutrino	samples	and	es;mated	
using	side-bands	

• Efficiencies	involving	π’s	in	the	final	states	are	
affected	by	nuclear	uncertain;es	but	constrained	
by	neutrino	cross-sec;on	measurements	

• With	LAr	imaging	&	excellent	kinema;cs,	we	find	
a	≈linear	sensi;vity	improvement	with	exposure	
un;l	1000	kton×year…	or	25	years	of	DUNE…
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Atmospheric neutrinos in DUNE

67

• Neutrino oscillation physics complementary to long baseline beam
• Clean νe & νμ CC over all range of energies (GeV,MultiGeV)
• Good neutrino energy and angular reconstruction
• Recoil hadronic system on an event-by-event basis
• Statistical separation of ν and anti-ν by exclusive final states
• νμ➞ντ appearance significance >3σ after 3 years exposure  

(≈12 ντ CC / year)

680(w/o	osc)

1440
Events/20kt/yr

310
2440(w/o	osc)

�eCC

�µCC
�̄µCC

�̄eCC

Mode

�NC 640
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FIG. 60: Typical atmospheric ⌫µ and ⌫e QE event in liquid Argon detector (⌫µ + X ! p + ⇡0 + µ� and
⌫e + n ! p + e�). The two (collection) views are shown.
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Eνe > 7.48 MeV

• Elastic scattering (ES) on electrons 

• Charged-current (CC) interactions 
on Ar 

• Neutral current (NC) interactions 
on Ar

SN neutrinos signal in LAr

νe + 40Ar → 40K* + e-

νe + 40Ar → 40Cl* + e+

ν + e- → ν + e-

ν + 40Ar → ν + 40Ar* 

Eνe > 1.5 MeV

Eν > 1.46 MeV

Possibility to separate the different channels by a classification of the associated 
photons from the K, Cl or Ar de-excitation (specific spectral lines for CC and NC) 

or by the absence of photons (ES)    

_ _

9

SN ν cross sections on Ar

Low energy neutrinos in DUNE

68

hep-ph/0307222; JCAP 10 (2003) 009; JCAP 08 (2004) 001 
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Supernova burst neutrinos
Expected	event	rates	for	40	kton	and	SN	at	the	
distance	of	10	kpc	:	(no	oscilla;ons	included!)

69

• Unique	sensi-vity	to	electron	neutrino	
flavour		(most	other	SN-detectors	detect	
inverse	beta	decays)	
• Peak	of	neutroniza-on	(osc?)	
• Combined	analysis	of	all	reac-on	modes	
–	can	NC	reac-on	be	observed	?	
• Oscilla-on	(both	standard	and	
collec-ve)	will	poten-ally	have	a	large	
effect	
• Neutrino	abs.	mass	via	TOF

Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–77
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Figure 5.4: Left: Expected time-dependent signal in 40 kt of liquid argon for the electron-capture
supernova

Huedepohl:2009wh
[?] at 10 kpc, calculated using SNoWGLoBES

snowglobes
[?], showing breakdown of event channels.

Right: expected measured event spectrum for the same model, integrated over time. fig:eventrates
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Figure 5.5: Estimated numbers of supernova neutrino interactions in DUNE as a function of distance
to the supernova, for di�erent detector masses (‹e events dominate). The red dashed lines represent
expected events for a 40-kton detector and the green dotted lines represent expected events for a 10-kton
detector. The lines limit a fairly wide range of possibilities for “Garching-parameterized” supernova flux
spectra (Equation

eq:pinched
5.1) with luminosity 0.5 ◊ 1052 ergs over ten seconds. The optimistic upper line of

a pair gives the number of events for average ‹e energy of ÈE‹eÍ = 12 MeV, and “pinching” parameter
– = 2; the pessimistic lower line of a pair gives the number of events for ÈE‹eÍ = 8 MeV and – = 6.
(Note that the luminosity, average energy and pinching parameters will vary over the time frame of
the burst, and these estimates assume a constant spectrum in time. Oscillations will also a�ect the
spectra and event rates.) The solid lines represent the integrated number of events for the specific
time-dependent neutrino flux model in

Huedepohl:2009wh
[?] (see Figs.

fig:garching
5.3 and

fig:eventrates
5.4; this model has relatively cool spectra

and low event rates). Core collapses are expected to occur a few times per century, at a most-likely
distance of around 10 to 15 kpc. fig:ratesvsdist
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Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–77

due to di�erent numerical treatment (e.g., neutrino transport, dimensionality), physics input (nu-
clear equation of state, nuclear correlation and impact on neutrino opacities, neutrino-nucleus
interactions) and oscillation e�ects. In addition, there is intrinsic variation in the nature of the
progenitor and collapse mechanism. Neutrino emission from the supernova may furthermore be
have an emitted lepton-flavor asymmetry [124], so that observed rates may be dependent on the
supernova direction.

Table 5.1: Event rates for di�erent supernova models in 40 kt of liquid argon for a core collapse at
10 kpc, for ‹e and ‹̄e charged-current channels and elastic scattering (ES) on electrons. Event rates
will simply scale by active detector mass and inverse square of supernova distance. No oscillations
are assumed; we note that oscillations (both standard and “collective”) will potentially have a large,
model-dependent e�ect.

Channel Events Events
“Livermore” model “GKVM” model

‹e +40 Ar æ e≠ +40 Kú 2720 3350
‹e +40 Ar æ e+ +40 Clú 230 160
‹x + e≠ æ ‹x + e≠ 350 260
Total 3300 3770

Figure 5.3 gives another example of an expected burst signal, for which a calculation with detailed
time dependence of the spectra is available [125] out to 9 seconds post-bounce. This model has
relatively low luminosity but the standard robust neutronization burst. Note that the relative
fraction of neutronization-burst events is quite high. Figure 5.4 shows the event channel breakdown
for the same model. Clearly, the ‹e flavor dominates. Although water and scintillator detectors
will record ‹e events [126, 127], liquid argon is the only future prospect for a large, clean supernova
‹e sample [128].

The number of signal events scales with mass and inverse square of distance as shown in Fig. 5.5.
For a collapse in the Andromeda galaxy, a 40-kton detector would observe a few events.

5.2 Neutrino Physics and Other Particle Physics

A core-collapse supernova is essentially a gravity-powered neutrino bomb: the energy of the collapse
is initially stored in the Fermi seas of electrons and neutrinos and then gradually leaked out by
neutrino di�usion. The key property of neutrinos that makes them play such a dominant role
in the supernova dynamics is the feebleness of their interactions. It then follows that should
there be new light (< 100 MeV) particles with even weaker interactions, they could alter the
energy transport process and the resulting evolution of the nascent proto-neutron star. Moreover,
additional interactions or properties of neutrinos could also be manifested in this way.

Thus, a core-collapse supernova can therefore be thought of as an extremely hermetic system,
which can be used to search for numerous types of new physics (e.g., [129, 130]). The list includes
various Goldstone bosons (e.g., Majorons), neutrino magnetic moments, new gauge bosons (“dark

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

δt ~ O(10 ms)
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Energy spectrum

70

• Spectrum calculated with SNoWGloBES
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• Measurement campaigns 
of low energy cross-
section on Argon needed 
to exploit statistical power 
of SN event burst.

• Fermi (F) transition to 4.38 MeV 
IAS 40K 
• σ precisely known <1%                  

Bahcall, J.N. Rev. Mod. Phys., 50, 881(1978) 

• Gamow-Teller (GT) of various 40K 
levels 
• σ less precisely known ≃ 6%          

Ormand et.al, PLB 345 (1995) 343 

• σGT ≃ 2σF 

• A precise measurement of the solar 
flux can be obtained by 
distinguishing the superallowed 
Fermi transition among the other 
excited states 
• An accurate calibration of the detector 

energy response is mandatory
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Events vs distance

71

Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–79

Time (seconds)
-210 -110 1

 E
ve

nt
s 

pe
r b

in

0

10

20

30

40

50

60

70

 

Infall Neutronization Accretion Cooling
ES

Ar40 eν
Ar40 eν

 

Observed energy (MeV)
5 10 15 20 25 30 35 40

 E
ve

nt
s 

pe
r 0

.5
 M

eV

0

5

10

15

20

25

30

35

40

 

ES
Ar40 eν
Ar40 eν

Figure 5.4: Left: Expected time-dependent signal in 40 kt of liquid argon for the electron-capture
supernova [125] at 10 kpc, calculated using SNoWGLoBES [120], showing breakdown of event channels.
Right: expected measured event spectrum for the same model, integrated over time.
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Figure 5.5: Estimated numbers of supernova neutrino interactions in DUNE as a function of distance
to the supernova, for di�erent detector masses (‹e events dominate). The red dashed lines represent
expected events for a 40-kton detector and the green dotted lines represent expected events for a 10-kton
detector. The lines limit a fairly wide range of possibilities for “Garching-parameterized” supernova flux
spectra (Equation 5.1) with luminosity 0.5 ◊ 1052 ergs over ten seconds. The optimistic upper line of
a pair gives the number of events for average ‹e energy of ÈE‹eÍ = 12 MeV, and “pinching” parameter
– = 2; the pessimistic lower line of a pair gives the number of events for ÈE‹eÍ = 8 MeV and – = 6.
(Note that the luminosity, average energy and pinching parameters will vary over the time frame of
the burst, and these estimates assume a constant spectrum in time. Oscillations will also a�ect the
spectra and event rates.) The solid lines represent the integrated number of events for the specific time-
dependent neutrino flux model in [125] (see Figs. 5.3 and 5.4; this model has relatively cool spectra
and low event rates). Core collapses are expected to occur a few times per century, at a most-likely
distance of around 10 to 15 kpc.
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• Band represents range of models (factor of ~10 in rate) 

• Solid line: “Garching” model (Raffelt et al., PRL104, p. 251101, 2010)
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Integrated beam to NUMI
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32
Hyper-Kamiokande No�onal Timeline

 If the budget proposal is approved, construc0on can start in 2018
 Physics running would then start in 2025
 J-PARC has already achieved 360 kW opera�on and is expected 750 kW by 2019
� Opens the possibility for >= MW opera�on aYer 2020  
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Search for light sterile neutrinos 
• An unique opportunity for sterile neutrino searches 

– Sterile neutrino would introduce additional oscillation mode.  
– Relative measurement at multiple baselines: EH1 (~350m), EH2 (~500m), 

EH3 (~1600m)  

 
• Oscillation analysis 

– No significant signal observed, consistent with 3-flavor neutrino oscillation.  
– Set most stringent limit at 

2016-3-14 Rencontres de Moriond EW 2016 28 

PRL 113, 141802 (2014) 
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Yiming Zhang 

Tsinghua University, Beijing, China 
On behalf of Daya Bay Collaboration 

The 51th Rencontres de Moriond EW 2016 @ La Thuile, Aosta valley, Italy 
March 12th – 19th, 2016 
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Normal Hierarchy
Inverted Hierarchy

θ23 > π/4

θ23 < π/4

1σ 2σ

13

Measuring	mixing	parameters	with	NOνA

‣ Maoer	effects	change	osc.	prob.	by	

30%	for	NOvA	(810	km),																					

11%	for	T2K				(295	km)	

‣ Measuring	νe	and	νe̅	appearance	in	the	νμ	and	νμ̅	beam	is	key		

‣ Showing	expected	1σ	and	2σ	allowed	regions	around	most	favorable	case	for	NOvA	

75
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Atmospheric ν

26

NH, previous T13 is fixed : sin22T13 = 0.098 

3V  

2V  

Hierarchy sensitivity, 10 years of Atmospheric  data 

� Thickness of the band corresponds to uncertainty induced from Gcp  
�Weakest sensitivity overall in the tail of the first octant 
� Hierarchy sensitivity is improved slightly after update 

� True for both hierarchies  
 

NH, Update 

3V  

2V  

Δχ
2

sin2θ23

Normal hierarchy

Hyper-K 10 years

sin22θ13=0.1

band: due to δ

2012.8.22 Roger Wendell  17 

NH, unknown IH, Unknown T13 is fixed : sin22T13 = 0.10 

� Thickness of the band corresponds to the uncertainty from Gcp  

� Best value of Gcp = 40 degrees 
�Worst value of Gcp = 140 (260) degrees, for 1st (2nd ) octant 

T23 Octant sensitivity , 10 year Exposure 

3V  

2V  

3V  

2V  

Mass hierarchy θ23 octant

Complementary measurements to accelerator ν
Combined analysis of acc + atm ν will enhance capability


