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•  MINOS+ and the need for precision �
•  NOVA : the new future�
•  Other things on the horizon? �
•  Summary and Outlook	  



Preview �

•  The MINOS experiment has been the work horse of the FNAL 
neutrino program and over the last 7 years has delivered  
seminal measurements of neutrino oscillation parameters�

•  MINOS+ is running now, a new phase of the experiment, to 
search for any-new-effect-it-can-find in the neutrino oscillation 
spectrum�

•  NOVA is getting going in the new NuMI beam, 20% 
instrumented, in the best place available at the right time�

•  A new vision for the FNAL neutrino program could include 
further exploitation of this NuMI neutrino beam, to be the 
most powerful in the world �
–  CHIPS	  is	  one	  such	  experiment,	  planned	  to	  measure	  delta-‐CP	  before	  

anyone	  else	  does!	  



The MINOS(+) Experiment�

"  Two detectors mitigate 
systematic effects�
"  beam flux mis-modeling �

"  Neutrino x-sec uncertainties�

"  	  L/E	  ~150-‐250	  km/GeV	  

"  	  MagneJzed:!
"   muon	  energy	  from	  range/curvature	  
"   disJnguish	  μ+	  from	  μ-‐	  

5	  kT	  

~1	  kT	  

"  Tracking sampling calorimeters!
"  steel	  absorber	  2.54	  cm	  thick	  (1.4	  X0)	  
"  scinJllator	  strips	  4.1	  cm	  wide	  (1.1	  Moliere	  
radii)	  
"   1	  GeV	  muons	  penetrate	  28	  layers	  

"  Functionally equivalent!
"  same	  segmentaJon	  	  
"  same	  materials	  
"  same	  mean	  B	  field	  (1.3	  T)	  



MINOS event topology

⌫µ-CC event NC event⌫e-CC event

Mu
on

tr
ac
k

Ha
dr
on

sh
ow
er

EM
sh
ow
er

⌫µ µ

W

Fe

Hadron
Shower

⌫e e

W

Fe

Hadron
Shower

⌫ ⌫

Z

Fe

Hadron
Shower

Coelho, J. A. B. (Tufts) MINOS NuFact 2013 5.1/ 30



MINOS event topology

⌫µ-CC event NC event⌫e-CC event

Mu
on

tr
ac
k

Ha
dr
on

sh
ow
er

EM
sh
ow
er

⌫µ µ

W

Fe

Hadron
Shower

⌫e e

W

Fe

Hadron
Shower

⌫ ⌫

Z

Fe

Hadron
Shower

Coelho, J. A. B. (Tufts) MINOS NuFact 2013 5.1/ 30



MINOS event topology

⌫µ-CC event NC event⌫e-CC event

Mu
on

tr
ac
k

Ha
dr
on

sh
ow
er

EM
sh
ow
er

⌫µ µ

W

Fe

Hadron
Shower

⌫e e

W

Fe

Hadron
Shower

⌫ ⌫

Z

Fe

Hadron
Shower

Coelho, J. A. B. (Tufts) MINOS NuFact 2013 5.1/ 30



Disappearance	  

The new precision frontier �



The New Goal Posts�

•  Disappearance beam νµ data has θ13 info embedded in it  �
–  2	  flavor	  analysis	  is	  not	  enough	  

•  3 flavor fits for δCP and MH performed on MINOS disappearance data 
and atmospheric νµ data�
–  MH	  informaJon	  is	  contained	  in	  atmospheric	  νµ 	  and	  anJ-‐νµ from	  charge	  sign	  

•  Then COMBINED with MINOS νe appearance data for information on δCP �

€ 

(sin2 2θeff ≈ sin
2 2θ23 :θ13 ≈ 0)



Mantle Resonance : atmospheric information �
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3 flavor analysis of disappearance�

•  These contours combine 
atmospheric and beam νµ 
data�

•  Everyone should make 
THESE contour plots�



•  MINOS has completed 
θ13 study�

•  Used 10.71x1020p.o.t 
and 3.36x1020p.o.t of 
antineutrinos�

•  T2K now really using 
the power of the L/E 
choice, near detector?  �

•  MINOS used ND for 
background 
measurements�

2θ13 � 	  	  	  	  	  (NH,δCP=0)	  0.051+0.038-‐0.030	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.150+0.039-‐0.034	  	  	  

	  	  	  (IH,δCP=0)	  0.093+0.054-‐0.049	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.182+0.046-‐0.040	  	  	  

Daya	  Bay	  :	  sin22θ13	  =	  0.089	  ±	  0.010(stat)	  ±	  0.005(syst)  



•  Solar mixing parameters fixed �

•  θ13 fit as nuisance parameter, constrained by reactor results�

•  𝛿CP , θ23, Δm2 unconstrained �CP , θ23, Δm2 unconstrained �

•  major systematic uncertainties included as nuisance parameters (15) �

Appearance	   Disappearance	  



•  Solar mixing parameters fixed �

•  θ13 fit as nuisance parameter, constrained by reactor results�

•  𝛿CP , θ23, Δm2 unconstrained �CP , θ23, Δm2 unconstrained �

•  major systematic uncertainties included as nuisance parameters (15) �
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MINOS+  
Started September 2013 for three years�

Precision search for non “standard” 
effects�



MINOS+ �
•  The overarching reason to run MINOS in the NuMI-NOνA beam is to 

look for “non-standard” physics in a previously “unexplored” region : �
–  Precision	  will	  be	  significantly	  increased	  (factor	  60	  in	  staJsJcs	  in	  3	  years)	  
–  Where	  else	  would	  you	  look	  for	  evidence	  of	  non-‐3x3	  effects?	  

•  Not at the oscillation maximum, main oscillation dominates�

•  3000 events/year between 4-10 GeV near oscillation maximum�

15	  





NuMI Intensity�

•  1e20 POTs already delivered since September �
•  Present power at 265-290kW �
•  Recycler being commissioned for protons (accept proton bunches and slip stack while MI 

ramping) �
•  RF cavities being refurbished for higher rate (15Hz compared to 7Hz) �
•  MI cycle time will be reduced to 1.3s from 2.2s�



MINOS Alone�

•  Solar mixing parameters fixed �

•  θ13 fit as nuisance parameter, constrained by reactor results�

•  𝛿CP , θ23, Δm2 unconstrained �CP , θ23, Δm2 unconstrained �

•  major systematic uncertainties included as nuisance parameters� 18	  
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MINOS+ �

•  Search	  for	  sterile	  neutrinos	  could	  be	  interesJng	  
•  Odd	  dip	  will	  likely	  turn	  out	  to	  be	  staJsJcs	  
•  OscillaJon	  spectrum	  prehy	  insensiJve	  to	  primary	  
oscillaJon	  parameters	  in	  this	  region	  



Comparison to Miniboone�
•  Our limit on θ24 can be 

combined with the Bugey 
limit on θ14 for comparison 
with MiniBooNE/LSND�

•  Stay tuned for the extension 
to higher and lower mass 
splittings�

•  MINOS+ will continue to 
pursue this analysis mode�

21	  ~ sin2 2θ14( )sin2θ24



Dimension 5 interactions�

22	  

•  Dimension	  5	  interacJons	  are	  natural	  for	  Majorana	  (Lepton	  number	  violaJng)	  neutrinos	  
•  Does	  not	  need	  a	  new	  force	  (like	  Dark	  Energy	  or	  Super	  Symmetry)	  
•  Somehow	  a	  new	  force	  is	  more	  interesJng,	  but	  surely	  less	  likely!!!	  
•  Alexander	  Friedland	  ,	  Cecilia	  Lunardini,	  Phys.Rev.D74:033012,2006.	  
•  OscillaJon	  spectrum	  prehy	  insensiJve	  to	  primary	  oscillaJon	  parameters	  in	  this	  region	  



Dimension 5 interactions�

23	  

•  Dimension	  5	  interacJons	  are	  natural	  for	  Majorana	  (Lepton	  number	  violaJng)	  neutrinos	  
•  Does	  not	  need	  a	  new	  force	  (like	  Dark	  Energy	  or	  Super	  Symmetry)	  
•  Somehow	  a	  new	  force	  is	  more	  interesJng?	  But	  surely	  less	  likely!!!	  
•  J.	  Kopp,	  P.A.N.	  Machado	  and	  S.Parke,	  Phys.Rev.D82:113002	  (2010).	  
•  OscillaJon	  spectrum	  prehy	  insensiJve	  to	  primary	  oscillaJon	  parameters	  in	  this	  region	  



NOνA  
Started September 2013 for 6-10 years�

The new frontier for neutrino oscillations�

The Mass Hierarchy and δCP �



NOνA �

  Massive,	  Low-‐Z,	  65%	  acJve	  Far	  Detector	  
  14	  kton,	  810	  km	  from	  source	  

  FuncJonally	  equivalent	  Near	  Detector	  to	  
miJgate	  systemaJc	  uncertainJes	  
  220	  ton	  Near	  Detector,	  1	  km	  from	  
source	  



The Far Detector �



The NOVA Detector �
• Fine	  grained,	  low	  Z,	  acJve	  tracking	  calorimeter	  
• 64%	  liquid	  scinJllator	  by	  mass	  
• WLS	  fibres	  looped	  in	  4x6cm	  cells	  of	  PVC	  extrusJon	  
• Each	  one	  to	  32	  pixels	  of	  Hamamatsu	  APDs	  

FD	  14kt,	  344,000	  channels,	  L/E=400	  
ND	  0.3kt,	  18,000	  channels,	  L/E=0.5	  



Status of FD Construction �

Over	  10,000	  modules	  and	  2	  million	  gallons	  of	  scinJllator	  so	  far	  



NOVA Near Detector �

 Very	  rapid	  progress	  here	  
 Cavern	  complete	  
 Last	  module	  due	  in	  New	  Year	  
 Then	  filling	  and	  electronics	  ousitng	  

νe	  background	  extrapola;on	  and	  
νµ	  disappearance	  “baseline”	  



•  One way is to compare neutrinos and anti-neutrinos�
•  The other way could be to assume the “standard 

model” and then compare with expectations : this only 
works at the maximum and minimum event expectations�

NOνA mass hierarchy reach �
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NDOS beam peak

! NDOS is the Near Detector prototype on the surface at Fermilab

! Clearly see the NuMI beam peak

! Validates the timing synchronization

C. Backhouse (Caltech) MINOS & NOνA December 19, 2013 21 / 33



Event topologies

! Very good granularity, especially considering scale
! X0 = 38cm (6 cell depths, 10 cell widths)

C. Backhouse (Caltech) MINOS & NOνA December 19, 2013 22 / 33



Far Detector data

NOvA - FNAL E929
Run:   11900 / 62
Event: 263639 / CAL

UTC Mon Dec 9, 2013
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! Commissioning Far Detector blocks as they are instrumented
! Showing one 500µs cosmic ray spill (beam window is ∼ 10µs)

C. Backhouse (Caltech) MINOS & NOνA December 19, 2013 23 / 33



NOνA sensitivities

! Assuming 18× 1020 POT neutrinos + 18× 1020 POT antineutrinos
! 6× 1020/yr for 3+3 years

! Assuming sin2 2θ13 = 0.095, sin2 2θ23 = 0.95 or 1.0
! ∆m2

32 = 2.35× 10−3eV2

Representative event counts for analyses:

νe selected ν ν̄
NC 19 10

νµ CC 5 < 1
Beam νe 8 5
Tot bkg 32 15
Signal 68 32

νµ selected ν ν̄
QE signal 82 49
NC bkg < 1 < 1

non-QE signal 168 78
NC bkg 14 6

Uncont. signal 233 134
NC bkg 6 3

(0-5GeV visible energy)

C. Backhouse (Caltech) MINOS & NOνA December 19, 2013 27 / 33



•  NOVA is experiment in the best available place RIGHT NOW!! �

•  Reach is dependent on luck, but it’s a ~50:50 chance �

NOνA mass hierarchy reach �
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NOνA+T2K mass hierarchy reach �
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•  NOVA is experiment in the best available place RIGHT NOW! �

•  Reach is improved slightly with T2K  �
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LATEST	  T2K	  projecJon	  is	  8.8e21	  by	  2021	  	  



Maximal Mixing and Octant�

•  Fitting QE, non-QE and uncontained 
events�

•  1% on Δm2 and sin22θ after 3+3 
years�

•  Exclude maximal mixing after 1+1 
years at 0.95 MINOS BFP (0.96) �

•  Less than 2 years in ν mode only) �
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•  Octant determination between 2 
and 3 sigma in 2 years (NOVA 
alone) �

•  Combining with MINOS(+) and T2K 
will improve this �
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•  Solar mixing parameters fixed �

•  θ13 fit as nuisance parameter, constrained by reactor results�

•  𝛿CP , θ23, Δm2 unconstrained �CP , θ23, Δm2 unconstrained �

•  major systematic uncertainties included as nuisance parameters (15) �

MINOS	  

NOVA	  
MINOS	  BFP	  (IH,	  Lower	  Octant,	  δ~π/2)	  
HUGE	  improvement	  over	  MINOS	  alone!	  



Hints of other things to come from NuMI? �

CHIPS  
CHerenkov detector In mine PitS �

This	  is	  not	  a	  new	  idea,	  IMB,	  GRANDE,	  
(LENA	  in	  JAPAN),	  but	  there	  is	  a	  	  bit	  of	  new	  
thinking:	  Beam	  Only,	  Fishing	  Industry,	  
CHEAP!	  “Cheap	  as	  Chips!”	  



•  Deploy from floating platform using industrial products from the fisheries industry�
•  Replace nets with PVC + KEE roofing membranes rated for continuous 

underwater use including aggressive oil spill environments, low permeability and 
light tight�

•  Fill with cleaned water for neutrino target�
•  Pit water acts as mechanical support�

 δCP : CHIPS concept�

Deployment concept for WCD below 50m depth

Active Volume

Barrier Membrane
Blocks Light &

Encloses Pure Water

“Sinker Tubes”

Wall PMTs
Deployed like LBNE

Deployment Cables

Floating Dock

Equipment Staging
Main Collar

Inner Edge Floats?

Top PMTs Deck
Assembled at Surface

Lower PMTs Deck
Assembled at Surface

Support Buildings

Veto Volume

Moorin
g Line

4
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R&D milestones and goals�

•  3-5 year R&D Proposal has been submitted to DOE/FNAL/STFC  �
•  End result is 10kt prototype and a final design for CHIPS full-

sized module (25-50kt, TBD) �
•  There are three deliverables within the overall CHIPS R&D 

program. These are: �
–  the	  pracJcal	  prototyping	  and	  verificaJon	  of	  the	  CHIPS-‐M,	  a	  

0.1kt	  model	  detector;	  (year	  1)	  
–  the	  full	  engineering	  design	  for	  the	  CHIPS-‐10,	  the	  10kt	  prototype	  

detector,	  its	  construcJon	  and	  its	  associated	  physics	  
measurements;	  (years	  2-‐4/5)	  

–  the	  full	  engineering	  design	  for	  CHIPS-‐25	  (”25”	  here	  refers	  to	  an	  
educated	  guess	  of	  what	  the	  opJmal	  module	  size	  will	  eventually	  
be	  and	  is	  not	  prescripJve)	  (year	  3)	  

•  First contract already signed for frame contruction �



Getting started fast�

•  Starting small can still yield 
important results �

42	  
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Slow	  but	  conJnuous	  detector	  growth	  could	  
be	  possible	  allowing	  low	  and	  constant	  
funding	  level	  ($5-‐10M/yr)	  
Real	  costs	  and	  processes	  can	  be	  fully	  
understood	  avoiding	  huge	  conJngencies	  



Summary �

•  The scientific landscape in the US is exciting, with the best 
neutrino beam in the world for the forseeable future in the 
only arena in PP where there is new physics. �

•  MINOS+ will investigate a new region of unexplored territory�
–  And	  conJnue	  to	  lead	  on	  Dm2	  for	  the	  near	  future	  
–  Comparison	  with	  Daya	  Bay	  could	  be	  interesJng	  (different	  dm2)	  

•  All eyes on NOVA: will they be lucky and see MH? �
•  The NuMI and LBNE programs will provide seamless access to 

the worlds highest intensity neutrino beam for decades to 
come�

•  Intermediate (NuMI) potential is THE advantage the US has 
over the Japanese and CERN if people want results this 
decade�
–  Each	  neutrino	  detected	  at	  NuMI	  will	  contribute	  to	  the	  LBNE	  

measurement	  for	  δCP	  and	  mass	  hierarchy	  
43	  



CHIPS@LBNE 
2nd Detector for 2nd Oscillation peak�

The far future�



CHIPS@LBNE (20mr off axis) �
Pactola	  Resevoir,	  SD	  

•  There is (at least) one (40m 
depth) reservoir in the beam 
line�

•  Proof of principle for Mt scale 
detectors at a cost of ~ 
$0.2-0.5M/kt? �

•  If proof of principle works, 
it’s a necessary upgrade/
augmentation path for LBNE�
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Pros of 2nd detector : X.Qian BNL �

•  2nd oscillation maximum locates 
around 0.8 GeV �
–  Large	  quasi-‐elasJc	  x-‐sec	  
–  Suitable	  for	  water	  Cerenkov	  
detector	  

•  High efficiency for QE events �

•  Cheaper compared to LAr given a 
fixed target mass�

LBNE	  collaboraJon	  meeJng	  Sep	  2013	   46	  

Water	  Cerenkov	  detector	  has	  high	  performance	  
cost	  raJo	  



CHIPS �

•  CHIPS can make very big inroads into δcp �
•  Combination of on and off-axis gives good 

complementarity with NOVA �
•  LBNE could build SUBSTANTIALLY on CHIPS �
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 δCP : CHIPS concept�

•  Concept for Space Frame�

•  Drawings from UT�

•  Design of space frame first 
step�



Simulation package�

•  Simple design of water Cherenkov detectors has not had 
the luxury of real simulation before�

•  Certain questions need to be answered �
–  For	  the	  specific	  mission	  of	  CHIPS,	  to	  reject	  π0	  events	  and	  
accept	  νe	  events	  in	  a	  neutrino	  beam	  

•  Is uniform coverage the best solution �

•  Is uniform PMT size the best solution �

•  Are there cost savings to be made by optimizing the above? �

•  The package (when completed) will be a very Useful Tool. �

•  Super-K now have this also, but we don’t. �



The nuts and bolts : this coming year �

•  Design and build 5m (h) x 3m (r) mechanical structure�
•  Deliver 2 shipping containers for DAQ and Purification plant�
•  Deploy “small” liner �

–  Roofing	  company	  will	  “construct”	  it	  
–  Test	  robustness,	  light	  Jghtness,	  winter	  

•  Layout pipe work and cables�
•  Deploy 5 IceCube re-fitted DOMS with ad-hoc fixtures�
•  Test PMT signals on cables at DAQ: understand timing �
•  Build small (subpart) purification plant�
•  Demonstrate Ice Defense over winter �
•  Use Soudan surface building to stage equipment�
•  Use simulation to aid 10kt module design �



Introduction �

•  The long baseline experiments start off with νµ and look for 
disappearance of νµ and appearance of νe�

•  L/E is the important variable, as plotted �
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Large extra dimensions with MINOS+ �
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P.A.N.Machado,H.Nunokawa,R.Zukanovich	  Funchal,	  hep-‐ph/1101.003v1	  

Half micron sized extra 
dimensions can be observed!! �
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