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Development of the neutrino physics
Our understanding of neutrino has been improved greatly 
since the end of the last century.  

Especially, the observation of flavor oscillations of neutrino has shown
 the presence of new physics beyond the standard model.  

This is inconsistent with the prediction of the Standard Model that predicts 
massless neutrinos. 
This is a clear signature of new physics beyond the Standard Model. 

The Nobel Prize in Physics 2015 

Takaaki Kajita (SK)
Arthur B. McDonald (SNO)
For the discovery of neutrino oscillation,
which shows the neutrinos have mass.

Takaaki Kajita

It’s me !
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Neutrino Oscillation Parameter
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has been measured accurately.✓ij �mij

From neutrino oscillation experiments

＊　Absolute value of neutrino mass, CP phase, Majorana phase, mass ordering
　　have not yet determined.

So, we  consider seriously the application of neutrino physics to various fields of basic science.
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NuFIT 3.0 (2016)

Normal Ordering (best fit) Inverted Ordering (��2
= 0.83) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin
2 ✓12 0.306+0.012

�0.012 0.271 ! 0.345 0.306+0.012
�0.012 0.271 ! 0.345 0.271 ! 0.345

✓12/
�

33.56+0.77
�0.75 31.38 ! 35.99 33.56+0.77

�0.75 31.38 ! 35.99 31.38 ! 35.99

sin
2 ✓23 0.441+0.027

�0.021 0.385 ! 0.635 0.587+0.020
�0.024 0.393 ! 0.640 0.385 ! 0.638

✓23/
�

41.6+1.5
�1.2 38.4 ! 52.8 50.0+1.1

�1.4 38.8 ! 53.1 38.4 ! 53.0

sin
2 ✓13 0.02166+0.00075

�0.00075 0.01934 ! 0.02392 0.02179+0.00076
�0.00076 0.01953 ! 0.02408 0.01934 ! 0.02397

✓13/
�

8.46+0.15
�0.15 7.99 ! 8.90 8.49+0.15

�0.15 8.03 ! 8.93 7.99 ! 8.91

�CP/
�

261
+51
�59 0 ! 360 277

+40
�46 145 ! 391 0 ! 360

�m2
21

10�5 eV
2 7.50+0.19

�0.17 7.03 ! 8.09 7.50+0.19
�0.17 7.03 ! 8.09 7.03 ! 8.09

�m2
3`

10�3 eV
2 +2.524+0.039

�0.040 +2.407 ! +2.643 �2.514+0.038
�0.041 �2.635 ! �2.399


+2.407 ! +2.643
�2.629 ! �2.405

�

Thanks to the remarkable efforts of various experiments
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The idea of Neutrino Tomography

Imaging of the Earth’s interior structure using the neutrino.

Neutrino can easily transmit the Earth due to the weakness of its interaction.

ν
Source

ν
Detector
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Neutrino Tomography

3 different methods of Neutrino Tomography

1. Neutrino Absorption Tomography

2. Neutrino Oscillation Tomography

(3. Neutrino Diffraction Tomography)

- Using the absorption of neutrino by matter.
- Same mechanism to the X-ray computed tomography.
- This method needs the high energy neutrinos (Eν > 10 TeV).

- Using the matter effect of neutrino oscillation.

- Measure the diffraction pattern of crystalline  
 matter in the deep interior of the Earth.

- Not realistic yet.

In this talk, we discuss about this type !

There is no precise tomography method.
There is no powerful source.
There is no established reconstruction method.

• T. Ohlsson andW.Winter, Europhys. Lett. 60 (2002) 34
• E. K. Akhmedov, M. A. Tortola and J.W. F. Valle, JHEP 0506, 053 (2005)
• W.Winter, Nucl. Phys. B 908 (2016) 250
• A.N. Ioannisian and A. Y. Smirnov, Phys. Rev. D 96 (2017) no.8, 083009
And more …

• L. V. Volkova and G. T. Zatsepin, Bull. Acad. Sci. USSR, Phys. Ser. 38 (1974) 151.
And more …

• A.D. Fortes, I. G.Wood, and L. Oberauer, Astron.  
Geophys. 47(2006) 5.31–5.33.

• R. Lauter, Astron. Nachr. 338 (2017) no.1, 111.
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Neutrino Oscillation

Neutrino oscillation is phenomenon that the neutrino flavor will vary with distance.
  It is caused by the quantum mechanical superposition.

Neutrino flavor eigenstates is written by superposition of the mass eigenstates. 
0
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Ex) 2 flavor case

Mass eigenstates evolve respectively in time. 
Then, because of the interference between the mass state, the flavor transition 
probability behaves oscillatory.

UPMNS
<latexit sha1_base64="/85t1kYzah0juuJaltvxqVGnLTY="></latexit><latexit sha1_base64="/85t1kYzah0juuJaltvxqVGnLTY="></latexit><latexit sha1_base64="/85t1kYzah0juuJaltvxqVGnLTY="></latexit><latexit sha1_base64="/85t1kYzah0juuJaltvxqVGnLTY="></latexit>

Pontecorvo-Maki-Nakagawa-Sakata 
matrix
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Neutrino Oscillation in Matter
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Evolution equation of transition amplitudes of neutrino flavors is written as follow.
In matter, additional effective potential is added to the vacuum Hamiltonian.

Vacuum contribution Additional effective potential

- Neutrino interacts with the electron, proton, neutron in matter,  
through the CC and NC interaction.

- The contribution of the NC  interaction is common to all flavors, and eliminated by the  
   common phase shift.

- Therefore, the main contribution to the potential is the CC interaction and  
  effective potential depend on the electron number density.

In 2 flavor case

A�↵(x) = h⌫� |⌫↵(x)i
<latexit sha1_base64="gIGnvwyZlkEIUxQ/L6vFRrW6R90="></latexit><latexit sha1_base64="n+dJozeRokSPrtAa9jUeZcBsj28="></latexit><latexit sha1_base64="n+dJozeRokSPrtAa9jUeZcBsj28="></latexit><latexit sha1_base64="1VFcTD9jvHeHgprmprzFwM1hYgU="></latexit>

~A(x) = (A⌫e!⌫e(x), A⌫e!⌫µ(x))
T

<latexit sha1_base64="HpGcKx5BZldd9CV22pxgiEdO/7U=">AAACr3ichVFNS91AFD2m1upr1dhuhG6CYnmCPG66qRQEpZvSlV/PJxiNSRx1MF8kk0dteH+gf6CLriqISDf+Bzf+gRZc2WVLlxbcuOhN3oNSP2/IzJlz7rlzZ8aNfZkqotMu7UH3w55HvX2Vx0/6Bwb1oadLaZQlnqh7kR8ly66TCl+Goq6k8sVynAgncH3RcHfeFHqjKZJURuGi2o3FauBshXJTeo5iytbfWU3h5TOt6vvxKa M6Y+dWmNm5aBmWiowOLsQJ4ybNCrJSHV/LF1u2Pko1KsO4DswOGJ02furrAGYj/QAWNhDBQ4YAAiEUYx8OUv5WYIIQM7eKnLmEkSx1gRYq7M04S3CGw+wOj1u8WumwIa+Lmmnp9ngXn/+EnQbG6Bsd0jmd0Ff6RZe31srLGkUvuzy7ba+I7cGPwwsX97oCnhW2/7nu7FlhE5Nlr5J7j0umOIXX9jc/fDpfeD0/lr+gPfrN/X+hUzrmE4TNP97+nJj/jAo/gHn1uq+DpZc1k2rmHL/EJNrRi+cYQZXv+xWm8RazqPO+R/iOM/zQTK2hrWnr7VStq+N5hv9Ck38BnZyn+w==</latexit><latexit sha1_base64="Ra6m3z6FFRjOmZZmIhQzzuztKoc=">AAACr3ichVFNS91AFD2m1upr1bRuCt2EiuUJ8rjpplIoKG5KQfDr+QSjMYmjDuaLZPKoDe8P9A900ZWCSOmm/8GNa6EFV+2ypbsquOmiN3kPSuvXDZk5c849d+7MuLEvU0V00qXd6r7dc6e3r3L3Xv/AoH7/wWIaZYkn6l7kR8mS66TCl6GoK6l8sRQnwglcXzTc7alCbzRFksooXFA7sVgJnM1QbkjPUUzZ+iurKbx8slV9Pf rCqE7auRVmdi5ahqUio4MLccy4TLOCrFRHV/OFlq0PU43KMC4CswOGJ4zvujt9/Gsm0g9gYR0RPGQIIBBCMfbhIOVvGSYIMXMryJlLGMlSF2ihwt6MswRnOMxu87jJq+UOG/K6qJmWbo938flP2GlghD7TBzqlI/pIP+j3lbXyskbRyw7PbtsrYnvw7cP58xtdAc8KW39d1/assIHxslfJvcclU5zCa/ubb96dzj+fG8mf0B795P536YQO+QRh88zbnxVz71HhBzD/v+6LYPFpzaSaOcsvMY529OIRHqPK9/0ME3iJGdR530/4gq/4pplaQ1vV1tqpWlfHM4R/QpN/AGPNqg4=</latexit><latexit sha1_base64="Ra6m3z6FFRjOmZZmIhQzzuztKoc=">AAACr3ichVFNS91AFD2m1upr1bRuCt2EiuUJ8rjpplIoKG5KQfDr+QSjMYmjDuaLZPKoDe8P9A900ZWCSOmm/8GNa6EFV+2ypbsquOmiN3kPSuvXDZk5c849d+7MuLEvU0V00qXd6r7dc6e3r3L3Xv/AoH7/wWIaZYkn6l7kR8mS66TCl6GoK6l8sRQnwglcXzTc7alCbzRFksooXFA7sVgJnM1QbkjPUUzZ+iurKbx8slV9Pf rCqE7auRVmdi5ahqUio4MLccy4TLOCrFRHV/OFlq0PU43KMC4CswOGJ4zvujt9/Gsm0g9gYR0RPGQIIBBCMfbhIOVvGSYIMXMryJlLGMlSF2ihwt6MswRnOMxu87jJq+UOG/K6qJmWbo938flP2GlghD7TBzqlI/pIP+j3lbXyskbRyw7PbtsrYnvw7cP58xtdAc8KW39d1/assIHxslfJvcclU5zCa/ubb96dzj+fG8mf0B795P536YQO+QRh88zbnxVz71HhBzD/v+6LYPFpzaSaOcsvMY529OIRHqPK9/0ME3iJGdR530/4gq/4pplaQ1vV1tqpWlfHM4R/QpN/AGPNqg4=</latexit><latexit sha1_base64="RATLtR/PgoyzlGco/diklBqEOTc=">AAACr3ichVFNS91AFD2m2tpnW5+6KXQTfFieII+bbioFQXEjXfn1fILRmMRRB/NFMnlow/sD/QNduGqhiHTT/9CNf6AFV3ZbXFropove5AXEz96QmTPn3HPnzowTeTJRRKc92oPevoeP+h9XBp48fTZYHRpeScI0dkXTDb0wXnXsRHgyEE0llSdWo1jYvuOJlrM3m+uttogTGQbL6iAS6769E8ht6dqKKav61mwLN5vp1PfHp/ T6jJWZQWploqObKtRLnIsT+m2a6aeFOr6RLXesao0aVIR+ExglqKGM+bB6BBNbCOEihQ+BAIqxBxsJf2swQIiYW0fGXMxIFrpABxX2ppwlOMNmdo/HHV6tlWzA67xmUrhd3sXjP2anjjH6Tsd0QSf0hX7R3ztrZUWNvJcDnp2uV0TW4PvnS3/+6/J5Vti9dN3bs8I2JoteJfceFUx+Crfrb7/7cLH0ZnEse0mf6Jz7/0in9I1PELR/u58XxOIhKvwAxvXrvglWXjUMahgLVJueLJ+iHy8wijrf92tMYw7zaPK+X/EDZ/ipGVpL29A2u6laT+kZwZXQ5D91z6ZD</latexit>
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Neutrino Oscillation in Matter

Density Profile

Oscillation 
Probability

 
(subtracted 
the vacuum 
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Energy Spectrum of the Oscillation Probability 
change by the density profile.
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Figure 1: Deviation of neutrino oscillation probability P (∫̄e ! ∫̄e ) from the vacuum one (right panel)

due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed

line), respectively.

In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by

Ω(x) = Ω̄+ (Ωl ° Ω̄)exp

"

°
°
x ° L

2

¢2

D2
l

#

, (26)

where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.

6

For simplicity, we consider the 2 flavor neutrino oscillation
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Effective potential is written as

The electron number density is translated into
 the matter density.

Probability is calculated as follow
VCC(x) =

p
2GFne(x)

ne(x) '
⇢(x)

2mp
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Neutrino Oscillation Tomography
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due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed

line), respectively.

In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by

Ω(x) = Ω̄+ (Ωl ° Ω̄)exp
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where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.
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due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed
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In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by
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where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.

6

Normal calculation

Tomography

Density Profile

OscillationProbability 
(subtracted the vacuum contribution)

There include the information 
of the density profile

It is required the precise measurement of the energy spectrum.
So, powerful neutrino source is required.
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Neutrino Pair Beam
The pair beam, which has been proposed recently,  can produced a large 
amount of neutrino pairs from the circulating partially stripped ions.

[Yoshimura, Sasao, Phys. Rev. D 92, 073015 (2015)]

Characteristics of the Neutrino Pair Beam

It generates the all flavor neutrino pairs
(⌫e, ⌫e), (⌫µ, ⌫µ), (⌫⌧ , ⌫⌧ )

Very high intensity flux of neutrino beam

High beam directivity

T. Asaka et al. / Physics Letters B 760 (2016) 359–364 363

Fig. 6. Angular distribution of single neutrino for γ = 5000, ρϵeg = 1014, N = 108 , 
ϵeg = 50 keV: neutrino energy 200 MeV in solid black, 300 MeV in dashed red, 
400 MeV in dash-dotted blue, and 450 MeV in dotted black. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 7. Neutrino energy spectrum rate at the forward direction of solid angle 
area π/γ 2. Assumed parameters are ρϵeg = 1014, N = 108 and ϵeg = 50 keV, 
γ = 4000 in solid black, 5000 in dashed red, 6000 in dash-dotted blue. (For in-
terpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

distinguish produced lepton or anti-lepton from either neutrino or 
anti-neutrino should be considered to directly measure the dif-
ference of rates, namely, CP-odd asymmetry. 10 kt class of 56

26Fe 
target is considered. We shall use PDG compilation [13] of neutrino 
quasi-elastic cross section extrapolated to lower neutrino energy 
region. Event rates for an ideal detector of the active target volume 
covered fully by the neutrino pair beam (for example, the cylin-
drical detector located at the distance Dd with the cross section 
area S = π D2

d/γ 2, the length Ld and the total volume S Ld = T ), 
are

νµ(Fe); 6.2 × 10−11 Pµ

(
E

1 GeV

)(
T

10 kt

)
d&

dE
'E Hz, (15)

ν̄µ(Fe); 1.8 × 10−11 P µ̄

(
E

1 GeV

)(
T

10 kt

)
d&

dE
'E Hz, (16)

where 'E is the width of the energy bin. Neutrino event rates 
scale with N(sin θc cos θc)

2 where N is the circulating ion number 
and sin θc cos θc is the coherence factor. We took for this product 
108 . The precise number to be taken depends on accelerator R and 
D works and is difficult to pin down at the moment. But one can 
readily obtain neutrino event rates by this scaling.

It is found from Fig. 7 that, when γ = 5000 and E = 200 MeV, 
d&
dE 'E ≃ 1016 Hz (with 'E = 1 MeV). Then the expected event 

rate is O(103) per second by using the 10 kt detector for Pµ,µ̄ ∼
a few %, which leads to O(1010) quasi-elastic scattering events 
per year. This is a large enough event rate which makes possi-
ble the measurements of the CP asymmetry, depending on the 
value of δ as shown in Fig. 2. We stress the advantage of the 
CP-even neutrino-pair beam: this beam is free from systematic er-
rors in the relative fluxes of neutrinos and anti-neutrinos, which 
offers a direct test of CP violation, although CP-even observables 
can also determine CPV parameter δ. The simultaneous measure-
ment of both CP-odd and CP-even observables is a great advan-
tage to enhance the precision of δ measurement. Although the 
neutrino-pair beam has some similar features to the beta-beam, 
the simultaneous presence of neutrinos and anti-neutrinos makes 
a distinctive merit. The more precise estimation of the event rate 
requires a better understanding of the neutrino scattering cross 
section in the detector, which seems insufficient near the threshold 
region.

One might worry about a small branching ratio of the neutrino-
pair emission. Actually, a possible smallness of the branching ratio 
itself is not a problem at all, and what really matters to a re-
alization of the neutrino-pair beam is whether the absolute rate 
of the neutrino-pair emission is large enough. Multiple photon 
modes due to quantum electrodynamics, for instance, might have 
larger rates than that of the neutrino-pair process. Emitted mul-
tiple photons in this case are simply dumped somewhere when 
the neutrino-pair beam is extracted. The situation is similar to 
νµ beam in the pion decay: in this case π0 backgrounds etc are 
dumped somewhere, and one does not discuss the branching frac-
tion that goes to the neutrino beam.

The problem of coherence loss is related to the energy con-
sumption of ion in the accelerator ring. After submission of the 
original manuscript, one of the present authors (MY) worked 
out the coherence loss problem during the circulation of heavy 
ions [14]. The coherence loss caused by a strongest photon emis-
sion process is described by

dρeg

dt
= − G

2
ρ3

eg, ρeg(t) = ρeg(0)
√

1 + Gρ2
eg(0)t

,

ρeg(0) = 1
2

sin(2θc), (17)

where the de-coherence coefficient G was calculated by integrating 
the emitted photon number over all photon energies and angular 
area π/γ 2. The coefficient G depends on quantum numbers of |e⟩
and |g⟩. The essential point for ion energy recovery is that one 
can compensate the lost ion energy by acceleration of ions, since 
the rate of coherence loss given by eq. (17) is much slower than 
the linear growth of compensation energy given by a constant ac-
celeration gradient. The ratio of lost energy by photon emission to 
the compensated ion energy was numerically computed for He-like 
ions, using a high-gradient acceleration of 100 MV/m technically 
achievable in [14]. It was found that by adjusting the accelera-
tor circumference, the acceleration gradient and appropriate ions, 
one can compensate the lost energy by ion acceleration within 
one turn of circulation. If the de-coherence problem is solved this 
way, a fast radiative decay in the case of neutrino pair emission is 
not an obstacle, as discussed above. Clearly, the problem needs to 
be solved along with more detailed design of heavy ion accelera-
tor.

6. Summary and outlook

In summary, we demonstrated that CPV parameter determina-
tion is possible in a short baseline experiment using the neutrino 
pair beam. If the accelerator ring is placed in the underground of 

[Asaka,Tanaka,Yoshimura, Phys.Lett. B760 (2016) 359-364 ]

Neutrino Tomography requires the precise measurement of the energy spectrum
for the precise reconstruction of the density profile.

This high event rate (high flux) is essential.

https://arxiv.org/abs/1505.07572
https://arxiv.org/abs/1512.08076
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Figure 1: Deviation of neutrino oscillation probability P (∫̄e ! ∫̄e ) from the vacuum one (right panel)

due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed

line), respectively.

In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by

Ω(x) = Ω̄+ (Ωl ° Ω̄)exp

"

°
°
x ° L

2

¢2

D2
l

#

, (26)

where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.

6

We consider the symmetric exponential type of the density profile.

L : length of the baseline
Dl : width of the lump
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We consider the low energy                      oscillation.⌫̄e ! ⌫̄e
E⌫ : 2 ⇠ 100 [MeV]

Source Point Detection PointLump

L = 300 [km]



SI2018

!14

Statistical Test

 6

 8

 10

 12

 14

 16

 18

 25  50  75  100  125

ρ *
 [g

/c
m

3 ]

D* [km]

(A)

(B)

(C)

Figure 2: Contour plot of ¢¬2 in the D§-Ω§ plane. The true values of the width and density of the

lump are taken as (A) Dl = 50 km and Ωl = 8.0 g/cm3, (B) Dl = 50 km and Ωl = 16 g/cm3, and (C)

Dl = 100 km and Ωl = 8.0 g/cm3, respectively. ¢¬2 = 2.3 (1æ level) is shown by blue dashed lines and

¢¬2 = 11.83 (3æ level) is shown by red solid lines.

It is, therefore, found that the neutrino pair beam provides the powerful tool to realize the oscil-

lation tomography. The density and width of the lump can be reconstructed accurately if one takes

into account the statistical error only. In order to obtain the realistic precision of the reconstruction

we have to include various systematic errors in production, propagation and detection rates as well

as the mass squared difference and mixing matrix of neutrinos. This issue is beyond the scope of this

analysis.

4 Reconstruction of Density Profile

Next, we turn to discuss the reconstruction procedure ofΩ(x). One of the serious problems to perform

the reconstruction is the degeneracy of the oscillation probabilities. In two-flavor neutrino case the

probability between flavor neutrinos with the density profile Ω(x) is the same as that with Ω(L ° x).

This means that the measurement of the energy spectrum of the oscillation probability is insufficient

for the reconstruction when the density profile is asymmetric, i.e. , Ω(x) 6= Ω(L°x). The reconstruction

without ambiguity is possible only for the symmetric density profile with Ω(x) = Ω(L ° x). It has been

pointed out [54, 32] that this difficulty is absent when one uses the solar and supernova neutrinos to

probe the interior of the Earth. This is because the initial neutrinos before entering the Earth are not

9

 - - : 1 σ region 
 ー : 3 σ region

Δχ2 contour

where mN is a nucleon mass (mN = mp ), gV = 1 and g A = 1.2695. The number of the signal events

N (E∫) for the energy region [E∫,E∫+¢E∫] in the detector located at L from the source is given by

N (E∫) ' d°
dE∫

¢E∫
∞2

4ºL2 P (E∫,L)æ(E∫)nN Vd T , (31)

where Vd and nN is the volume and the nucleon density of the detector#2 and T is the duration of

the observation. Here the area of the detector is assumed to be smaller than 4ºL2/∞2. It is then for

E∫ø Em that

N (E∫) ' 4.73£107 £P (∫̄e ! ∫̄e ;E∫)
µ

E∫

100 MeV

∂ 5
2
µ
¢E∫

1 MeV

∂µ
300 km

L

∂2 µ
Vd

105 m3

∂µ
T

1 year

∂
. (32)

Here we have used the facts that, although the beam produces the pairs of neutrino and antineutrino

with all flavors through the charged and neutral current interactions, the dominant one is the pairs

of ∫e and ∫̄e , and that the detection probability of ∫̄e (while the other ∫e of the pair is undetected) is

approximately given by the neutrino oscillation probability P (∫̄e ! ∫̄e ;E∫) [62]. It is seen that a large

number of ∫̄e events can be detected even at L = 300 km.#3

In order to show the significance of the use of the neutrino pair beam quantitatively, we perform

the ¬2 analysis and show how precise the width and density of the lump can be reconstructed when

the density profile is given by Eq. (26). We consider the case when the energy spectrum is measured

for 100 bins (Nb = 100) from E∫ = 2 MeV to 100 MeV,#4 and ¢¬2 is introduced by

¢¬2 =
NbX

i=1

£
N (Ei )|D§,Ω§ °N (Ei )|Dl ,Ωl

§2

æ2(Ei )
, (33)

where the true values of width and density of the lump are taken as Dl = 30 km and Ωl = 8.0 g/cm3.

Here we take into account only the statistical error and æ(Ei ) =
p

N (Ei )|Dl ,Ωl .

In Fig. 2 contour plots of ¢¬2 in the D§-Ω§ plane are presented for three different cases. The lines

with ¢¬2 = 2.3 (1æ level) and ¢¬2 = 11.83 (3æ level) [64] are shown. It is seen that there is an ap-

proximate degeneracy between D§ and Ω§. This is because the leading contribution to the oscillation

probability from the lump is proportional to the combination ¢Ω§ D§ where ¢Ω§ = Ω§ ° Ω̄. This de-

generacy is broken by the higher order corrections of¢Ω§ and D§. The pair beam can probe the lump

at the 1 æ level as

(A) D§ = 50+5.9
°5.9 km and Ω§ = 8.0+0.62

°0.48 g cm°3 ,

(B) D§ = 50+2.5
°2.4 km and Ω§ = 16+0.58

°0.53 g cm°3 ,

(C) D§ = 100+8.2
°7.1 km and Ω§ = 8.0+0.22

°0.21 g cm°3 ,

(34)

#2 For the detector of liquid argon Ω = 1.4 g/cm3 and nN = NAΩ/(40mp ) = 0.035NA cm°3 where NA is the Avogadro

constant.
#3 The number of ∫̄e events in the energy region E∫ = 2.6–8.5 MeV for one year at KamLAND is O (102) [65], and that for

the present case is 2.99£106.
#4 The neutrino energy threshold of ∫̄e +p ! e++n is E§ = [(mn +me )2 °m2

p ]/(2mp ) ' 1.806 MeV [2].

8

N = flux × oscillation probability × detection rate

We perform the χ2 analysis.

Nb = 100 : the number of energy bin

where mN is a nucleon mass (mN = mp ), gV = 1 and g A = 1.2695. The number of the signal events

N (E∫) for the energy region [E∫,E∫+¢E∫] in the detector located at L from the source is given by

N (E∫) ' d°
dE∫

¢E∫
∞2

4ºL2 P (E∫,L)æ(E∫)nN Vd T , (31)

where Vd and nN is the volume and the nucleon density of the detector#2 and T is the duration of

the observation. Here the area of the detector is assumed to be smaller than 4ºL2/∞2. It is then for

E∫ø Em that

N (E∫) ' 4.73£107 £P (∫̄e ! ∫̄e ;E∫)
µ

E∫

100 MeV

∂ 5
2
µ
¢E∫

1 MeV

∂µ
300 km

L

∂2 µ
Vd

105 m3

∂µ
T

1 year

∂
. (32)

Here we have used the facts that, although the beam produces the pairs of neutrino and antineutrino

with all flavors through the charged and neutral current interactions, the dominant one is the pairs

of ∫e and ∫̄e , and that the detection probability of ∫̄e (while the other ∫e of the pair is undetected) is

approximately given by the neutrino oscillation probability P (∫̄e ! ∫̄e ;E∫) [62]. It is seen that a large

number of ∫̄e events can be detected even at L = 300 km.#3

In order to show the significance of the use of the neutrino pair beam quantitatively, we perform

the ¬2 analysis and show how precise the width and density of the lump can be reconstructed when

the density profile is given by Eq. (26). We consider the case when the energy spectrum is measured

for 100 bins (Nb = 100) from E∫ = 2 MeV to 100 MeV,#4 and ¢¬2 is introduced by

¢¬2 =
NbX

i=1

£
N (Ei )|D§,Ω§ °N (Ei )|Dl ,Ωl

§2

æ2(Ei )
, (33)

where the true values of width and density of the lump are taken as Dl = 30 km and Ωl = 8.0 g/cm3.

Here we take into account only the statistical error and æ(Ei ) =
p

N (Ei )|Dl ,Ωl .

In Fig. 2 contour plots of ¢¬2 in the D§-Ω§ plane are presented for three different cases. The lines

with ¢¬2 = 2.3 (1æ level) and ¢¬2 = 11.83 (3æ level) [64] are shown. It is seen that there is an ap-

proximate degeneracy between D§ and Ω§. This is because the leading contribution to the oscillation

probability from the lump is proportional to the combination ¢Ω§ D§ where ¢Ω§ = Ω§ ° Ω̄. This de-

generacy is broken by the higher order corrections of¢Ω§ and D§. The pair beam can probe the lump

at the 1 æ level as

(A) D§ = 50+5.9
°5.9 km and Ω§ = 8.0+0.62

°0.48 g cm°3 ,

(B) D§ = 50+2.5
°2.4 km and Ω§ = 16+0.58

°0.53 g cm°3 ,

(C) D§ = 100+8.2
°7.1 km and Ω§ = 8.0+0.22

°0.21 g cm°3 ,

(34)

#2 For the detector of liquid argon Ω = 1.4 g/cm3 and nN = NAΩ/(40mp ) = 0.035NA cm°3 where NA is the Avogadro

constant.
#3 The number of ∫̄e events in the energy region E∫ = 2.6–8.5 MeV for one year at KamLAND is O (102) [65], and that for

the present case is 2.99£106.
#4 The neutrino energy threshold of ∫̄e +p ! e++n is E§ = [(mn +me )2 °m2

p ]/(2mp ) ' 1.806 MeV [2].
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The pair beam can probe the lump at the 1 σ level as

We estimate how precisely the width(    ) and density(    ) of the lump 
can be reconstructed under this set up.

D⇤ ⇢⇤

We assume the 3 density profile.

It is seen that the neutrino pair beam can provide
 the measurement of the density profile.
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Figure 1: Deviation of neutrino oscillation probability P (∫̄e ! ∫̄e ) from the vacuum one (right panel)

due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed

line), respectively.

In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by

Ω(x) = Ω̄+ (Ωl ° Ω̄)exp

"

°
°
x ° L

2

¢2

D2
l

#

, (26)

where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.

6

⇢̄ = 2.7[g/cm3]
<latexit sha1_base64="3tmGunKh71o2ZoJDu1ECgCGQijM="></latexit><latexit sha1_base64="3tmGunKh71o2ZoJDu1ECgCGQijM="></latexit><latexit sha1_base64="3tmGunKh71o2ZoJDu1ECgCGQijM="></latexit><latexit sha1_base64="3tmGunKh71o2ZoJDu1ECgCGQijM="></latexit>

We assume 1 year as experimental running time. 
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Neutrino Oscillation Tomography
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Figure 1: Deviation of neutrino oscillation probability P (∫̄e ! ∫̄e ) from the vacuum one (right panel)

due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed

line), respectively.

In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by

Ω(x) = Ω̄+ (Ωl ° Ω̄)exp

"

°
°
x ° L

2

¢2

D2
l

#

, (26)

where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.
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Figure 1: Deviation of neutrino oscillation probability P (∫̄e ! ∫̄e ) from the vacuum one (right panel)

due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed

line), respectively.

In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by

Ω(x) = Ω̄+ (Ωl ° Ω̄)exp

"

°
°
x ° L

2

¢2

D2
l

#

, (26)

where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.

6

?
How reconstruct the density profile 

from the energy spectrum of the neutrino oscillation?
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Density Profile Reconstruction Method

in the flavor eigenstate but in the mass eigenstate due to the MSW effect.

The tomography by the neutrino pair beam under consideration relies on the oscillation proba-

bility of ∫̄e ! ∫̄e as explained in the previous section, and hence we are faced with this problem. In

this analysis we merely assume the symmetric profile to avoid it, which is the first step towards the

analyses of more complicated profiles.

Another difficulty of the reconstruction is the cost of numerical calculations. To reduce it we

would like to propose a method based on the perturbation of matter effects. Other methods will be

discussed elsewhere [61]. Notice that the matter effects can be treated perturbatively for [60]

¢m2

2E∫
> GFp

2mp
Ω . (35)

Thus, the matter density and the neutrino energy should be sufficiently small for a given ¢m2.

Our proposed method for the reconstruction is as follows: (i) First, we discretize the neutrino

baseline into the NL segments. We take here NL = 60 as an example. The matter densities at each

segment Ωi = Ω(xi ) (i = 1,2, · · · , NL) are taken as free parameters, which will be determined by using

the ¬2 fit to the energy spectrum of the oscillation probability.

(ii) Second, we also divide the energy range of interest into the NE parts. Here the minimum

energy is taken as 2 MeV, which is larger than the threshold energy of ∫̄e for the charged current

interaction (see the discussion in the previous section). On the other hand, the maximum energy is

taken as 100 MeV which is sufficiently small to justify the perturbative treatment of the matter effects.

(See Eq. (35)). Here we divide into the NE = 100 parts of even intervals.

(iii) Finally, we determine the densities Ωi by minimizing the ¬2 function which compares the

experimental data N obs(Ei ) for a given density profile Ω(x) with the theoretical predictions N th(Ei )

from unknown Ωi . The explicit form of the ¬2 function is

¬2 =
X

i=1,NE

£
N obs(Ei )°N th(Ei )

§2

æ2(Ei )
, (36)

where æ(Ei ) =
p

N obs(Ei ). In this analysis we take the number of signal events in Eq. (31) estimated

from the oscillation probability including the precise matter effect as the observation one N obs(Ei ).

On the other hand, the theoretical one N th(Ei ) is estimated from the analytical expression of the

oscillation probability obtained by the perturbation. The use of the perturbative expression is crucial

in reducing the numerical cost to reconstruct Ωi .

First of all, we show the results for the case with the flat density profile

Ω(x) = Ω̄ = 2.7 g/cm3 . (37)

As shown in Fig. 3, the reconstruction by using the probability with the first order correction P (1)(∫̄e !
∫̄e ;E∫) is found to be unsuccessful in the present case. On the other hand, when we include the

10

1. We discretize the neutrino baseline into the NL segments. 
0 L

NL

2. We consider the matter densities for these segments as free parameters      . 
0 L⇢1

⇢2

⇢3 ⇢NL

⇢NL�1

⇢NL�2

We assume that the each density is constant within each segment.

3. We also divide the energy range into the NE parts, and define the χ2 function

4.  We determine those density by minimizing the χ2 function by comparing the   
    experimental data              for a given original profile ρ(x) with the theoretical  
    prediction              from unknown parameters    .

Nobs(Ei)
Nth(Ei) ⇢j

in the flavor eigenstate but in the mass eigenstate due to the MSW effect.

The tomography by the neutrino pair beam under consideration relies on the oscillation proba-

bility of ∫̄e ! ∫̄e as explained in the previous section, and hence we are faced with this problem. In

this analysis we merely assume the symmetric profile to avoid it, which is the first step towards the

analyses of more complicated profiles.

Another difficulty of the reconstruction is the cost of numerical calculations. To reduce it we

would like to propose a method based on the perturbation of matter effects. Other methods will be

discussed elsewhere [61]. Notice that the matter effects can be treated perturbatively for [60]

¢m2

2E∫
> GFp

2mp
Ω . (35)

Thus, the matter density and the neutrino energy should be sufficiently small for a given ¢m2.

Our proposed method for the reconstruction is as follows: (i) First, we discretize the neutrino

baseline into the NL segments. We take here NL = 60 as an example. The matter densities at each

segment Ωi = Ω(xi ) (i = 1,2, · · · , NL) are taken as free parameters, which will be determined by using

the ¬2 fit to the energy spectrum of the oscillation probability.

(ii) Second, we also divide the energy range of interest into the NE parts. Here the minimum

energy is taken as 2 MeV, which is larger than the threshold energy of ∫̄e for the charged current

interaction (see the discussion in the previous section). On the other hand, the maximum energy is

taken as 100 MeV which is sufficiently small to justify the perturbative treatment of the matter effects.

(See Eq. (35)). Here we divide into the NE = 100 parts of even intervals.

(iii) Finally, we determine the densities Ωi by minimizing the ¬2 function which compares the

experimental data N obs(Ei ) for a given density profile Ω(x) with the theoretical predictions N th(Ei )

from unknown Ωi . The explicit form of the ¬2 function is

¬2 =
X

i=1,NE

£
N obs(Ei )°N th(Ei )

§2

æ2(Ei )
, (36)

where æ(Ei ) =
p

N obs(Ei ). In this analysis we take the number of signal events in Eq. (31) estimated

from the oscillation probability including the precise matter effect as the observation one N obs(Ei ).

On the other hand, the theoretical one N th(Ei ) is estimated from the analytical expression of the

oscillation probability obtained by the perturbation. The use of the perturbative expression is crucial

in reducing the numerical cost to reconstruct Ωi .

First of all, we show the results for the case with the flat density profile

Ω(x) = Ω̄ = 2.7 g/cm3 . (37)

As shown in Fig. 3, the reconstruction by using the probability with the first order correction P (1)(∫̄e !
∫̄e ;E∫) is found to be unsuccessful in the present case. On the other hand, when we include the
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j = 1, · · · , NL
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Perturbation Formula

We introduce the perturbation formula of the neutrino oscillation probability 
which is used for the theoretical prediction            from unknown parameters     .Nth(Ei) ⇢j

Nth(Ei) = flux⇥ P⌫̄e!⌫̄e(E,L)⇥ detection rate

Neutrino Oscillation Probability

i
d

dx

~A(x) = [HF
0 + V

F ] ~A(x)

Neutrino Oscillation Probability is calculated from the this evolution equation.

Then we assume the relation H
F
0 > V

F

And calculate the oscillation probability by perturbation.

Ex) perturbation formula at 1st order is written as

P (1)(Ei) /
X

⇢(xj)


sin

⇢
�m2

2EI
L

�
� sin

⇢
�m2

2EI
xj

�
� sin

⇢
�m2

2E⌫
(L� xj)

��

We find the 2nd order perturbation is important for the successful reconstruction.

P↵� = |A(0)
�↵ +A(1)

�↵ +A(2)
�↵ + · · · |2

= |A(0)
�↵|

2 +A(0)⇤
�↵ A(1)

�↵ +A(0)
�↵A

(1)⇤
�↵ + |A(1)

�↵|
2 +A(0)⇤

�↵ A(2)
�↵ +A(0)

�↵A
(2)⇤
�↵ + · · ·
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Assumption

⇢j � 0

And reconstruct the density profile.

N = flux × oscillation probability × detection rate

i
d

dx

✓
A⌫e!⌫e

A⌫e!⌫µ

◆
=


U

✓
0 0

0 �m2

2E

◆
U† +

✓
VCC(x) 0

0 0

◆�✓
A⌫e!⌫e

A⌫e!⌫µ

◆

ne(x) '
⇢(x)

2mp

VCC(x) =
p
2GFne(x)

Nobs(Ei)We assume                as event rate by the calculation 
from evolution equation with original matter density profile.

★

We assume about the fitting parameter (matter density in the each segment)★

in the flavor eigenstate but in the mass eigenstate due to the MSW effect.

The tomography by the neutrino pair beam under consideration relies on the oscillation proba-

bility of ∫̄e ! ∫̄e as explained in the previous section, and hence we are faced with this problem. In

this analysis we merely assume the symmetric profile to avoid it, which is the first step towards the

analyses of more complicated profiles.

Another difficulty of the reconstruction is the cost of numerical calculations. To reduce it we

would like to propose a method based on the perturbation of matter effects. Other methods will be

discussed elsewhere [61]. Notice that the matter effects can be treated perturbatively for [60]

¢m2

2E∫
> GFp

2mp
Ω . (35)

Thus, the matter density and the neutrino energy should be sufficiently small for a given ¢m2.

Our proposed method for the reconstruction is as follows: (i) First, we discretize the neutrino

baseline into the NL segments. We take here NL = 60 as an example. The matter densities at each

segment Ωi = Ω(xi ) (i = 1,2, · · · , NL) are taken as free parameters, which will be determined by using

the ¬2 fit to the energy spectrum of the oscillation probability.

(ii) Second, we also divide the energy range of interest into the NE parts. Here the minimum

energy is taken as 2 MeV, which is larger than the threshold energy of ∫̄e for the charged current

interaction (see the discussion in the previous section). On the other hand, the maximum energy is

taken as 100 MeV which is sufficiently small to justify the perturbative treatment of the matter effects.

(See Eq. (35)). Here we divide into the NE = 100 parts of even intervals.

(iii) Finally, we determine the densities Ωi by minimizing the ¬2 function which compares the

experimental data N obs(Ei ) for a given density profile Ω(x) with the theoretical predictions N th(Ei )

from unknown Ωi . The explicit form of the ¬2 function is

¬2 =
X

i=1,NE

£
N obs(Ei )°N th(Ei )

§2

æ2(Ei )
, (36)

where æ(Ei ) =
p

N obs(Ei ). In this analysis we take the number of signal events in Eq. (31) estimated

from the oscillation probability including the precise matter effect as the observation one N obs(Ei ).

On the other hand, the theoretical one N th(Ei ) is estimated from the analytical expression of the

oscillation probability obtained by the perturbation. The use of the perturbative expression is crucial

in reducing the numerical cost to reconstruct Ωi .

First of all, we show the results for the case with the flat density profile

Ω(x) = Ω̄ = 2.7 g/cm3 . (37)

As shown in Fig. 3, the reconstruction by using the probability with the first order correction P (1)(∫̄e !
∫̄e ;E∫) is found to be unsuccessful in the present case. On the other hand, when we include the

10

Minimize ★

N th(Ei, ⇢j)
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Result of the flat density
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Figure 3: Results of the reconstruction of the flat density profile with Ω(x) = Ω̄ = 2.7 g/cm3. We use

the analytic expressions of the energy spectra at the first order (left panel) and the second order (right

panel), respectively. The true density profiles are shown by blue lines, while the reconstructed ones

are shown by red points.

second order correction P (2)(∫̄e ! ∫̄e ;E∫), the density profile can be reconstructed within a certain

error. It is found that the precision of the reconstruction is O (10) % except for the regions near the

production and detection points.

Next, we perform the reconstruction of the density profile with a bump or a dip by using the

second order expression. The results are shown in Fig. 4. The density at the center for the bump is

taken as 8 g/cm3 which is close to the value for iron, and that for the dip is 1 g/cm3 which is for water

(with a pressure of one atmosphere). It is seen that the profiles can be reconstructed well except for

the regions near the production and detection points.

We have found that our proposed method at the second order perturbation works successfully.

A rather complicated profile can be reconstructed as long as the density profile is symmetric Ω(x) =
Ω(L ° x). See, for example, Fig. 5. It should be stressed that this method can operate even with the

limited numerical cost because of the analytical expression of the oscillation probability.

Finally, we have observed that the minimum energy in the oscillation probability used for the

reconstruction is important to obtain a better result. In the present analysis we take 2 MeV because

of the threshold energy of the ∫̄e detection process. As the minimum energy becomes smaller, the

result of the reconstruction becomes better. We have found in such cases that the reconstructed

densities even near the production and detection points become close to the true values. In addition,

the oscillatory behavior of the reconstructed profile at the flat density region becomes changed so

11

 - : Original density profile
・: reconstructed density profile

Result with using the 1st order formula Result with using the 2nd order formula 

⇢̄ = 2.7 [g/cm3]

Reconstruction of 60 points
100 Energy bin

The 2nd order matter effect is 
important for the reconstruction
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Result with using the 2nd order formula
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Figure 4: Results of the reconstruction of the two density profiles. The density at the center is Ω =
8 g/cm3 that is for iron (left panel) and 1 g/cm3 for water (right panel). The true density profiles are

shown by blue lines, while the reconstructed ones are shown by red points.

that both amplitude (deviation) and wavelength (interval) become smaller, which leads to the better

fit. In other words, the main source of the gap from the true profile might be the fact that we can use

the oscillation probability for the limited energy range. Especially, those at low energies give a precise

information of the density profile. Moreover, the corrections of matter effect at higher orders are also

the source of errors in the reconstruction.

5 Conclusions

We have investigated the oscillation tomography using the neutrino pair beam. It has been shown

that the beam can offer the powerful neutrino source to probe the Earth’s interior and the precision

of the reconstruction of the density profile becomes improved considerably. In addition, we have

proposed the tomography method based on the perturbation of matter effects in the oscillation prob-

abilities. This method works only for the symmetric profile with Ω(x) = Ω(L ° x) under the situation

we have discussed. It has been demonstrated that the profile can be reconstructed well by including

the second order correction. We believe that these two ingredients give considerable progress toward

the realization of the neutrino tomography.
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Figure 1: Deviation of neutrino oscillation probability P (∫̄e ! ∫̄e ) from the vacuum one (right panel)

due to the matter effect of the three different density profiles shown in the left panel. The width of the

lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed

line), respectively.

In the present analysis the oscillation with two-flavor neutrinos (∫e and ∫µ) is investigated for the

sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The

mixing angle µ and mass squared difference ¢m2 in vacuum are taken as

sin2µ = 0.306, ¢m2 = 7.50£10°5 eV2 , (25)

which correspond to those associated with the solar neutrino oscillation [1].

We consider for instance the matter density profile given by

Ω(x) = Ω̄+ (Ωl ° Ω̄)exp

"

°
°
x ° L

2

¢2

D2
l

#

, (26)

where the background mass density is Ω̄ and it is taken as Ω̄ = 2.7 g/cm3 by considering the continen-

tal crust. In addition the lump with a density Ωl and a width Dl is located at the center L/2.

We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function

of neutrino energy when the lump density is Ωl = 8.0 g/cm3 that is close to the iron one. It is seen that

the deviation changes in accordance with the density profile. This correspondence is the essence of

the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and

then the precise measurement of the energy spectrum is a key for the realization of the tomography.

6

Original density profile

⇢̄ = 2.7 [g/cm3]

⇢l = 8.0 [g/cm3] ⇢l = 1.0 [g/cm3]

The lump of iron The lump of water

Reconstruction of 60 points 100 Energy bin

We could reconstruct the density profile of lump.
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Result of the exotic density profile
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Figure 5: Result of the reconstruction of the symmetric density profile. The true density profile is

shown by blue line, while the reconstructed one is shown by red points.
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Summary

We have investigated the oscillation tomography by the neutrino pair beam.

The neutrino pair beam is powerful source to the probe of the Earth’s interior.

The reconstruction method with the 2nd order perturbation formula is powerful tool.

Toward to the realization of the neutrino tomography

the realistic 3 flavor oscillation.

the method with the reconstruction of the asymmetric density profile.

This talk

the more realistic set up. 
(- uncertainty of the real experiment) 
(- realistic target of the neutrino tomography) 
   ex.)  Earth’s core and mantle, mineral, oil, etc…    

It has been demonstrated that the profile can be reconstructed well by including 
the 2nd order correction. We believe that these two ingredients give considerable 
progress toward the realization of the neutrino tomography. 
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If we consider the 2 flavor oscillation, probability degenerate by the Unitarity.

P (⌫e ! ⌫e) + P (⌫e ! ⌫µ) = 1

P (⌫e ! ⌫e) + P (⌫µ ! ⌫e) = 1

) P (⌫µ ! ⌫e) = P (⌫e ! ⌫µ)

So, Oscillation probability with asymmetric density profile 
coincide with the another one.
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P (1)(⌫e ! ⌫e) =
GF

2
p
2mp

sin2 2✓ cos 2✓

Z L

0
dx ⇢(x)[sin{�m2

2E
L}� sin{�m2

2E
x}� sin{�m2

2E
(L� x)}]

1st order

2nd order
P (2)(⌫e ! ⌫e; t) = P (2a)(⌫e ! ⌫e; t) + P (2b)(⌫e ! ⌫e; t)

P (2a)(⌫e ! ⌫e; t) = [cos8 ✓ + sin8 ✓ + 2 cos4 ✓ sin4 ✓ cos (�t)]G1(t)
2

+ cos4 ✓ sin4 ✓[G2(t)
2 +G3(t)

2]

+ 2(cos4 ✓ + sin4 ✓) cos2 ✓ sin2 ✓G1(t)G2(t)

P (2b)(⌫e ! ⌫e; t) = �2

Z t

0
dt1

Z t1

0
dt2VCC(t1)VCC(t2)

⇥ {+cos8 ✓ + sin8 ✓

+ cos2 ✓ sin2 ✓(cos4 ✓ + sin4 ✓)[cos (�t) + cos (�t2) + cos (�(t2 � t1)) + cos (�(t1 � t))]

+ 2 cos4 ✓ sin4 ✓[cos (�(t2 � t)) + cos (�t1) + cos (�(t2 � t1 + t))]}

G1(t) =

Z t

0
dt1VCC(t1)

G2(t) =

Z t

0
dt1VCC(t1)[cos (�t1) + cos (�(t� t1))]

G3(t) =

Z t

0
dt1VCC(t1)[sin (�t1) + sin (�(t� t1))]
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The result when the number of devisors is increased.

NE = 300
NL = 300 
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We see the dependence of density.
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We can’t reconstruct if the density 
  becomes too small in this method.

 - : reconstructed density profile
・: Original density profile
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Reconstruction with 2nd order perturbation
We see the dependence of width of lump.

We can’t reconstruct if the density 
  becomes too narrow in this method.  - : reconstructed density profile
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