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ΔP ≡ P(να→ νβ ) − P(να→νβ )

 = −16 J sinΔ12sinΔ31sinΔ23

 J ≡ s12c12 s23c23s13c13: leptonic Jarskog factor

Δij ≡ 4E 
Δm2ij Δm2  ≡ m2− m2    ijL i j

2

 sij ≡ sinθij  cij ≡ cosθij

 (α,β = e, μ, τ)

CP violation is a genuine three flavor phenomena
We needs to study appearance modes!

 realistic options: α,β = (μ,e) or (e, μ)

We need to know well cross sections for νe and νµ 
and for antineutrinos! 
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Ongoing study: effect of systematics

• Check effect of systematics with updated χ2 definition

• Assuming that normalization will be given by ND

• For νμ in ν run, νμ and νμ in ν run

• Systematic parameters (total 11)

• Normalization

• CCnon-QE/CCQE

• νμ (~NC)

• Intrinsic νe

• No energy dependence (yet)
20
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Table 10: The uncertainty (RMS/mean in %) on the predicted number of νe candidate
events due to each individual error source.

Error source
sin2 2θ13 = 0.1 sin2 2θ13 = 0

Pre ND280 fit Post ND280 fit Pre ND280 fit Post ND280 fit
Flux 11.8 8.0 10.7 7.4
MQE

A (GeV) 16.3 6.7 9.6 4.1
MRES

A (GeV) 2.1 1.8 4.6 4.0
CCQE norm (Eν < 1.5GeV) 8.0 6.2 4.9 3.8
CC1π norm (Eν < 2.5GeV) 5.1 3.5 5.1 3.4
NC1π0 norm 2.3 2.2 7.9 7.4
CC other shape (GeV) 0.1 0.1 0.2 0.2
Spectral function 5.5 5.5 3.4 3.4
pF (MeV) 0.1 0.1 0.3 0.3
CC coherent norm 0.2 0.2 0.2 0.2
NC coherent norm 0.6 0.6 2.0 2.0
NC1π±+NC other norm 0.8 0.8 2.6 2.6
σνeCC/σνµCC 2.7 2.7 1.8 1.8
W shape (MeV) 0.9 0.9 1.7 1.7
Pionless delta decay 3.2 3.2 0.1 0.1
1π Eν shape 1.2 1.2 3.4 3.4
SK detector efficiency 3.1 3.1 7.0 7.0
FSI+SI 2.4 2.4 2.9 2.9
SK energy scale 0.6 0.6 1.4 1.4
Total 24.3 9.8 21.1 13.3
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Systematics 

25/10/2012 5 

• We estimate the significance C.L. with a chi2sq method, with which we can 
1) exclude the opposite mass hierarchy and
2) exclude δCP = 0 or π (CPV)

• Minimize chi2sq w.r.t to the known 3-flavor oscillations and the nuisance parameters using 
Gaussian constraints

138 5 PHYSICS POTENTIAL

TABLE XVIII: Energy correlated and bin-to-bin uncorrelated systematic errors assumed in these sections.

Name MH determination CP determination
Error (1σ) Error (1σ)

Bin-to-bin correlated:
Signal normalization (fsig) ±5% ±5%
Beam electron contamination normalization (fνeCC) ±5% ±5%
Tau normalization (fντCC) ±50% ±20%
ν NC and νµ CC background (fνNC ) ±10% ±10%
Relative norm. of “+” and “-” horn polarity (f+/−) ±5% ±5%

Bin-to-bin uncorrelated ±5% ±5%

rate of neutral-current events at two locations, over the baseline of 2300 km. Because NC cross-sections

are identical among the three active flavors, NC event rates are unaffected by standard neutrino mixing.

However, oscillations into a sterile noninteracting neutrino flavor could result in an energy-dependent

depletion of NC events in LBNO at the far site.

Two independent event samples, in the LAr and the MIND, will be collected and analyzed and

could result in new stringent constraints on sterile neutrinos. Detailed studies will be performed in

view of a LBNO proposal.

5.6.5 Determination of the neutrino mass hierarchy

The sensitivity to determine mass hierarchy assumes a 50%-50% sharing of the running time between

neutrino and antineutrino horn polarity, and a total of 2.25 × 1020 pot. The electron-like sample is

selected as a primary source of information. The reconstructed energy Erec
ν (Figure 68) and the

transverse missing momentum pmiss
T (Figure 71) distributions are used. A binned χ2 is constructed

from the Erec
ν distribution, with 200 MeV bin width for the energy range of 0–10 GeV and 50 bins

for pmiss
T between 0 and 2 GeV. The systematic uncertainties in the normalizations of signal, the

backgrounds originating from νµ and ν̄µ, those from νe and ν̄e, and the relative normalization between

positive and negative horn polarity samples are taken into account in a correlated way and the values

are summarized in Table XVIII. The signal normalization systematic error is ±5%, the beam electron

contamination normalization is±5%, the tau normalization is assumed to be poorly known due to cross-

section uncertainties and are set to ±50%, and the ν NC and νµ CC backgrounds have a systematic

error of ±10%, and the relative norm. of “+” and “-” horn polarity is set to ±5%. In addition, a 5%

bin-to-bin uncorrelated error is added. The χ2 is defined as

χ2 =
�

+,−

�

i

�
N i −

�
1± 1

2
f+/−

�
·
�
(1 + fsig) · ni

sig + (1 + fNC) · ni
NC + (1 + fνeCC) · ni

νeCC
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the CPV discovery. Additional work is ongoing to further optimize the various components affecting

these sensitivities, in particular the beam focusing tuning. It should also be stressed that the size

of various systematic errors, which at present reasonably assumed to be at the level of 5%, will also

affect the sensitivity, in particular to CPV. An appraisal of these effects is still ongoing and will be

finalized in view of the proposal. They will depend on the ultimate understanding of the far detectors,

of potential calibration campaigns in test beams, on the ultimate performance of the near detector,

from the specific knowledge of secondary particle production at the target, and from related dedicated

hadronproduction measurements, etc. Unless otherwise noted, the oscillation parameters and their

errors assumed in this section are listed in Table XVII.

TABLE XVII: Parameters and assumed 1σ errors other than δCP assumed in this section.

Name Value Error (1σ)

L 2300 km exact

∆m2
21 7.6×10

−5
eV

2
exact

|∆m2
32| ×10

−3
eV

2
2.40 ±0.09

sin
2 θ12 0.31 exact

sin
2
2θ13 0.10 ±0.02

sin
2 θ23 0.50 ±0.06

Average density of traversed matter (ρ) 3.2 g/cm
3 ±4%

Two milestones for the protons-on-target are assumed for the present studies: in the first few

years of running, an integrated proton-on-target intensity corresponding to 2.25 × 10
20

p.o.t. will be

accumulated. This initial phase will be focused on the mass hierarchy determination and CP phase

determination. In total absence of knowledge of the MH, we take the conservative approach of 50%-

50% sharing of the running time between neutrino and antineutrino horn focusing. Hence, we assume

1.125 × 10
20

p.o.t. in neutrino mode and 1.125 × 10
20

p.o.t. in antineutrino mode, which should be

accumulated in a few years of SPS operation.

As shown in Ref. [14], once the MH is determined, the neutrino vs antineutrino sharing can be

further optimized. Typically, if one wishes to collect samples of neutrino and antineutrino events of

similar statistical power, the antineutrino running must be longer in order to compensate for the lower

antineutrino cross-section. However, in addition, antineutrinos will be further suppressed or rather

enhanced depending on the actual mass hierarchy. For the CP-phase determination and CPV search,

a similar argument holds. In this case, we assume an integrated pot of 1.5× 10
21

p.o.t. and at present

a 25%-75% sharing between neutrino and antineutrino running mode, or 3.75× 10
20

p.o.t. in neutrino

mode and 1.125× 10
21

p.o.t. in antineutrino mode.

Control of 
systematic 

errors will be 
fundamental

Conservative 
errors

A. Weber, NuInt 2012 

2. CP Violation with Laguna - LBNO          A. Weber



Effect of Uncertainty 
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= Eproton *NPoT

A. Weber, NuInt 2012 
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Effect of Systematics (II) 

•  From Dusini et al. (arXiv:1209.7010) 

25/10/2012 7 A. Weber, NuInt 2012 
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Main Points 

•  Systematic are important and will determine the 
amount of CP coverage 

•  Important 
–  Hadron production experiments to predict neutrino 

flux 
–  Near detector to reduce systematics 
–  Dedicated cross section measurements especially for 

electron neutrino cross sections 

25/10/2012 8 A. Weber, NuInt 2012 
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Precision: 
Worldwide comparison

CKM 
phase

(bands: 
systematics 

optimistic- 
conservative 

near detectors 
explicitely 
included!)

(Coloma, Huber, Kopp, Winter, arXiv:1209.5973)

The Neutrino Factory 
is the only instrument 

which can measure CP 
with a precision comparable 

to the quark sector

NF10 
BB350 
WBB 
T2HK

W. Winter

4. Systematics at Neutrino Factories ... and global 
context         Walter Winter



2

Systematics summary

(Coloma, Huber, Kopp, Winter, arXiv:1209.5973)

Robust wrt systematics

Main impact: 
Matter density uncertainty

Operate in statistics- 
limited regime 

Exposure more important 
than near detector

Neutrino Factory

High-E 
superbeam

Low-E (QE!) 
superbeam

QE e X-sec critical: 
no self-consistent 
measurement 

Theory: e /

 

ratio? 
Experiment: STORM?

W. Winter

4. Systematics at Neutrino Factories ... and global 
context         Walter Winter
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Summary 
!  The Neutrino Factory is the only experiment which can 

measure the CP phase with CKM-like precision 
!  Main impacts (NF): 

!  Matter density uncertainty 
!  Exposure 
!  Near detector (low-E NuFact). In no other experiment the near 

detector has found to be the dominant impact factor! 
" Can control systematics in self-consistent way! 

!  Comparsion to alternatives: 
!  BB+SPL: Best alternative performance, better than !=350 beta beam. 

Self-consistent cross-section measurements 
!  Low-E superbeams (T2HK): QE cross section ratio critical 

" Theoretical: Better predictions/models especially for this ratio? 
" Experimental: Measure "e cross sections? "STORM? 

Systematics from Neutrino Factory? 
!  High-E superbeams (such as LBNE): Exposure seems more 

important than the near detector … 

4. Systematics at Neutrino Factories ... and global 
context         Walter Winter



Why are !e and !e!
Cross Sections Important?"

!  Large "13 means we could have "
"reasonable statistics. " ""

!  However, as the now-well-known"
" plot at right suggests, the "
"asymmetry between ! and ! will "
"be small and the goal of "
"constraining the range of # will"
"demand minimal systematic "
"errors."

!  One of these systematics will be"
"our knowledge of !e and !e cross"
"sections in the relevant energy range." 3"

(S. Parke)!
(not including matter effects & backgrounds) 

we’re here"

5. νe cross sections and νSTORM     Jorge Morfin



14!

Can we Actually MEASURE these Differences "
in the 0.5 – 6 GeV region!

!  Need to measure the !e(E) of multiple channels to predict spectrum 
at the far detector.!
"  Want an intense source of "e events. !
"  Would like to know the flux of "e (and "µ, by the way) to order 1%.!

14!

!µ(E)! !e(E)!

5. νe cross sections and νSTORM     Jorge Morfin



5. νe cross sections and νSTORM     Jorge Morfin

Enter - !STORM !
Neutrinos from Stored Muons – Alan Bross Presentation on Friday"

!  High-Precision ! interaction physics"
"program.  "
"  !e and !e cross-section measurements."

!  Address the large #m2 oscillation"
"regime, make a major contribution "
"to the study of sterile neutrinos."
"  Either allow for precision study (in many "
"channels), if they exist in this regime."

"  Or greatly expand the dis-allowed region."

!  Provide a technology test demonstration ( µ decay ring) and µ beam 
diagnostics test bed.  "

!  Provide a precisely understood ! beam for detector studies."
!  Change the conception of the neutrino factory.! 15"



Conclusions!

!  An important systematic error in measurement of CP-violations 
could be our knowledge of !e cross sections.!
"  Simply assuming we can infer !e cross sections from !µ  cross sections is 

unjustified.!
"  Simply correcting cross section for the difference in lepton mass is not 

necessarily sufficient.!
!  There is then a need to actually measure !e cross sections to 

minimize the systematic error from this source.!
!  !STORM, based on the decay of a circulating beam of muons, could 

provide an intense beam of well-know flux (order 1%) of !e (and !µ) 
for !e and !µ cross section measurements in a single experiment.!

!  Stay-tuned for the presentation of Alan Bross on Friday afternoon 
for details of the !STORM facility and agenda.!

22!
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Playing with the T2K results

Fit to the T2K appearance data using different cross sections

MECM: M. Martini et al., Phys. Rev. C80, 065501 (2009)
solid: inclusive xs
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total rates for sin2 2θ13=0.1

channel exp result MECM
νµ → νe 8.65 11.08
νe → νe 1.5 1.97

NC 1.25 1.25�
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Playing with the T2K results

Playing with the T2K appearance data

comparing FG and MECM models

showing the χ2 − χ2
min function for 1 dof (δCP = 0, good for both models)
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2
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Χ
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#
Χ
m
in
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Ferm i Gas

sin2 2θMECM
13 = 0.081(

+0.047
−0.049)

sin2 2θFG
13 = 0.114(

+0.060
−0.063)

results are clearly compatible but central values such that δθ13/θFG
13 ∼ 30%
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Playing with the T2K results

Summary

we played a bit with the T2K data, comparing the results for θ13 and
δCP obtained with the FG and MECM models

idea: give an estimate of the systematic effects encoded in the
knowledge of the ν-N cross section (rough estimate)

|∆θ13|/θFG
13 |∆θ23|/θFG

23 |∆∆m23|/(∆m2
23)

FG

X 1 30% 6.0% 2.3%
X 10 28% 4.6% 1.5%

∆δCP /δFG
CP ∼ 15%

Davide Meloni (RomaTre) Impact of systematic uncertainties for the neutrino parameter measurement in superbeam experiments
NuInt12, 22-27 October 2012, Rio de Janeiro 16
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6. Impact of systematic uncertainties for the neutrino paramter 
measurements in superbeam experiments          Davide Meloni



Systematic Effects on CP violation measurements

Open Questions

Needs to improve (controle) more our knowledge 
(uncertainty) of        and       corss sections  νe ν̄e

(what needs to be done?)

Experimental Efforts: reduce sys err as much as possible  

impacts for J-Parc/HK reported by A. Minamino  

impacts for LBNO reported by A. Weber  

comparison of superbeam, beta beam, Nufact  
reported by W.  Walter  



Theoretical considerations

impacts of different models reported by D. Meloni  

theoretical review reported by A. Ankowski  

Ideal is to measure all the necessary cross sections 
in a single experiment such as in Neutrino Factory

(as stressed by W. Winter)

 νSTORM discussed by J. Morfin and A. Bross 
can do such a task


