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Fermilab Exp:
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NuMI: MINOS, ArgoNeut, NOvA
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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sin2 θ13 ≡ |Ue3|2, sin2 θ12 ≡
|Ue2|2

(1− |Ue3|2), sin2 θ23 ≡
|Uµ3|2

(1− |Ue3|2)
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2
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Neutrino Masses & Mixings:

Chooz bound assuming sin2 θ23 = 1
2

θ13 �= 0 allows νe to oscillate at the Atmospheric scale 500km/GeV !!!

(as well as the Solar scale 15,000km/GeV)

CPV and Mass Hierarchy
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Masses and Mixings
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The leptonic, or Pontecorvo-Maki-Nakagawa-Sakata (PMNS), mixing matrix U can be
written as

U =





c12 c13 s12 c13 s13 e−iδ

−s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ s23 c13
s12 s23 − c12 c23 s13 eiδ −c12 s23 − s12 c23 s13 eiδ c23 c13



P , (1)

where cij = cos θij , sij = sin θij and δ is the unknown Dirac CP-violating phase. The two
equally unknown Majorana phases [1,2] appear in P = diag(1, eiφ2, eiφ3). We will focus on
the implications of δ in this letter. Namely, we discuss some aspects of unitarity of U and
Dirac-like CP violation in the form of unitarity triangles and boomerangs [3–5].
In the standard parametrization given above, U is obtained by three consecutive rotations:

U = R23(θ23) R̃13(θ13; δ)R12(θ12) ,where e.g.,

R12(θ12) =





c12 s12 0
−s12 c12 0
0 0 1



 , R̃13(θ13; δ) =





c13 0 s13 e−iδ

0 1 0
−s13 eiδ 0 c13



 .
(2)

One notes that at zeroth order lepton mixing is well described (see Table 1) by tri-
bimaximal mixing (TBM) [6]

UTBM =
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, (3)

or UTBM = R23(π/4)R12(θTBM), where sin2 θTBM = 1
3 . Accepting this rather economic

scheme as the zeroth order description, makes possible to parameterize the PMNS matrix
around UTBM, i.e. [7]

U = R23(π/4)UεR12(θTBM) , where Uε = R23(ε23) R̃13(ε13; δ)R12(ε12) . (4)

The commonly used neutrino mixing observables are then obtained as zeroth order terms
given by their TBM-values, and corrections in terms of the small εij :
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θ13 from Reactor Disappearance

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2 ∆atm

<10%
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Figure 18: sin2(2θ13) sensitivity limit for the detectors installation scheduled scenario

There are a number of important observations which can be gleaned from Figure 21. First
of all, assume that Double Chooz starts as planned (solid Double Chooz curves). Then it will
quickly exceed the sin2 2θ13 discovery reach of MINOS and CNGS, especially after the near detector
is online (left panel). It will be the most sensitive experiment until at least 2011 and its sin2 2θ13

discovery potential is remarkable. In some scenarios, like inverted mass hierarchy and specific values
of δCP, the reactor measurement would have the best discovery potential. Note, that even the far
detector of Double Chooz alone would improve the current bounds on sin2 2θ13 considerably down
to 0.04 after 4 years and 0.03 after 10 years at the 90% confidence level. The information gained
by Double Chooz can also be used for a fine-tuning of the running strategy of second generation
superbeams with anti-neutrinos. If a finite value of sin2 2θ13 were established at Double Chooz, the
superbeam experiments could possibly avoid the time consuming (due to lower cross sections) anti-
neutrino running and gain more statistics with neutrinos. The breaking of parameter correlations
and degeneracies could in this case be achieved by the synergy with the Double Chooz experiment.

The Chooz reactor complex even allows for a very interesting upgrade, called Triple Chooz [42].
There exists another underground cavern at roughly the same distance from the reactor cores as
the Double Chooz far detector. A 200 t detector could be constructed there without requiring
significant civil engineering efforts. This upgrade would in principle be equivalent to the Reactor-
II setup described in Reference [3]. Figure 21 shows that it could play a leading role, since its
sensitivity is unrivaled by any of the first generation beam experiments for the next decade and
even the discovery potential is excellent and covers more than 1/2 of the region superbeams can
access. In the case of a value of sin2 2θ13 not too far below the current CHOOZ bound, this might
even lead to the possibility to restrict the CP parameter space at superbeams for large enough
luminosities. The advantage offered by this staged approach compared to other reactor projects

36

They are the most powerful reactor type in operation in the world. One unusual characteristic of
the N4 reactors is their ability to vary their output from 30% to 95% of full power in less than
30 minutes, using the so-called gray control rods in the reactor core. These rods are referred to as
gray because they absorb fewer free neutrons than conventional (“black”) rods. One advantage is
greater thermal homogeneity. A total of 205 fuel assemblies are contained within each reactor core.
The entire reactor vessel is a cylinder 4.27 m tall and 3.47 m diameter. The first reactor started
full-power operation in May 1997, and the second one in September of the same year.

The Double Chooz experiment will employ two almost identical detectors of medium size, each
containing 10.3 cubic meters of liquid scintillator target doped with 0.1% of gadolinium (see Sec-
tion 4). The neutrino laboratory of the first CHOOZ experiment,1 located 1.05 km from the two
cores of the Chooz nuclear plant, will be used again (see Figure 3). This is the main advantage of
this site compared with other locations. We label this site the far detector site or Double Chooz-

Figure 1: Overview of the experiment site.

far. A sketch of the Double Chooz-far detector is shown in Figure 5. The Double Chooz-far site
is shielded by about 300 m.w.e. of 2.8 g/cm3 rock. It is intended to start taking data at Double
Chooz-far at the beginning of 2008.

1For clarity, the first reactor neutrino experiment conducted at the Chooz reactor is herein referred to in uppercase.
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T.L. (Saclay) - NO-VE 2006 -

One nuclear plant & two detectors

Nuclear reactor

1,2 core(s) ! ON/OFF : ok

! 4 cores !  ON/OFF : no !

Near detector

5-130 tons

> 50 mwe

Far detector

5-130 tons

> 300 mwe

 D1 = 0.1-1 km D2 = 1-3 km

"e "e,µ,!

#  Isotropic  "e  flux (uranium & plutonium fission fragments)

#  Detection tag :  "e + p ! e+ + n,  <E>~ 4 MeV,  Threshold ~1.8 MeV

" Disappearance  experiment:

   suppression+shape distortion between the 2 “IDENTICAL” detectors

10
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2
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!
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im
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Exposure time in years

Near and Far simultaneously
Far + Near 1.5 years later

Far detector only

Figure 18: sin2(2θ13) sensitivity limit for the detectors installation scheduled scenario

There are a number of important observations which can be gleaned from Figure 21. First
of all, assume that Double Chooz starts as planned (solid Double Chooz curves). Then it will
quickly exceed the sin2 2θ13 discovery reach of MINOS and CNGS, especially after the near detector
is online (left panel). It will be the most sensitive experiment until at least 2011 and its sin2 2θ13

discovery potential is remarkable. In some scenarios, like inverted mass hierarchy and specific values
of δCP, the reactor measurement would have the best discovery potential. Note, that even the far
detector of Double Chooz alone would improve the current bounds on sin2 2θ13 considerably down
to 0.04 after 4 years and 0.03 after 10 years at the 90% confidence level. The information gained
by Double Chooz can also be used for a fine-tuning of the running strategy of second generation
superbeams with anti-neutrinos. If a finite value of sin2 2θ13 were established at Double Chooz, the
superbeam experiments could possibly avoid the time consuming (due to lower cross sections) anti-
neutrino running and gain more statistics with neutrinos. The breaking of parameter correlations
and degeneracies could in this case be achieved by the synergy with the Double Chooz experiment.

The Chooz reactor complex even allows for a very interesting upgrade, called Triple Chooz [42].
There exists another underground cavern at roughly the same distance from the reactor cores as
the Double Chooz far detector. A 200 t detector could be constructed there without requiring
significant civil engineering efforts. This upgrade would in principle be equivalent to the Reactor-
II setup described in Reference [3]. Figure 21 shows that it could play a leading role, since its
sensitivity is unrivaled by any of the first generation beam experiments for the next decade and
even the discovery potential is excellent and covers more than 1/2 of the region superbeams can
access. In the case of a value of sin2 2θ13 not too far below the current CHOOZ bound, this might
even lead to the possibility to restrict the CP parameter space at superbeams for large enough
luminosities. The advantage offered by this staged approach compared to other reactor projects

36

They are the most powerful reactor type in operation in the world. One unusual characteristic of
the N4 reactors is their ability to vary their output from 30% to 95% of full power in less than
30 minutes, using the so-called gray control rods in the reactor core. These rods are referred to as
gray because they absorb fewer free neutrons than conventional (“black”) rods. One advantage is
greater thermal homogeneity. A total of 205 fuel assemblies are contained within each reactor core.
The entire reactor vessel is a cylinder 4.27 m tall and 3.47 m diameter. The first reactor started
full-power operation in May 1997, and the second one in September of the same year.

The Double Chooz experiment will employ two almost identical detectors of medium size, each
containing 10.3 cubic meters of liquid scintillator target doped with 0.1% of gadolinium (see Sec-
tion 4). The neutrino laboratory of the first CHOOZ experiment,1 located 1.05 km from the two
cores of the Chooz nuclear plant, will be used again (see Figure 3). This is the main advantage of
this site compared with other locations. We label this site the far detector site or Double Chooz-

Figure 1: Overview of the experiment site.

far. A sketch of the Double Chooz-far detector is shown in Figure 5. The Double Chooz-far site
is shielded by about 300 m.w.e. of 2.8 g/cm3 rock. It is intended to start taking data at Double
Chooz-far at the beginning of 2008.

1For clarity, the first reactor neutrino experiment conducted at the Chooz reactor is herein referred to in uppercase.
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1 − �P (νe → νe)� ∼ 1.0 − 3.0% at 90% CL

�P (νµ → νe)� ∼ 0.5 − 1.0% at 90% CL
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735 kmMain Injector Neutrino Oscillation Search (MINOS)

735 km to the far detector735 km to the far detector

Main Injector

Proton target

MINOS near detector

To Soudan, MN

Ryan Patterson, Caltech Fermilab Users' Meeting 2011



Oscillation interpretation:

- Parameter space shown at left.
- Most precise !m2     measurement:

Strongly disfavored
alternative interpretations:
 

Neutrino decay: >7!
 

Decoherence: >9!

2006

2008

2010

atm

Ryan Patterson, Caltech

!"#$%&'()*'!"#&'+,+,-+'./-++0

MINOS:



MINOS + Sterile:

Oscillation interpretation:

- Parameter space shown at left.
- Most precise !m2     measurement:

Strongly disfavored
alternative interpretations:
 

Neutrino decay: >7!
 

Decoherence: >9!

2006

2008

2010

atm

Ryan Patterson, Caltech

!"#$%&'()*'!"#&'+,+,-+'./-++0

MINOS 2010 data sample shown in black. Realistic estimates for the MINOS efficiency and energy
resolution have been applied in the following studies.

Figure 2: The energy spectra of neutrinos produced with the NUMI-NOνA beam (left). The black
points show the spectrum of CC events which would be seen at MINOS, the red histogram is the
spectrum of the events at the NOνA experiment. The ratio of oscillated to un-oscillated rates is
shown at right for MINOS+ with the present data points from the MINOS 5 year period up to
2010 overlaid in black.

4 Physics reach of MINOS+

What follows are the results of studies of the reach of the measurements which could be made in
the NuMI-NOνA beam. They are ordered in terms of probability of success, starting off with the
measurements which are certain to contribute to world knowledge and ending with examples of
much more speculative new physics which could be identified in the high energy neutrino energy
spectrum. What is interesting is the very wide range of disparate new physics which could show
up in this energy range :

• Measurement of sin22θ and ∆m2 with higher precision

• Measurement of sin2 2θ23 and ∆m2with higher precision

• Study of High Energy Neutrinos

• Search for Sterile Neutrinos

• Search for Tau Neutrinos

• Non-Standard Interactions

• Measurement of the Neutrino Time of Flight

5



  

! "
#
 disappearance observed at 6.3$  C.L.

! Well described by flavor oscillations:

        observed in the Far Detectorobserved in the Far Detector

"" //""  compatibility compatibility
at only 2% C.L.at only 2% C.L.stat. errors

dominate

!"#$%&'()*+,-../01/200'34/..5

""##

MINOS:

NOvA ( T2K ? ) will address this !!!



Stephen Parke                                      Nu Landscapes @  PAC, Snowmass                                    June 23, 2011                      

SuperK:  Neutel Workshop (Wilkes)

10

»  No evidence for CPT violation in SK atmospheric data     
»  Field theories are still safe... 

MINOS 2010  

CPTv 99% 
CPTv 90% 
CPTv 68% 

CPTv 99% 

CPTv  ! 90% 

Equal neutrino and antineutrino 
mixing favored by the data 

Preliminary 

n Best Fit 

"m2  2.1 x 10-3 eV2 

sin2 2#  1.0  

n Best Fit 

"m2  2.0 x 10-3 eV2 

sin2 2#  1.0 

$2 468.8 / 416 D.O.F 

SK 2806 Days 

!  CPT theorem: P(!% !) and P(!% !) should be the same.  
!  Test ! oscillation or ! oscillation separately.   

_ _ 
_ 

13 

in vacuum!!!



  

!
C

P
/"

2
 
sin

2#
23 

sin
2
2#

13

sin
2
(2#

13
) allowed range

depends on CP-phase ! and 
mass hierarchy [sign(∆m2)]

90% C.L. allowed ranges

Oscillation interpretation of the data (2010)

(for sin
2
2#

23
=1)

    Representative 90% C.L. limits: 
$%put  !CP=0,  #23="/4

 

  normal hier.  &    sin22#13 < 0.12
  inverted hier. &    sin22#13 < 0.20 (other oscillation parameters'

uncertainties taken into account)

Ryan Patterson, Caltech Fermilab Users' Meeting 2011

!"#$%&''()*'!"&'+,--+.'/.+-+0

MINOS:



  

Look for a new !13
result this summer.

New for 2011 analysis

" 30% improvement in sin2(2!13) sensitivity over 2010 result
 

" 24% improvement from the analysis upgrades alone
(roughly half from new selector, half from fitting)

 
" Below: preliminary 90% C.L. sensitivity for 8.17×1020 p.o.t. analysis

Ryan Patterson, Caltech Fermilab Users' Meeting 2011

MINOS:

“Tomorrow”



MINOS Summary
! New "

#
 disappearance result

   $ precision mass-splitting measurement:

 

! High-purity "
#
 measurement

$ some tension (2% C.L. agreement w/ "
#
)

$ updated result this summer
 

! New sin2(%13) limits
$ improved sensitivity this summer
 

! No evidence for sterile mixing:
   $ fs < 0.22 (90% C.L.; %

13
=0)

 

! Did not cover...
& physics with atmo. neutrinos, cosmic rays
& neutrino/antineutrino cross sections
& other BSM physics searches

 

! MINOS+ proposed to collect large sample of 4–10 GeV

" and anti-" interactions parasitically during NO"A running
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21
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Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):
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Interference term different for ν and ν̄: CP violation !!!
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Vacuum LBL:
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Matter Effects:

sin∆31 ⇒
�

∆31
∆31∓aL

�
sin(∆31 ∓ aL)

sin∆21 ⇒
�

∆21
∆21∓aL

�
sin(∆21 ∓ aL)

sin∆32 ⇒ sin∆32

{δm2 sin 2θ} is invariant

and

a = GFNe/
√

2
= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) �= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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with MATTER



Report on T2K Result:
http://jnusrv01.kek.jp/public/t2k/index.php

Paper:   http://arxiv.org/abs/1106.1238
Talk:      http://jnusrv01.kek.jp/public/t2k/sites/default/files/t2k-nue1st.pdf
Press:    http://www.kek.jp/intra-e/press/2011/J-PARC_T2Kneutrino.html

3

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

!"#実験の最新結果

市川温子　京都大学$
%&'$()*$!"#$+&,,-.&'-/&0

1

! Discovery of νμ → νe oscillation (νe appearance)

! Precision measurement of νμ disappearance

T2K Main Goals:

3

http://jnusrv01.kek.jp/public/t2k/index.php
http://jnusrv01.kek.jp/public/t2k/index.php
http://arxiv.org/abs/1106.1238
http://arxiv.org/abs/1106.1238
http://jnusrv01.kek.jp/public/t2k/sites/default/files/t2k-nue1st.pdf
http://jnusrv01.kek.jp/public/t2k/sites/default/files/t2k-nue1st.pdf


Total # of protons used for analysis
ac
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seRun 1

  # of bunch : 6 → 8
  rep. rate : 3.64s 
                 → 3.2s → 3.04s

Run 1 (Jan. ʼ10 - June ʼ10)
- 3.23 x 1019 p.o.t. for analysis
- 50kW stable beam operation

Run 2 (Nov. ʼ10 - Mar. ʼ11)
- 11.08 x 1019 p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2Kʼs final goal and ~5 times exposure of the previous report

Run 2

50kW

145kW
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The expected number of events for sin22θ13=0

Beam νe 
background

NC
background

Oscillated
νμ→νe

(solar term)
Total

The expected # 
of events at SK 0.8 0.6 0.1 1.5

The expected number of events with 1.43 x 1020 p.o.t.

NexpSK tot. = 1.5 events

Nexp
SK NC bkg. = Rµ, Data

ND ×
NMC

SK NC bkg.

Rµ, MC
ND

# of NC background is calculated by

34

Psol ~ 0.0010 at first
oscillation max.

comparable
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) Data
Osc. e CC
!+ ! CC
e CC

NC

Reconstructed ν energy cut (Erec < 1250 MeV) : Final cut

6 candidate events 
remain after all cuts !!

(Nexp = 1.5 ± 0.3  at sin22θ13=0)

(MC w/ 
  sin22θ13 = 0.1)

51

Results for νe appearance search
with 1.43 x 1020 p.o.t.

for sin22!13=0

The observed number of events is 6
The expected number of events is 1.5 ± 0.3

Under the θ13=0 hypothesis, the probability to 
observe six or more candidate events is 0.007 
(equivalent to 2.5σ significance)

55

Results for νe appearance search
with 1.43 x 1020 p.o.t.

for sin22!13=0

The observed number of events is 6
The expected number of events is 1.5 ± 0.3

Under the θ13=0 hypothesis, the probability to 
observe six or more candidate events is 0.007 
(equivalent to 2.5σ significance)
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νe candidate event
Super-Kamiokande IV
T2K Beam Run 0 Spill 1039222
Run 67969 Sub 921 Event 218931934 
10-12-22:14:15:18
T2K beam dt =  1782.6 ns
Inner: 4804 hits, 9970 pe
Outer: 4 hits, 3 pe
Trigger: 0x80000007
D_wall: 244.2 cm
e-like, p = 1049.0 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

0 mu-e
decays

0 500 1000 1500 2000
0

260

520

780

1040

1300

Times (ns)

visible energy : 1049 MeV
# of decay-e   : 0 
2γ Inv. mass   : 0.04 MeV/c2

recon. energy : 1120.9 MeV
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Further check

e

Beam direction

θbeam

Check several distribution of !e candidate events   

(MC w/ 
  sin22θ13 = 0.1)

0

1

2

3

-1 -0.5 0 0.5 1
cos beam

Nu
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r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

53Vertex distribution of !e candidate events   

* Check distribution of events outside FV  → no indication of BG contamination

These events are clustered at large R
  → Perform several checks.  for example

beam direction

-2000

-1000

0

1000

2000

0 1000 2000 3000
x 10

3Vertex R2 (cm2)

Ve
rte

x 
Z 

(c
m

)

-2000

-1000

0
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-2000 -1000 0 1000 2000
Vertex X (cm)
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Y 

(c
m

)

Event outside FV

* K.S. test on the R2 distribution yields a p-value of 0.03
* Check distribution of OD events  → no indication of BG contamination
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Allowed region of sin22θ13 
as a function of δCP 

(assuming Δm223=2.4 x 10-3 eV2, sin22θ23=1)

0.03 < sin22θ13 < 0.28 0.04 < sin22θ13 < 0.34
90% C.L. interval & Best fit point (assuming Δm223=2.4 x 10-3 eV2, sin22θ23=1, δCP=0)

1322sin
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T2K
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sin22θ13 = 0.11 sin22θ13 = 0.14
57

Chooz bound assuming sin2 θ23 = 1
2
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FIG. 4: Values of 2 sin2(2θ13) sin
2
θ23 and δCP that produce

a number of candidate events in the Far Detector consistent
with the observation for the normal hierarchy (top) and in-
verted hierarchy (bottom). Black lines show those values
that best represent our data. Red (blue) regions show the
90% (68%) C.L. intervals. The CHOOZ limit is drawn for
∆m

2
32=2.43× 10−3eV2, sin2(2θ23)=1.0

δCP that give a number of events consistent with our ob-
servation. The oscillation probability is computed using
a full 3-flavor neutrino mixing framework with matter
effects [25, 26], which includes a dependence on the neu-
trino mass hierarchy. Statistical and systematic uncer-
tainties are included when constructing the confidence
intervals via the Feldman-Cousins approach [27]. The
variations of the values of |∆m2

32|, ∆m2
21, sin

2θ23, and
sin2(2θ12) within their experimental errors [1, 5–7] are
included in the computation of the contours.
In conclusion, we report improved constraints on

2 sin2(2θ13) sin
2θ23 from the search for νe appearance by

the MINOS experiment. The 54 events selected in the
Far Detector are 0.7σ higher than the expected back-
ground of 49.1± 7.0(stat.)± 2.7(syst.). Interpreted as an
upper limit on the probability of νµ → νe oscillations,

our data require 2 sin2(2θ13) sin
2θ23 < 0.12 (0.20) at the

90% C.L. at δCP = 0 for the normal (inverted) hierar-
chy. This measurement represents the best constraint on
the value of θ13 for nearly all values of δCP assuming the
normal mass hierarchy and maximal sin2(2θ23).
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FIG. 6. The 68% and 90% C.L. regions for sin2 2θ13 for each value of δCP, consistent with the

observed number of events in the three-flavor oscillation case for normal (top) and inverted (bottom)

mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values are shown

with solid lines.
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T2K:

Chooz bound assuming sin2 θ23 = 1
2
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Cmbining MINOS and T2K results
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Significance of θ13 �= 0 reduced in combination

Method not accurate enough for quantitative statements!

Joachim Kopp Combining T2K and MINOS results 4



Gianluigi Fogli XIII International Workshop on “Neutrino Telescopes”, Venice, March 10, 2009 

In August, Schwetz, Tortola, Valle (arXiv:0808.2016) also found a preference for 
!13 > 0 from the latest solar+KamLAND data, at a slightly higher CL (~ 1.5 sigma):  

18 

Event 4 

From Schwetz, Tortola, Valle 
New J.Phys.10:113011,2008 

(arXiv:0808.2016)  

Gianluigi Fogli XIII International Workshop on “Neutrino Telescopes”, Venice, March 10, 2009 

sin2!13 ~ 0.02 ± 0.01 

namely, an overall indication at ~ 2 sigma (95% CL) 

37 

A combination at face value gives … 

the odds against null !13 are now 20 to 1 !     

In other words …   

Other:



The NOvA Experiment 

P. Vahle, FNAL 2011 

5 

!  Two detector, long-baseline neutrino  
 oscillation experiment 

!  Off-axis neutrinos from NuMI beam  
!  L/E~400 km/GeV,  

 atmospheric Δm2#

!  Physics goals: 
!  Search for !µ"!e transitions 

(with both neutrinos and 
antineutrinos) 

! measure/limit θ13#
!  determine mass hierarchy 
!  constrain CP violating phase 
!  precision measurements of  
#Δm2, θ23#

Long Baseline + Nu and AntiNu running



Sensitivity 

!  Sensitivity to sin2(2!13) after 3 
years each of neutrino beam 
and antineutrino beam  

!  Sensitivity to mass hierarchy 

P. Vahle, FNAL 2011 
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95% CL Resolution of the Mass Ordering
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Best-case ! for normal MH 

5 Peter Shanahan - NOvA/Fermilab Fermilab Wine & Cheese - June 17, 2011 

sin2(2"13) 
sin2(2"13) NO#A Only 

Left: MH 
resolved at 95% 
CL  

Right: MH 
not resolved  

Both scenarios: ! constrained 
to upper half of plane 

Best-case ! for normal MH 

5 Peter Shanahan - NOvA/Fermilab Fermilab Wine & Cheese - June 17, 2011 

sin2(2"13) 
sin2(2"13) NO#A Only 

Left: MH 
resolved at 95% 
CL  

Right: MH 
not resolved  

Both scenarios: ! constrained 
to upper half of plane 

Best-case ! for normal MH 

5 Peter Shanahan - NOvA/Fermilab Fermilab Wine & Cheese - June 17, 2011 

sin2(2"13) 
sin2(2"13) NO#A Only 

Left: MH 
resolved at 95% 
CL  

Right: MH 
not resolved  

Both scenarios: ! constrained 
to upper half of plane 



At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + O[(aL) sin δ]

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

– Typeset by FoilTEX – 13

νµ → νe and ν̄µ → ν̄e

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + O[(aL) sin δ]

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

sin2 θ23 = 0.6

sin2 θ23 = 0.4
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At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + O[(aL) sin δ]

directly comparable to reactor
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• Curves represent average 
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Implications of θ13 �= 0 for future experiments
Can expect constraints on δCP from T2K, NOνA, reactors
Need anti-neutrino runs
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MiniBooNE Physics Goals and Recent Publications 

Fermilab Institutional Review, June 6-9, 2011 6 

•! !e and !e appearance 
•! “Event Excess in the MiniBooNE Search for !µ       !e Oscillations,” Phys. Rev. Lett. 

105,181801 (2010) 

•! !µ and !µ disappearance 

•! !µ and  !µ cross section measurements 
•! “Measurement of neutrino-induced charged-current charged pion production cross 

sections on mineral oil at E! ~1 GeV,” Phys. Rev. D83, 052007 (2011) 

•! “Measurement of !µ-induced charged-current neutral pion production cross 

sections on mineral oil at E! from 0.5-2.0 GeV,” Phys. Rev. D83, 052009 (2011) 

•! “Measurement of the neutrino neutral-current elastic differential cross section,” 

Phys. Rev. D82, 092005 (2010) 

•! “First measurement of the muon neutrino charged current quasielastic double 

differential cross section,” Phys. Rev. D81, 092005 (2010) 

•! “Measurement of !µ and !µ-induced neutral current single "0 production cross 

sections on mineral oil at E! ~1 GeV,” Phys. Rev. D81, 013005 (2010) 

 20 publications (8 in 2010-2011) 



BNB Oscillation Summary 

Fermilab Institutional Review, June 6-9, 2011 11 

Low energy excess (below 475 MeV) 

•! MB: 3! "e-like excess in neutrino mode (128 ± 43 events) 

 Does not fit simple 2" oscillation hypothesis 

•! MB: Negligible excess in anti-neutrino mode (18 ± 14 events) 

Rules out some explanations of neutrino-mode excess 

LSND-like signal (above 475 MeV) 

•! MB: No evidence of "e excess in neutrino mode 

•! MB: 2.7! excess in anti-neutrino mode 

Null hypothesis 0.5% probable, 2" fit prefers LSND-like signal at 99.4% CL 

"µ and "µ disappearance 

•! MB: No evidence in neutrino or anti-neutrino mode 

•! MB + SB: No evidence in neutrino mode  

More precise anti-neutrino joint analysis underway 

SciBooNE MiniBooNE 

" mode 0.99 x 1020 POT 6.5 x 1020 POT 

" mode 1.53 x 1020 POT 8.7 x 1020 POT 



MiniBooNE: Expected sensitivity with additional ! data 

Fermilab Institutional Review, June 6-9, 2011 12 

With 15 x 1020 POT ! significance 
could grow to 3.7", or fall back to 

include null at 95% CL. 

Analysis of 8.5 x 1020 POT 
will be released this summer. 



MiniBooNE Cross Sections 

Fermilab Institutional Review, June 6-9, 2011 20 

Neutrino cross sections are not well-known below ~2 GeV 

MiniBooNE CC 

quasi-elastic cross 

section ~30% higher 

than “standard” QE 

prediction 

MINER!A, MINOS, ArgoNeuT 

If discrepancy is due to extra nucleons, MINER!A, MINOS, and 

ArgoNeuT are all capable of detecting them, and they cover the 

gap between MiniBooNE and NOMAD data! 



SciBooNE Physics Goals and Recent Publications 

Fermilab Institutional Review, June 6-9, 2011 10 

•! !µ and  !µ cross section measurements 
•! “Measurement of K+ production cross section by 8 GeV protons using high energy 

neutrino interactions in the SciBooNE detector,” arXiv:1105.2871, submitted to 

Phys. Rev. D (2011) 

•! “Measurement of inclusive charged current interactions on carbon in a few-GeV 

neutrino beam,” Phys. Rev. D83, 012005 (2011) 

•! “Improved measurement of neutral current coherent "0 production on carbon in a 

few-GeV neutrino beam,” Phys. Rev. D81, 111102(R) (2010) 

•! Measure background processes for oscillation 

experiments (T2K) 

•! Act as MiniBooNE near detector 

 5 publications (3 in 2010-2011) 
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ArgoNeuT in the NuMI Beamline 
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ArgoNeuT in the MINOS hall 
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POT Delivered

POT Acquired

!mode" !mode"
Uptime: 85.64%

ArgoNeuT POT delivered and accumulated

175 liter liquid argon TPC 

Physics run: Sept. 2009 – Feb. 2010 

Data collected:  ~1.35 x 1020 P.O.T. 

 0.1 x 1020 !-mode, 1.25 x 1020 !-mode 

Cryocooler failure 

(otherwise, uptime ~99%) 

Coming this summer! 
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Abstract13

ArgoNeuT has recently collected thousands of neutrino and anti-neutrino events in the NuMI

beamline at Fermilab. The main physics thrust of the experiment is to measure neutrino cross

sections in the 0.1-10 GeV energy range. Fully reconstructing the muon is imperative to measur-

ing muon-neutrino charged current cross sections. This paper focuses on the complete kinematic

reconstruction and identification of muons and line-like tracks in general with ArgoNeuT’s auto-

mated reconstruction software. The various pattern recognition and characterization algorithms

implemented in the software are described in detail with a focus on reconstructing neutrino-

induced through-going muons, rather than neutrino events themselves. Along with being impera-

tive to detector calibration, a high statistics sample of minimum ionizing, line-like tracks provides

a means of measuring the electron drift velocity and lifetime in the liquid argon.

Keywords:14

1. Introduction15

Liquid Argon Time Projection Chambers (LArTPCs) are well suited for the study of neutrino16

interactions thanks to their unique combination of scalability, fine-grained tracking, and calorime-17

try. LArTPCs were proposed in the 1970s and have a long history of development in Europe [1, 2].18

Until recently, only one LArTPC has ever been exposed to a neutrino beam [3]. There is consid-19

erable interest in developing this detector technology, with the goal of deploying a massive multi-20

kiloton LArTPC in a far-detector location as part of a long-baseline neutrino oscillation experiment21

and proton decay search, among other physics goals.22

LArTPCs rely on the ability to drift ionization created in a neutrino interaction through a23

volume of highly purified liquid argon to a set of instrumented readout planes. The readout planes24

consist of finely spaced (mm-scale) wires, with neighboring planes oriented at varying angles to25

Preprint submitted to Elsevier March 21, 2011

What’s Next! 
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•! Cross sections for CC QE-like ! and ! from 1-5 GeV 

•! Low statistics (but ICARUS 50-liter meas. with ~80 events) 

•! Initial focus: analyze ~2 weeks of !-mode data 

•! Study inclusive CC sample 

•! Data/MC comparisons 

•! Start to look at ! data this fall! 



MicroBooNE will : 
•   Fully test the LAr TPC technology at a scope and 

scale that will help inform the design and operation of 
very large LAr TPC detectors for next-generation 
neutrino oscillation experiments.  
!  Purity without evacuation; cold electronics; 2.5 m drift 

•  Investigate the source of the excess of low energy 
electron-type neutrinos observed by the MiniBooNE 
experiment using the unique electron-photon 
discrimination power offered by a LAr TPC.  

•   Produce the first high-statistics measurements of 
neutrino interactions in argon. Currently, such 
measurements do not exist; they will provide the first 
constraints for future LAr-based neutrino oscillation 
experiments.  

Fermilab Institutional Review, June 6-9, 2011 8 

Introduction 

•  The MicroBooNE detector  will be a liquid argon time 
projection chamber (LAr TPC) containing 170 tons of 
liquid argon, and located on the Booster Neutrino 
Beamline. 

•  The experiment’s goal is to begin operation in 2013; 
availability of  funding  may constrain the schedule 

•  This device represents a major advance in neutrino 
detector technology.  

Fermilab Institutional Review, June 6-9, 2011 3 
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Summary and Conclusions 

•  Project design is nearing completion 
•  Project team is in the process of optimizing the 

schedule to determine the earliest technically 
driven completion date ; aiming for completion in 
2013  

•  CD-2 review is planned for end of July 
•  Procurement of key elements (building, cryostat 

and cryogenic equipment)  could begin in 
October if funding is available 

Fermilab Institutional Review, June 6-9, 2011 38 

Integration of components 

Fermilab Institutional Review, June 6-9, 2011 20 



high Q2 Candidate in 
nuclear target

MINERνA:	  	  Run	  Plan

44

• Goals	  of	  MINERνA:
– Low	  Energy	  (LE)	  Beam

• Exclusive	  final	  state	  reconstrucCon
– Supports	  future	  oscillaCon	  experiments

• Nuclear	  effects	  on	  exclusive	  final	  states

– Medium	  Energy	  (ME)	  Beam	  in	  NOνA	  era	  
• Inclusive	  scaIering	  measurements

• Nuclear	  Parton	  DistribuCon	  FuncCons

• ConstrucCon	  Project	  Reviewed	  &	  Approved	  for	  
4.9e20	  POT	  LE	  Neutrino	  Beam,	  12e20	  in	  ME
– MINERνA	  foresees	  using	  20%	  of	  LE	  run	  for	  determining	  

flux	  using	  “standard	  candle”	  exclusive	  processes

• LE	  AnCneutrinos:	  A	  Mixed	  Bag	  for	  MINERνA	  
– Samples	  will	  give	  us	  access	  to	  new	  measurements

– But	  low	  rates,	  poor	  knowledge	  of	  flux,	  lack	  of	  2-‐track	  elasCc	  final	  state	  will	  
compromise	  the	  physics	  output



MINERνA:	  	  Quasi-‐ElasCc	  Analysis

45

• RelaCvely	  Simple	  Final	  state

• Primary	  interacCon	  type	  for	  neutrino	  oscillaCon	  
experiments

• Measuring	  muon	  energy	  and	  angle	  (with	  rexpect	  
to	  beam)	  completely	  reconstructs	  a	  quasi-‐elasCc	  
interacCon:
– neutrino energy 
– momentum transfer to nucleon (Q2)

• Preliminary	  analysis	  of	  first	  half	  of	  anC-‐neutrino	  
data	  taken	  during	  final	  detector	  construcCon	  
period,	  represents	  about	  1/15	  of	  total	  data	  set	  in	  
hand.
– Band on plots shows current flux uncertainty



MINERνA:	  Special	  Run	  Status

46

• MINERvA	  developing	  tools	  to	  
do	  flux	  studies	  with	  several	  
standard	  candles
– Inclusive	  Charged	  Current	  
events

– Quasi-‐ElasCc	  Events

• Have	  taken	  3	  out	  of	  6	  run	  
configuraCons,	  half	  staCsCcs	  
per	  run
– Medium,	  High	  energy	  target	  
posiCons

– Horn	  off	  data

• Developing	  Data	  
ReconstrucCon	  and	  Flux	  
Tuning	  Infrastructure	  in	  
parallel

Reconstructed neutrino energy of 
charged current candidates in 
standard running and two neutrino 
mode special runs 

Medium Energy Anti-
neutrinos, 3.2E18POT, 
QE candidates



MINERνA:	  Nuclear	  Target	  Analysis

47

• MINERvA	  has	  5	  solid	  nuclear	  targets
– Different	  thicknesses	  good	  for	  different	  analyses:	  	  most	  
downstream	  target	  best	  for	  exclusive	  final	  state	  
analyses

• First	  look	  at	  inclusive	  Charged	  Current	  (CC)	  
events	  from	  Fe	  and	  Pb

Target Fiducial 
Mass

νµ CC Events in 
4E20 POT

Plastic 6.43 tons 1363k

Helium 0.25 tons 56k

Carbon 0.17 tons 36k

Water 0.39 tons 81k

Iron 0.97 tons 215k

Lead 0.98 tons 228k

First muon energy spectra in targets; 
ratios coming soon!  Above for 
1.3E20POT, target 5 (1/5 of sample)

Proposal to add 
Deuterium to 
the cryogenic 

target:
See this 

afternoon’s talk

What	  about	  a	  LAr	  Target?



NuSM

NuSM

• Within one or two years we will know if θ13 is large!
CPV and Mass Hierarchy.

• To demonstrate that sin2 2θ13 < 0.01 will take longer.

Beyond NuSM

• NOvA (maybe T2K) will address the apparent CPT of MINOS

• microBooNE will address the low energy miniBooNE excess seen in
neutrino running

• Definitive disappearance experiments νµ → νµ and νe → νe at 1km/GeV
are very important to address the LSND anomaly

– Typeset by FoilTEX – 1

Summary and Conclusions:



NuSM

NuSM

• Within one or two years we will know if θ13 is large!
CPV and Mass Hierarchy.

• To demonstrate that sin2 2θ13 < 0.01 will take longer.

Beyond NuSM

• NOvA (maybe T2K) will address the apparent CPT of MINOS

• microBooNE will address the low energy miniBooNE excess seen in
neutrino running

• Definitive disappearance experiments νµ → νµ and νe → νe at 1km/GeV
are very important to address the LSND anomaly

– Typeset by FoilTEX – 1

Beyond NuSM

NuSM

• Within one or two years we will know if θ13 is large!
CPV and Mass Hierarchy.

• To demonstrate that sin2 2θ13 < 0.01 will take longer.

Beyond NuSM

• NOvA (maybe T2K) will address the apparent CPT of MINOS

• microBooNE will address the low energy miniBooNE excess seen in
neutrino running

• Definitive disappearance experiments νµ → νµ and νe → νe at 1km/GeV
are very important to address the LSND anomaly

– Typeset by FoilTEX – 1

Summary and Conclusions:



NuSM

NuSM

• Within one or two years we will know if θ13 is large!
CPV and Mass Hierarchy.

• To demonstrate that sin2 2θ13 < 0.01 will take longer.

Beyond NuSM

• NOvA (maybe T2K) will address the apparent CPT of MINOS

• microBooNE will address the low energy miniBooNE excess seen in
neutrino running

• Definitive disappearance experiments νµ → νµ and νe → νe at 1km/GeV
are very important to address the LSND anomaly

– Typeset by FoilTEX – 1

Beyond NuSM

NuSM

• Within one or two years we will know if θ13 is large!
CPV and Mass Hierarchy.

• To demonstrate that sin2 2θ13 < 0.01 will take longer.

Beyond NuSM

• NOvA (maybe T2K) will address the apparent CPT of MINOS

• microBooNE will address the low energy miniBooNE excess seen in
neutrino running

• Definitive disappearance experiments νµ → νµ and νe → νe at 1km/GeV
are very important to address the LSND anomaly

– Typeset by FoilTEX – 1

SM Nu physics 
(+Technology)

NuSM

• Within one or two years we will know if θ13 is large!
CPV and Mass Hierarchy.

• To demonstrate that sin2 2θ13 < 0.01 will take longer.

• NOvA (maybe T2K) will address the apparent CPT of MINOS

• microBooNE will address the low energy miniBooNE excess seen in
neutrino running

• Definitive disappearance experiments νµ → νµ and νe → νe at 1km/GeV
are very important to address the LSND anomaly

• Important for both NuSM and Beyond NuSM

– Typeset by FoilTEX – 1

Summary and Conclusions:


