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Homework from last meeting (1)
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CPV measurement

• Systematic uncertainties are important in CPV 
measurement

• Need to quantify and make plans

• List possible systematics sources

• Identify systematics with large effect

• How and how much constrain uncertainties

• Baseline configuration of near detector(s)
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Homework from last meeting (2)
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‘Low energy’ physics

• Make clear what can be 
achieved with current 
baseline design
(overburden / 
photocoverage)
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Looking inside the Earth with ν
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100 III PHYSICS POTENTIAL

F. Neutrino geophysics

In this section, the radiographic measurements of the Earth with Hyper-Kamiokande will be

discussed.

1. Geophysical motivation

The Earth’s internal structure and chemical composition have been estimated by analyzing

seismic data to derive seismic velocities inside the Earth, in conjunction with many laboratory

experiments and model calculations. Until recent years, these seismic waves had been the only

probe that could penetrate the Earth. In order to construct the standard Earth model a number

of models have been considered. PREM [69] and 1066A [122] are two major models, both of

which describe the spherically symmetric structure of the Earth. PREM and 1066A are both

parametrized models where the seismic velocities Vp(x) and Vs(x) are assumed to have a certain

relationship with the density ⇢(x) via the gravity g, bulk modulus k, and so on, and thus there

is an uncertainty regarding the absolute density distribution. It is therefore critically important

to find an independent method to directly measure the density inside the Earth. The question is:

what kind of method can be used for this purpose? Drilling and core sampling enable us to directly

examine material inside the Earth. However, considering the fact that the world’s deepest such

sample is 12 km deep, it is likely impossible, not to mention expensive and dangerous, to attempt

to reach the core (deeper than 3000 km) by this method.

Recent observation of anti-neutrinos from the decay of radiogenic isotopes inside the Earth by

the KamLAND [123, 124] and Borexino [125] experiments opened novel possibilities to investi-

gate Earth’s interior using neutrinos. In what follows, another approach of neutrino geophysics

using atmospheric neutrinos detected by Hyper-K is discussed. The observation of neutrinos and

measurement of their absorption or di↵erential oscillations in the Earth will provide unique infor-

mation about its density structure. Furthermore, the result will be more easily interpreted than

the conventional seismological method which has intrinsic uncertainties.

We estimate the accuracy necessary to provide useful information on geophysics, taking as an

example measuring the density of the Earth’s core. The main component of the Earth’s core is

assumed to be metal iron. Seismic measurements indicate that the density of the core is 10% less

than that of pure iron [126]. On the other hand, siderophile elements, elements that can easily

dissolve into iron, are found to have extremely low abundance in the mantle. Ringwood [127]

There is a section in LoI 
on neutrinographic measurement 

of the Earth. 

Taketa-san (Earthquake Research 
Institute, Univ. of Tokyo)
will introduce the idea.

No talk in the last meeting..
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Signal
(νμ→νe CC)

Wrong sign 
appearance

νμ/νμ 
CC

νe/νe 
contamination NC

ν (2.25MW·107s) 3,560 46 35 880 649

ν (5.25MW·107s) 1,959 380 23 878 678
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2.25MW·107s
= 0.75MW×3yrs
(1.5MW×1.5yrs)

5.25MW·107s
= 0.75MW×7yrs
(1.5MW×3.5yrs)

1year=107s

sin22θ13=0.1,δ=0, normal MH

2000-3000 signal events expected for each of ν and ν
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sin22θ13=0.1ν run ν run0.75MW×3yrs
(1.5MW×1.5yrs)

0.75MW×7yrs
(1.5MW×3.5yrs)

1year=107secEffect of δ
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Statistics for CPV meas.
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ν δ=0 π/6 π/3 π/2 π 3π/2

N(sig)

N/N(δ=0)
±stat

3458 3059 2719 2597 3372 4233

1.0
±0.020

0.885
±0.021

0.786
±0.023

0.751
±0.024

0.975
±0.020

1.224
±0.017

7.5MWyr total, Erec<1.2GeV

*stat. err. are for total events

anti-ν δ=0 π/6 π/3 π/2 π 3π/2

N(sig)

N/N(δ=0)
±stat

1900 2145 2335 2382 1830 1346

1.0
±0.030

1.13
±0.028

1.23
±0.026

1.25
±0.026

0.96
±0.031

0.71
±0.040

more than 10% variation for π/6<δ<5π/6, 7π/6<δ<11π/6 (~70%)
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S/N and systematics
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7.5MWy7.5MWy
νν anti-νanti-ν

Signal BG Signal BG

N(δ=0)
Fraction

Syst. (*)

3458 1145 1900 1118

75.1% 24.9% 63.0% 37.0%

0.038 0.012 0.031 0.019

Systematics on signal is more important
Larger θ13 → better S/N

* Contribution to total error assuming 5% syst for each component.

NB: BG may be further reduced w/ new recon.

(signal uncertainty more reliable than BG)



T2K Experience

• Total Sys. error for sin22θ13=0.1:  ~10%

• Beam flux + ν int. constraint in T2K: 5.7%

• External ν cross section uncertainty from other experiment: 7.5%

• Super-K detector uncertainty: 3.1%
20

The predicted number of events 
and systematic uncertainties

Event category sin2 2�13 = 0.0 sin2 2�13 = 0.1
Total 3.22±0.43 10.71±1.10
⇥e signal 0.18 7.79
⇥e background 1.67 1.56
⇥µ background 1.21 1.21
⇥µ + ⇥e background 0.16 0.16

The predicted # of events w/ 3.01 x 1020 p.o.t.

(mainly NCπ0)
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Figure 9: The predicted number of events distribution for the Run1+2+3b+3c POT until
June 9 (= 3.010� 1020) with sin2 2�13 = 0.1 (left) and sin2 2�13 = 0 (right).

3.3 E�ect of systematic uncertainties441

How much the systematic uncertainty a�ect the prediction is checked by throwing442

the systematic parameters. Specifically, a total of 20000 sets of the systematic443

parameters following the multivariate normal distribution and covariance matrix444

are generated, and then the reconstructed neutrino energy distribution and total445

number of events are calculated for each set by using Equations (6) and (7). The446

central values of systematic parameters in the multivariate normal distribution are447

set at the “Post ND280 fit” values. As for the error size and correlation among448

parameters, the covariance matrices both before and after the ND280 fit are tested449

for checking the improvement by the ND280 fit.450

Figure 9 shows the predicted number of events distributions over the 20000451

throws of systematic parameters for the Run1+2+3b+3c POT until June 9 (=452

3.010� 1020). The distribution made with error values before the ND280 fit (blue453

hatched) and the distribution after the ND280 fit (red solid) are shown together454

for both sin2 2�13 = 0.1 and = 0 cases. As seen in the figure, the uncertainty on455

the predicted number of events is largely reduced after the ND280 fit. The size of456

error reduction by the ND280 data is larger in sin2 2�13 = 0.1 case than that in457

sin2 2�13 = 0 case. The main reason is that the ⇥e signal sample is mostly composed458

of CCQE events, whose uncertainty is well constrained by the ND280 data, while459

the uncertainty of NC1⇤0 events, one of the major backgrounds, can be constrained460

only slightly by the ND280 data.461

The systematic uncertainty on the predicted number of events due to each indi-462

vidual error source is also estimated by throwing only relevant systematic parame-463

ters and fixing the other parameters at their prior values. The result is summarized464

in Table 10, together with sizes of the total systematic errors. The dominant error465

sources in sin2 2�13 = 0.1 case after the ND280 data fit are the uncertainties on466

the beam flux prediction, MQE
A , CCQE normalization and Spectral function. You467

may notice that the total error size is not equal to the quadratic sum of individual468

errors. This is because some of the systematic parameters can vary in a correlated469

way.470

The systematic uncertainty on the predicted number of events due to each group471

of error sources is summarized in Table 11. The table also includes the size of to-472

tal errors in this analysis and in the 2010a analysis. In addition to constraints on473
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Uncertainties are reduced 
using ND280 measurement

Error source sin2 2�13 = 0 sin2 2�13 = 0.1
Beam flux+⇥ int. 8.7 % 5.7 %in T2K fit
⇥ int. (from other exp.) 5.9 % 7.5 %
Final state interaction 3.1 % 2.4 %
Far detector 7.1 % 3.1 %
Total 13.4 % 10.3 %
(T2K 2011 results:                               ~23%                     ~18%)

big improvement from the T2K 2011 results

Systematic uncertainties

the predicted # of event
distribution 
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ND280 measurement
ND280 measurement
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K. Sakashita@ICHEP2012

T2K flux extrapolation and 
the detector uncertainties 
almost reach the Hyper-K 
requirement.

Upcoming Cross section 
measurements in T2K-
ND280 and the cross 
section model 
improvements are critical.

12年10月5日金曜日

T.Nakaya, NNN12



08/22/12 18

ConclusionsConclusions

T2K has taken significant steps to achieving the levels of systematic 
uncertainty that will be necessary for a CP violation measurement

Flux uncertainties should be at 5% level or better with NA61 replica target 
data

- Need careful study of neutrinos in anti-neutrino running
- Also energy dependent off-axis angle type errors

Near detector samples already have large statistics and allow for reduction of 
total errors to the 10% level

- Need to understand energy dependent constraints
- Measurements on O are important 
- Need to improve angular coverage
- Ongoing work for ν

e 
and NCπ0 measurements important for background

See next talk for details on cross section modeling uncertainties

With hard work, systematic uncertainties for Hyper-K appear to be within 
reach

M.Hartz, first HK meeting

We will surely work hard!



σ 

true δ (π)
High Sensitivity to CPV w/ <~5% sys. error
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CPV Discovery Sensitivity (w/ Mass Hierarchy known)

74% region of δ covered at 3σ w/ 5% sys. error
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ND configuration

• Effect of systematics in CPV measurement

• Syst. of signal is most important for large θ13

• Good CPV sensitivity with 5% syst. (LoI)

• ~2% systematics to exploit full potential

• T2K-ND280 (with possible upgrade/extension): baseline

• Feasibility of 2% (≲stat) syst. error should be studied

• Can e.g. 2km detector,  Water Cherenkov ND, 
and/or LAr ND improve systematics down to ~2%?

• Additional (external) measurement (e.g. νe xsec)?

16



Backup
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CP sensitivity,
2%/5% and 3σ/5σ
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