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Introduc=on	
•  Long	and	short	baseline	experiments	

•  NOvA	
•  DUNE	
•  SBND,	MicroBooNE	(and	Icarus)	
•  MINOS+	

•  UK	involvement	
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Programme	spans	present	and	future	
•  Present:		

– MINOS+	(final	analysis	phase,	data	taking	complete)	
–  NOvA		(early	publica=ons,	much	data	and	physics	to	come)	

– MicroBooNE	(data	taking,	first	physics	results	soon)	
–  SBND	and	Icarus	(data	taking	starts	in	1-2	years)	

•  Next	genera=on:			
–  DUNE	(approved	and	under	construc=on)	
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Long-baseline	Key	Measurement	
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Electron	(an=)neutrino	Appearance	

Jeff	Hartnell,	PPAP	July	'17	 5	

Long-baseline 𝜈𝜇→𝜈e 
For fixed L/E = 0.4 km/MeV A more quantitative sketch… 

 
At right: 
    P(𝜈⎺𝜇→ 𝜈⎺e)  vs. P(𝜈𝜇→𝜈e) 
plotted for a single neutrino 
energy and baseline 
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Effect	of	Increasing	Energy	
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It is also worth noting the following, that sum of the neutrino and anti-neutrino

probabilities at oscillation maximum can be directly compared to the value of sin2 2✓
13

measured by the reactor disappearance experiments:
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thus determining the quadrant of ✓
23

. The di↵erence of these probabilities can be used

to determine the CP violation phase � and the mass hierarchy.

The LBNE experiment [14] has a baseline of 1300 km, Fermilab to Homestake, SD

which will test the current massive neutrino paradigm in interesting new ways because

of its broad band ⌫µ neutrino beam. Here the matter e↵ects are larger and the bi-

probability ellipses separate at the same L/E as the NO⌫A experiment, see Fig. 8.
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Figure 8. The biprobability plot for the LBNE experiment at the same L/E as the
NO⌫A experiment [20]. Notice how widely the normal (blue) and the inverted (red)
hierarchies are separated here. sin2 ✓23 = 0.5 was used for this figure.

3.3. Asymmetry

The asymmetry between the neutrino and anti-neutrino appearance probability is

defined as [22]

A ⌘ |P (⌫µ ! ⌫e) � P̄ (⌫̄µ ! ⌫̄e)|
[P (⌫µ ! ⌫e) + P̄ (⌫̄µ ! ⌫̄e)]

, (22)
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where J = sin � sin 2✓
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cos ✓
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is the Jarlskog invariant [6]. This allows

for the possibility that CP violation maybe able to be observed in the neutrino sector,

since it allows for P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e) in vacuum.

In matter, the two flavor amplitudes,
p
Patm and

p
Psol, are modified as follows
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where a = ±GFNe/
p
2 ⇡ (⇢Ye/1.3 g cm�3) (4000 km)�1 and the sign is positive for

neutrinos and negative for anti-neutrinos. This change follows since in both the (31)

and (21) sectors the product {�m2 sin 2✓} is approximately independent of matter e↵ects.

Fig. 6 shows the ⌫e appearance probability as a function of the energy for a distance

of 1200 km. In Fig. 7 is the bi-probability plots for both T2K [11] (as well as the

future possible HyperK [13]), and NO⌫A [12] experiments. It is possible that these two

experiments will determine the mass ordering, and give a hint of CP violation in the

neutrino sector with su�cient statistics.

The critical value of tan ✓
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sin ✓
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at which the bi-probability ellipses for the normal

hierarchy and the inverted hierarchy separate is given by [19]
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For the NO⌫A experiment, this corresponds to
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Figure 7. The left panel is the bi-probability plot for the T2K/HyperK experiment
showing the correlation between neutrino and antineutrino ⌫

µ

! ⌫
e

probabilities. The
matter e↵ect is small but non-negligible for T2K/HyperK. Whereas the left panel is
for the NO⌫A experiment where the matter e↵ect is 3 times larger.

Long-baseline 𝜈𝜇→𝜈e 
For fixed L/E = 0.4 km/MeV A more quantitative sketch… 

 
At right: 
    P(𝜈⎺𝜇→ 𝜈⎺e)  vs. P(𝜈𝜇→𝜈e) 
plotted for a single neutrino 
energy and baseline 
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Increasing Energy 

0.6 GeV 2 GeV 3 GeV 

T2K (HK) NOvA DUNE 

[à bigger matter effect and hence bigger fake CP violation]  

(which requires a longer baseline for oscillations to occur) 



NOvA	
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NOvA	Overview	
•  “Conven=onal”	beam	
•  Two-detector	experiment:	

•  Near	detector		
–  measure	beam	
composi=on		

–  energy	spectrum	

•  Far	detector		
–  measure	oscilla=ons	and	
search	for	new	physics	

Ash River 

Ash River 

810 km 



Muon	neutrino	disappearance	
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Maximal mixing  
excluded at 2.6σ 
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Phys. Rev. Lett. 118, 151802 



Electron	neutrino	appearance	
(Combined	with	νμ	disappearance)	
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the ND data and extrapolation to FD, is performed with
these systematically shifted simulation samples to predict
the altered signal and background spectra at the FD.
Calibration and normalization are the leading sources of
systematic uncertainty for the background and signal,
respectively. Other sources of systematic uncertainty
considered include neutrino flux, modeling of neutrino
interactions, and detector response. The overall effect of the
uncertainties summed in quadrature on the total event count
is 5.0% (10.5%) on the signal (background). The statistical
uncertainties of 20.1% (34.9%) on the signal (background)
therefore dominate.
After the event selection criteria and analysis procedures

were finalized, an inspection of the FD data revealed 33 νe
candidates, of which 8.2! 0.8 (syst.) events are predicted
to be background [38]. Figure 3 shows a comparison of the
event distribution with the expectations at the best-fit point
as a function of the classifier variable and reconstructed
neutrino energy.
To extract oscillation parameters, the νe CC energy

spectrum in bins of event classifier is fit simultaneously
with the FD νμ CC energy spectrum [30]. The NOvA νμ
disappearance result constrains sin2 θ23 around degenerate
best-fit points of 0.404 and 0.624. The likelihood between
the observed spectra and the Poisson expectation in each
bin is computed as a function of the oscillation para-
meters jΔm2

32j, θ23, θ13, δCP, and the mass hierarchy. Each
source of systematic uncertainty is incorporated into the
fit as a nuisance parameter, which varies the predicted
FD spectrum according to the shifts determined from
systematically shifted samples. Where systematic uncer-
tainties are common between the two data sets, the nuisance
parameters associated with the effect are correlated appro-
priately. Gaussian penalty terms are applied to represent the

estimates of the 1σ ranges of these parameters and the
knowledge of sin2 2θ13 ¼ 0.085! 0.005 from reactor
experiments [40].
Figure 4 shows the regions of (sin2 θ23, δCP) space

allowed at various confidence levels. The likelihood surface
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FIG. 2. Total number of selected νe candidate events expected
at the FD. The blue represents NH and the orange IH. The bands
correspond to the range sin2 θ23 ¼ 0.40 (lower edge) to 0.62
(upper edge), with the solid line marking the maximal mixing.
The x axis gives the value of the CP phase, while all other
parameters are held fixed at the best-fit values found by NOvA’s
latest analysis of νμ disappearance [30].
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FIG. 3. Reconstructed energy of selected FD events in three
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FIG. 4. Regions of δCP vs sin2 θ23 parameter space consistent
with the observed spectrum of νe candidates and the νμ
disappearance data [30]. The top panel corresponds to normal
mass hierarchy (Δm2

32 > 0) and the bottom panel to inverted
hierarchy (Δm2

32 < 0). The color intensity indicates the confi-
dence level at which particular parameter combinations are
allowed.
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event distribution with the expectations at the best-fit point
as a function of the classifier variable and reconstructed
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parameters associated with the effect are correlated appro-
priately. Gaussian penalty terms are applied to represent the

estimates of the 1σ ranges of these parameters and the
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New information on 3 unknowns: mass 
hierarchy, δCP and θ23 octant. 
 

Phys. Rev. Lett. 118, 231801 



UK	involvement	
•  Chair	of	the	Ins=tu=onal	Board	and	Execu=ve	
Commiaee	member:	J.	Hartnell	(Susx)	

•  Co-convenors	of	the	two	primary	analyses	
– Nue	Appearance:	C.	Backhouse	(UCL	from	Oct.)	
– NuMu	Disappearance:	J.	Hartnell	(Susx)	

•  Both	Calibra=on	co-convenors:	R.	Nichol	(UCL)	
and	B.	Zamorano	(Susx)	

•  Co-convenor	of	analysis	fieng	framework	
(FNEX):	S.	Germani	(UCL)	

Jeff	Hartnell,	PPAP	July	'17	 11	



Jeff	Hartnell,	PPAP	July	'17	 12	

NH, 3⇡/2
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Figure: Projected sensitivities to rejection of: maximal mixing (violet), wrong hierarchy (green), wrong
octant (yellow), and CP conservation (red), assuming true oscillation parameters NH, 3⇡/2 and
sin2 ✓23 = 0.403. Joint fit combines the electron neutrino appearance and muon neutrino disappearance
channels, and global reactor constraint sin2 2✓13 = 0.085 ± 0.005. The analyses use the CVN ⌫e and RemID
⌫µ particle selectors, and expected improvements to systematic uncertainties (1.5% signal and 5%
background for ⌫e ; 2% muon energy, 3% hadronic energy and 0% NC background for ⌫µ). Assuming 25%
gain in exposure from analysis, and 40 weeks of beam uptime after 2018. The accumulated exposure is
divided between FHC and RHC mode as: i) 6.04 ⇥ 1020POT equiv. FHC by 2016, ii) 3 ⇥ 1020 POT RHC by
2017, iii) 50% FHC + 50% RHC after that.

5

Great complementarity with T2K phase-II due to NOvA’s longer baseline 
and higher energy beam. UK has strong groups on both experiments for 
the combined analysis to resolve potential degeneracies. 

Future	Sensi=vity	



DUNE	
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DUNE	Overview	
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•  Approved	expt.,	under	construc=on	($50M	in	FY17)	
•  Ground-breaking	ceremony	tomorrow	in	South	Dakota		
•  Con=nued	strong	support	from	new	administra=on	

•  Due	to	take	beam	data	in	2026	with	
–  new	MW-scale	neutrino	beamline	(LBNF)	
–  4x10-kilotonne	(fiducial)	liquid	argon	far	detector		
–  high-resolu=on,	high-rate	near	detector		

•  CERN	providing	cryostat	for	first	1x10kt			
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The	DUNE	Collabora=on	

951 collaborators from 164 institutions in 31 nations

Armenia,	Brazil,	Bulgaria,	
Canada,	CERN,	Chile,	China,	
Colombia,	Czech	Republic,	
Finland,	France,	Greece,	India,	
Iran,	Italy,	Japan,	Madagascar,	
Mexico,	Netherlands,	Peru,	
Poland,	Romania,	Russia,	South	
Korea,	Spain,	Sweden,	
Switzerland,	Turkey,	UK,	
Ukraine,	USA	

DUNE has broad international support and is growing

60 % non-US 



DUNE	Sensi=vity	
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Mass Hierarchy 

CP Violation 

Furthermore, huge, deep, high precision detectors provide abundant non-
accelerator physics: proton-decay, supernova neutrinos, ...  

Wide-band and higher energy beam: => CP, MH, BSM physics in a single expt. 



ProtoDUNE-SP	

•  CERN	Neutrino	Plamorm	

•  Large-scale	prototyping/
calibra=on	

•  UK	building	3	(of	6)	
anode	wire	planes	
– 6	m	tall	x	2.3	m	wide	

•  Data	taking	next	year	
Jeff	Hartnell,	PPAP	July	'17	 17	



DUNE	UK	Involvement	
•  DUNE	Co-spokesperson:	M.	Thomson	(Cam)	
•  Execu=ve	Commiaee	member:	S.	Soldner-Rembold	
(Mcr)	

•  ND	Design	Study	co-convenor:	A.	Weber	(Ox)	
•  ProtoDUNE-SP	Co-coordinator:	C.	Touramanis	(Liv)	
•  Co-convenor	roles	in	a	number	of	groups	
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DUNE	UK	Long-term	Objec=ves	
•  To	be	a	leading	partner	in	DUNE	far	detector	
construc7on	
–  ~15%	UK	core	contribu=on	to	DUNE	
–  TPC	readout	wire	planes	(APAs)	and	the	DAQ	

•  Construc7on	phase	objec7ves		
–  Construc=on	of	150	of	the	300	APAs	for	the	first	for	1st	2x10kt		
–  UK	leadership	of	the	FD	DAQ,	with	UK	providing	the	majority	of	the	

back-end	DAQ	for	1st	2x10kt		
–  Con=nued	UK	leadership	in	sosware/reconstruc=on	
–  Cement	leading	UK	role	in	prepara=on	for	physics	exploita=on	

•  Would	secure	long-term	UK	leadership	in	DUNE	
–  Ioniza=on	collec=on	➙	data	readout	➙	reconstruc=on		➙	physics			
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DUNE	UK	Timeline	
•  Pursuing	a	clear	path	towards	our	long-term	
goals	
– Developing	capabili=es/exper=se	
– Building	the	strong	team	needed	for	the	
construc=on	phase	

Jeff	Hartnell,	PPAP	July	'17	 20	

Oct 2014 – Sep 2017 Oct 2017 – Sep 2019 Oct 2019 – Mar 2026 

Preparatory	Phase	

Physics	

Reconstruc=on	
development	

DAQ	development	

TPC	Prototypes	

Pre-construc7on	Phase	

Physics	

Reconstruc=on	
for	prototypes	

DAQ	prototyping	

Prototype	commissioning	

APA	pre-construc=on	

Construc7on	Phase	

Physics	

Produc=on	
reconstruc=on	

DAQ	construc=on	

APA	construc=on	

Compu=ng	



Short-Baseline	Neutrino	
Programme	
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Short-Baseline	Neutrino	Programme	
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The Short Baseline Neutrino Program at
 Fermilab

Serhan Tufanli (Yale University)
for the 

SBND, MicroBooNE and ICARUS collaborations

EPS Conference on High Energy Physics, 2017

Short Baseline Neutrino (SBN) program at Fermilab

4

● Three liquid argon time projection chamber (LArTPC) detectors in the 
Booster Neutrino Beam (BNB) at Fermilab.

Booster Neutrino 
Beam

Short Baseline Neutrino (SBN) program at Fermilab

4

● Three liquid argon time projection chamber (LArTPC) detectors in the 
Booster Neutrino Beam (BNB) at Fermilab.

Booster Neutrino 
Beam

SBN experimental setup

ICARUS MicroBooNE SBND

● LArTPC
● 600 m from ᶟ production
● 476 ton active volume
● 4x1.5 m drift length
● 75kV high voltage
● 0.95 ms drift time at 

500V/cm
● 3 wire planes: horizontal, 

∓30 deg, 3mm wire pitch, 
53246 wires

● Warm analog and digital 
electronics

● 360 8” PMTs

● LArTPC
● 470 m from ᶟ production
● 85 ton active volume
● 2.56 m drift length
● 128 kV high voltage
● 1.6 ms drift time at 500V/cm
● 3 wire planes: 0, ∓60 deg, 

3mm wire pitch, 8256 wires
● Cold analog/warm digital 

electronics
● 32 8” PMTs

● LArTPC
● 110 m from ᶟ production
● 112 ton active volume
● 2x2.0 m drift length
● 100 kV high voltage
● 1.28 ms drift time at 

500V/cm
● 3 wire planes: 0, ∓60 deg, 

3mm wire pitch, 11264 wires
● Cold analog and digital 

electronics
● 120 8” PMTs && scin. bars

RUNNING UNDER CONSTRUCTIONINSTALLATION
8

Three liquid argon time projection chamber (LArTPC) detectors in the Booster 
Neutrino Beam (BNB) at Fermilab 

600 m / 476 tons 
470 m / 89 tons 

110 m / 112 tons 



SBN	Programme	Goals	
•  Sterile	neutrinos:	study	the	baseline	dependence	of	the	

MiniBooNE	low	energy	event	excess	and	cover	the	full	LSND	
allowed	parameter	space	with	5σ		

•  Make	a	high	precision	measurement	on	nu-Ar	cross	sec=ons	
–  High	stats	coupled	with	excellent	imaging	capabili=es	

•  e.g.	SBND:	1.5M	numu-CC	/	year		&		12k	nue-CC	/	year	

•  Develop	LArTPC	technology	for	future	large	neutrino	
experiments	like	DUNE		

	
•  Run	plan	

–  SBND:	data	taking	starts	2019	
–  MicroBooNE:	taking	data	since	2015	
–  Icarus:	data	taking	starts	2018	

Jeff	Hartnell,	PPAP	July	'17	 23	

[S. Tufanli, EPS2017] 
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Search for sterile neutrinos: ᶟᵤ → ᶟe appearance

● A large mass far detector and a near detector 
of the same technology reduces both statistical 
and systematic uncertainties

● SBN detectors enable 5σ coverage the 99% C.L. 
allowed region of the LSND signal and global 
best fit values

SBND

MicroBooNE

ICARUS

5

SBND

[S. Tufanli, EPS2017] 



UK	Involvement	
•  SBND	

–  UK	is	building	½	TPC	wire	planes,	the	cathode	planes	and	
HV	components	(Mcr/Liv/Shef/Lanc/Dares/UCL)	

–  TPC	L2	Manager:	K.	Mavrokoridis	(Liv)	
–  Both	single-detector	Physics	co-coordinators:	 	 	 	

	C.	Andreopoulos	(Liv/RAL)	and	A.	Szelc	(Mcr)	

•  MicroBooNE	(Mcr/Cam/Lanc/Ox)	
–  Xsec	Physics	co-convenor:	A.	Furmanski	(Mcr)	

•  (previously	a	run	coordinator)	
–  Technical	Board	member:	A.	Szelc	(Mcr)	
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SBND	TPC		

2 APA 
frames per 

side 

2 cathode 
frames 

down the 
center 

Field 
Cage on 
4 sides 

Field 
Cage 

support 
beams 

HV cup 

5 m 
4 m 

4 m 

>50% 

50% 
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All 4 APA frames designed by 
Sheffield and built by Portobello (UK) 

APA Wiring robot (Manchester) 
 
Cryostat for cool-down test 
(Lancaster) 

Cathode Planes 
(Liverpool) 

HV system (UCL) 

Final assembly in Daresbury. 



MicroBooNE	
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PANDORA 
reconstruction of 
LArTPC tracks 
Publication in 
internal review. 

Proceeding 
towards νµ CC 
cross-section 
measurement. 

Reconstruction of 
Michel electrons (MeV 
energy scale) 
arxiv:1704.02927 



MINOS+	
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MINOS+		
•  Best	limits	on	
sterile	neutrinos	
at	Δm2

41	<	1	eV2			
– now	50%	more	
data	

– UK	co-led	
•  UK	involvement:	

– Co-spokesperson:	
J.	Thomas	(UCL)	

– &	other	
convenors	
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Conclusions	
•  Strong	UK	leadership	across	the	whole	Fermilab	
neutrino	programme	

•  NOvA		
–  Exci=ng	new	measurements,	complementary	with	T2K	
– Will	shed	new	light	on	3	remaining	unknowns	

•  DUNE	
–  Under	construc=on,	strong	CERN	involvement	
–  Discovery	poten=al	across	large	range	of	osc.	space	
–  Complementary	with	HK	

•  SBND,	MicroBooNE	
–  Probe	sterile	neutrinos	at	short-baselines	
–  Test-bed	for	DUNE	(TPC	technology,	nu-argon	interac=ons)	
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Backup	
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Non-maximal	
mixing	scenario	

•  If	θ23	non-maximal	
then	effect	of	octant	
is	important	

•  Big	effect,	+/-	20%	

Evan Niner I Results from NOvA 02/11/16

Relation of Oscillation Parameters in NOvA
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νμ	à	νe	appearance	probability			

Jeff	Hartnell,	INSS	2016	 34	

[PDG, 2014] 
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To APD 

4 cm ⨯ 6 cm 

1560 cm
 

A NO𝜈A cell NO𝜈A detectors 

Fiber pairs 
 from 32 cells 

32-pixel APD 

Far detector: 
   14-kton, fine-grained, 
   low-Z, highly-active 
   tracking calorimeter 
      → 344,000 channels 

Near detector: 
   0.3-kton version of 
   the same 
      → 20,000 channels 

Extruded PVC cells filled with 
11M liters of scintillator 

instrumented with 
𝜆-shifting fiber and APDs 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 10 


