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Anti-matter
• Quarks and leptons have their anti-matter counterparts 

which have almost same characters but opposite charges.
• Electron (e-)          ⇔        Positron (e+)
• Quark (q)               ⇔        Anti-quark (q)
• Neutrino (n)           ⇔        Anti-neutrino (n)

• Pair creation and Annihilation
• Matter and its anti-matter are created/annihilated in pairs from/into 

energy (= photons).
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CP symmetry
• CP transformation
• Charge conjugation + Parity reversal

• Matter and its anti-matter are related by CP transformation.
• CP violation means the laws of the physics are not the same for 

matter and anti-matter.
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Mystery of the universe
• The universe started with the Bing Bang (= huge energy).
• Same amount of matters and anti-matters were produced in pair 

creation at that time.
• If enough time has passed, all the matters and the anti-matters are 

converted into photons in annihilation.
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Mystery of the universe
• Current universe (13.8 billion years after the Big Bang).
• Photons and matters are dominated, but no anti-matter exists.
• 1/1000000000 imbalance between matters and anti-matters (= CP 

violation) is required.
• Quarks violate the CP symmetry, but 7 digits short.
• Test the CP symmetry in neutrinos!
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Neutrinos
• 3 flavors (ne, nµ, nt) and their anti-matters (ne, nµ, nt) 
• No charge
• Very light but non-zero mass (< 10-5 me)
• Weak interaction only, so it is called ghost particle.
• Flavor eigenstates (ne, nµ, nt) and mass eigenstates (n1, n2, n3) 

are mixing.
• The universe is full of neutrinos.
• photons ~ 400/cm3

• neutrinos ~300/cm3

• proton/neutron ~ 0.000001/cm3
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How to detect neutrinos
• Observe charged particles generated in the weak interactions.  
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Neutrino oscillation
• Neutrino is produced in one of flavor eigenstates (ne, nµ, nt).
• Then, it travels in superposition of mass eigenstates (n1, n2, n3).

• Relative phases of the mass eigenstates change due to their mass 
differences, and it results different mixture of flavor eigenstates.
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Neutrino oscillation
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Neutrino oscillation
• 2 flavor case (for simplicity)
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Neutrino oscillation
• 3 flavor case
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Long-baseline accelerator neutrino 
oscillation experiments
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CP transformation
dCP

1. Produce beams with accelerators.
2. Detect the beams at far detectors at distances of ~300-800 km.
3. Compare and                              .P (⌫µ ! ⌫e; t)
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If n travels in vacuum, thatʼs it.
But, another effect exists.
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Mass hierarchy
• Sign of               is not know. 
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Matter effect in neutrino oscillation

16

muon, tau neutrinos electron neutrinos
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<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

⌫e
<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>

⌫µ,⌧
<latexit sha1_base64="CfOXqRdHver4G5KFmApvxPaXtKM="></latexit><latexit sha1_base64="CfOXqRdHver4G5KFmApvxPaXtKM="></latexit><latexit sha1_base64="CfOXqRdHver4G5KFmApvxPaXtKM="></latexit><latexit sha1_base64="CfOXqRdHver4G5KFmApvxPaXtKM="></latexit>

⌫µ,⌧
<latexit sha1_base64="t1u3IJ8qU3kESRKgJGaU458l/Ns="></latexit><latexit sha1_base64="t1u3IJ8qU3kESRKgJGaU458l/Ns="></latexit><latexit sha1_base64="t1u3IJ8qU3kESRKgJGaU458l/Ns="></latexit><latexit sha1_base64="t1u3IJ8qU3kESRKgJGaU458l/Ns="></latexit>



Matter effect in neutrino oscillation
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Matter effect reduce mass of
and increase mass of      .

Neutrino:
Matter effect increase.          
for normal hierarchy and reduce

for inverted hierarchy.

Anti-neutrino:
Matter effect reduce          
for normal hierarchy and increase

for inverted hierarchy.

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

⌫e
<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>

�m2
23

<latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit>

�m2
23

<latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit>

�m2
23

<latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit>

�m2
23

<latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit><latexit sha1_base64="Iq51APgB4nd0oQuClUN6PfWnDZI="></latexit>

neutrino

neutrinoanti-neutrino

anti-neutrino

Larger matter effect = greater sensitivity to the mass ordering determination.



Matter effect in neutrino oscillation
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H =
1

2E

�
UMU

† +A
�

<latexit sha1_base64="vFmCn+GnWG+UOAZEzAIrblT0Eik="></latexit><latexit sha1_base64="vFmCn+GnWG+UOAZEzAIrblT0Eik="></latexit><latexit sha1_base64="vFmCn+GnWG+UOAZEzAIrblT0Eik="></latexit><latexit sha1_base64="vFmCn+GnWG+UOAZEzAIrblT0Eik="></latexit>

A =

0

@
ACC 0 0
0 0 0
0 0 0

1

A

<latexit sha1_base64="dpAE+CfqkXf/fZl6hLP2JqdaBMI="></latexit><latexit sha1_base64="dpAE+CfqkXf/fZl6hLP2JqdaBMI="></latexit><latexit sha1_base64="dpAE+CfqkXf/fZl6hLP2JqdaBMI="></latexit><latexit sha1_base64="dpAE+CfqkXf/fZl6hLP2JqdaBMI="></latexit>

ACC = 2
p
2E⌫GFNe

<latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit><latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit><latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit><latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit>

ACC ! �ACC
<latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit><latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit><latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit><latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit>

(                           for          )⌫e
<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>

Effective Hamiltonian: 

U
<latexit sha1_base64="vQ9EtmPPRjtXPOkliNDAaRBuVSY="></latexit><latexit sha1_base64="vQ9EtmPPRjtXPOkliNDAaRBuVSY="></latexit><latexit sha1_base64="vQ9EtmPPRjtXPOkliNDAaRBuVSY="></latexit><latexit sha1_base64="vQ9EtmPPRjtXPOkliNDAaRBuVSY="></latexit>

: PMNS mixing matrix

M =

0

@
m2

1 0 0
0 m2

2 0
0 0 m2

3

1

A

<latexit sha1_base64="XsygCzSFl6dMD7wd9Y+M4qnc5Fc="></latexit><latexit sha1_base64="XsygCzSFl6dMD7wd9Y+M4qnc5Fc="></latexit><latexit sha1_base64="XsygCzSFl6dMD7wd9Y+M4qnc5Fc="></latexit><latexit sha1_base64="XsygCzSFl6dMD7wd9Y+M4qnc5Fc="></latexit>

GF
<latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit><latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit><latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit><latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit>

Ne
<latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit><latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit><latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit><latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit>

: Fermi coupling constant
: electron density



Neutrino oscillation in matter
• 3 flavor case
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Cij = cos ✓ij , Sij = sin ✓ij
<latexit sha1_base64="gIh33VWsYtk14PEJXjaC2r1dmYY="></latexit><latexit sha1_base64="1j+PJpVEcvEJA8iVXF1TYf4wcME="></latexit><latexit sha1_base64="1j+PJpVEcvEJA8iVXF1TYf4wcME="></latexit><latexit sha1_base64="VuyESSdV9ZqK10MKk82kgXUnrz0="></latexit>

ACC ! �ACC
<latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit><latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit><latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit><latexit sha1_base64="IFXUSNHAD+vyhz+Q9QW1tus+Dp8="></latexit>

for� ! ��
<latexit sha1_base64="5J94b58IB9TxyW0tj45DGIisnrA="></latexit><latexit sha1_base64="RPH8RIMIP7Mk3XPbxgQyCXpJIJU="></latexit><latexit sha1_base64="RPH8RIMIP7Mk3XPbxgQyCXpJIJU="></latexit><latexit sha1_base64="mxHEvMMx6+fbneppgSxJU+MBMmo="></latexit>

and ⌫
<latexit sha1_base64="NT5L4/V45wOrbTe7aQ68ka3uTs0="></latexit><latexit sha1_base64="1J3K1P4TQoU9ipgrJfR993xHCSs="></latexit><latexit sha1_base64="1J3K1P4TQoU9ipgrJfR993xHCSs="></latexit><latexit sha1_base64="8Y9WKKSJ90kjIOuE+7cHNR0VhkQ="></latexit>

+8C2
13S12S13S23(C12C23 cos � � S12S13S23) cos�32 sin�31 sin�21

<latexit sha1_base64="kD1jyL4WeKu2KJbMZvsS9Y7jong="></latexit><latexit sha1_base64="grIlMv4RlYQaTOtXenrz3BCEm1A="></latexit><latexit sha1_base64="grIlMv4RlYQaTOtXenrz3BCEm1A="></latexit><latexit sha1_base64="/1YBFda0SySFcAv3OQngOUa/O78="></latexit>

+4S2
12C

2
13(C

2
12C

2
23 + S2

12S
2
23S

2
13 � 2C12C23S12S23S13 cos �) sin2 �21

<latexit sha1_base64="OUt/N8+H+vUA2XUVRBoW0sxq/1g="></latexit><latexit sha1_base64="y0E3FC4kewRkFr5IjsKTly7aMqM="></latexit><latexit sha1_base64="y0E3FC4kewRkFr5IjsKTly7aMqM="></latexit><latexit sha1_base64="KQsAP96TqLfejLzZa9sXx+qWjpk="></latexit>

�8C2
13S

2
13S

2
23
ACCL

4E⌫
(1� 2S2

13) cos�32 sin�31
<latexit sha1_base64="aEI9Pfbx2REWOhZvU0MqF5QjHnI="></latexit><latexit sha1_base64="uIU4uPQWTUei41Gq0pz5ZDoy1iE="></latexit><latexit sha1_base64="uIU4uPQWTUei41Gq0pz5ZDoy1iE="></latexit><latexit sha1_base64="1Sjb2MAdT1hVm8BRr9iW5nP9+o4="></latexit>

+8C2
13S

2
13S

2
23

ACC

�m2
31

(1� 2S2
13) sin2 �31

<latexit sha1_base64="eBPAg9WkwF16zNu3oxDfIn8ydZQ="></latexit><latexit sha1_base64="nEWJ+oWQLSHJfW5Vy5msyN+sPs8="></latexit><latexit sha1_base64="nEWJ+oWQLSHJfW5Vy5msyN+sPs8="></latexit><latexit sha1_base64="OxsZrPy9pUtS4o4rBzOwtXXg7L0="></latexit>

P (⌫µ ! ⌫e; t) = 4C2
13S

2
13S

2
23 sin2 �31

<latexit sha1_base64="riS27nOPYmaMDpXufnuTfWM9qHQ="></latexit><latexit sha1_base64="ngGfhB37lVjCgwo0N6ttLDuxq2o="></latexit><latexit sha1_base64="ngGfhB37lVjCgwo0N6ttLDuxq2o="></latexit><latexit sha1_base64="n3XFdJkUoCHedsO0fgI2hX0Q/kY="></latexit>

�ij = �m2
ijL/4E⌫

<latexit sha1_base64="o5asZ4ruXqLkRDF0YLtFVU0pooo="></latexit><latexit sha1_base64="3Am4myrU12aFZjujuLgQQhtZ3hs="></latexit><latexit sha1_base64="3Am4myrU12aFZjujuLgQQhtZ3hs="></latexit><latexit sha1_base64="WNcsih3BjcRsgoaXSRX9ppzcwWU="></latexit>

Leading (q13)
CPC

�8C2
13C12C23S12S13S23 sin � sin�32 sin�31 sin�21

<latexit sha1_base64="bU7SbqYK3lQy2Ck2IskKxA5Y2oo="></latexit><latexit sha1_base64="K4R/mw1x6Uz1LDQrD/H5d9Cm7Uk="></latexit><latexit sha1_base64="K4R/mw1x6Uz1LDQrD/H5d9Cm7Uk="></latexit><latexit sha1_base64="fNLwRp6SE+0A5p1PxNrrZj11/Kg="></latexit>

CPV
Solar

Matter

* Formula from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex]

ACC = 2
p
2E⌫GFNe

<latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit><latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit><latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit><latexit sha1_base64="0tfVWAsKiDF1lsSP7jmU1CnhK7s="></latexit>

→ Matter effect is proportional to      (and    ).E⌫
<latexit sha1_base64="r6TBx08lrkm7pYuh/xWnej0tONk="></latexit><latexit sha1_base64="NrDhVfswEOxzjuQ7/KNxLqCjn6w="></latexit><latexit sha1_base64="NrDhVfswEOxzjuQ7/KNxLqCjn6w="></latexit><latexit sha1_base64="lHuftbrTvabhqfJk/O4+5CdzFLo="></latexit>

L
<latexit sha1_base64="1mHTfVbFstgkimfiH7sR06/kNnI="></latexit><latexit sha1_base64="BoUemYW7wXWwr6teJUlsDcZR+Wk="></latexit><latexit sha1_base64="BoUemYW7wXWwr6teJUlsDcZR+Wk="></latexit><latexit sha1_base64="z5s+1blT65+V0YgOcxA9kqw4YeA="></latexit>



Neutrino oscillation in matter
• 3 flavor case

20* Figures from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex]

sin22✓13 = 0.1
<latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit>

L = 295 km
<latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit>

Solid line:     normal mass hierarchy
Dashed line: inverted mass hierarchy

+25%
+25%
-25%

-25%

⇢ = 2.6g/cm3
<latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit>



Neutrino oscillation in matter
• 3 flavor case

21* Figures from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex]

sin22✓13 = 0.1
<latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit>

L = 295 km
<latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit>

Solid line:     normal mass hierarchy
Dashed line: inverted mass hierarchyIf                    and normal mass hierarchy,� = �1/2⇡

<latexit sha1_base64="D5iYiB2ItOHHd8w0Xhb4+WtI6Io="></latexit><latexit sha1_base64="D5iYiB2ItOHHd8w0Xhb4+WtI6Io="></latexit><latexit sha1_base64="D5iYiB2ItOHHd8w0Xhb4+WtI6Io="></latexit><latexit sha1_base64="D5iYiB2ItOHHd8w0Xhb4+WtI6Io="></latexit>

50% difference @ 0.6 GeV

⇢ = 2.6g/cm3
<latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit>



Neutrino oscillation in matter
• 3 flavor case

22* Figures from “Letter of Intent: The Hyper-Kamiokande Experiment”, arXiv:1109.3262 [hep-ex]

sin22✓13 = 0.1
<latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit><latexit sha1_base64="ui3nk6VviDgitOrhN6wITuXnoDE="></latexit>

L = 295 km
<latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit><latexit sha1_base64="1sTCkg8CixHI8N62bJDgQKdTjbs="></latexit>

CPV = - 28% of Leading

Normal mass hierarchy

Matter = 8% of Leading
@ E⌫ = 0.6GeV

<latexit sha1_base64="AYD7uyYv2fefGwKARme6hBCxjcQ="></latexit><latexit sha1_base64="AYD7uyYv2fefGwKARme6hBCxjcQ="></latexit><latexit sha1_base64="AYD7uyYv2fefGwKARme6hBCxjcQ="></latexit><latexit sha1_base64="AYD7uyYv2fefGwKARme6hBCxjcQ="></latexit>

0.6
<latexit sha1_base64="iRi1myx5qnodG+55VU78PSQK+to="></latexit><latexit sha1_base64="iRi1myx5qnodG+55VU78PSQK+to="></latexit><latexit sha1_base64="iRi1myx5qnodG+55VU78PSQK+to="></latexit><latexit sha1_base64="iRi1myx5qnodG+55VU78PSQK+to="></latexit>

⇢ = 2.6g/cm3
<latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit><latexit sha1_base64="mH0BVjvpZQpjOFJppbpEUhvl9Ag="></latexit>



Long-baseline accelerator neutrino 
oscillation experiments, T2K

23



Long-baseline accelerator neutrino 
oscillation experiments, NOnA

24



T2K and NOnA
•General features of T2K and NOnA
• High-quality       (      ) beam.
• Small (      ) contamination.
• Intense and narrow-band beam.
• Peak       tuned for oscillation maximum.
• Reduce BG from high energy tail.

• Statistical error > Systematic error in CP symmetry test now.
• We need more beam.
• We need larger far detector.

25

⌫µ
<latexit sha1_base64="Y7AegqCcSAYF7Bf44gMw/bkBxZo="></latexit><latexit sha1_base64="Y7AegqCcSAYF7Bf44gMw/bkBxZo="></latexit><latexit sha1_base64="Y7AegqCcSAYF7Bf44gMw/bkBxZo="></latexit><latexit sha1_base64="Y7AegqCcSAYF7Bf44gMw/bkBxZo="></latexit>

⌫µ
<latexit sha1_base64="1X3Cpy7G5r3/1BIbcpNcmOir9ac="></latexit><latexit sha1_base64="1X3Cpy7G5r3/1BIbcpNcmOir9ac="></latexit><latexit sha1_base64="1X3Cpy7G5r3/1BIbcpNcmOir9ac="></latexit><latexit sha1_base64="1X3Cpy7G5r3/1BIbcpNcmOir9ac="></latexit>

⌫e
<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

E⌫
<latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit><latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit><latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit><latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit>



T2K and NOnA
• Comparison of T2K and NOnA
• Peak      ~0.6GeV (T2K)  and ~ 2GeV (NOnA) 
• Baseline      = 295 km (T2K) and 810 km (NOnA)

• NOnA has much larger matter effect than T2K, so it has greater 
sensitivity to the mass ordering determination.
• T2K can measure CP violation effect more purely.

• Far detector
• T2K:    Water Cherenkov detector (50 kton total mass)
• NOnA: Segmented liquid scintillator bars (14 kton total mass)

• Same physics, but different detection technologies. 
• This is a good thing!
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E⌫
<latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit><latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit><latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit><latexit sha1_base64="XSl9SiNe3kMYKVb+I3AAn9LoZ7Q="></latexit>

L
<latexit sha1_base64="E3SRbhM0dQFhBiz/uDIS8v+Xgb0="></latexit><latexit sha1_base64="E3SRbhM0dQFhBiz/uDIS8v+Xgb0="></latexit><latexit sha1_base64="E3SRbhM0dQFhBiz/uDIS8v+Xgb0="></latexit><latexit sha1_base64="E3SRbhM0dQFhBiz/uDIS8v+Xgb0="></latexit>



The T2K collaboration

27



T2K data
• Jan. 20, 2010 ~ May 31, 2018
• beam:                     POT
• beam:                     POT
• 40% of the total approved T2K POT (                  POT)

28

⌫
<latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit>

⌫
<latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit>

1.49⇥ 1021
<latexit sha1_base64="qlKJKKntyWy6KNPWg+wEpfuNsOs="></latexit><latexit sha1_base64="qlKJKKntyWy6KNPWg+wEpfuNsOs="></latexit><latexit sha1_base64="qlKJKKntyWy6KNPWg+wEpfuNsOs="></latexit><latexit sha1_base64="qlKJKKntyWy6KNPWg+wEpfuNsOs="></latexit>

1.63⇥ 1021
<latexit sha1_base64="RHmnbNckXBusRq8PvtzFok1aNlI="></latexit><latexit sha1_base64="RHmnbNckXBusRq8PvtzFok1aNlI="></latexit><latexit sha1_base64="RHmnbNckXBusRq8PvtzFok1aNlI="></latexit><latexit sha1_base64="RHmnbNckXBusRq8PvtzFok1aNlI="></latexit>

7.8⇥ 1021
<latexit sha1_base64="uLs+9UDnVAe1xYxBMJh8oXoztzo="></latexit><latexit sha1_base64="uLs+9UDnVAe1xYxBMJh8oXoztzo="></latexit><latexit sha1_base64="uLs+9UDnVAe1xYxBMJh8oXoztzo="></latexit><latexit sha1_base64="uLs+9UDnVAe1xYxBMJh8oXoztzo="></latexit>



CP symmetry test in T2K
• Observed events at the far detector, Super-K 

29

Observed d=-p/2 d=0 d=+p/2 d=p
in     beam 75 74.4 62.2 50.6 62.7
w/         in     beam 15 7.0 6.1 4.9 5.9
in     beam 15 17.1 19.4 21.7 19.3

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

⌫
<latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit>

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

⌫
<latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit>

⌫e
<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>

⌫
<latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit>

1⇡+
<latexit sha1_base64="BV46uWyeWRgeHb6u/ysrE5w4lDg="></latexit><latexit sha1_base64="BV46uWyeWRgeHb6u/ysrE5w4lDg="></latexit><latexit sha1_base64="BV46uWyeWRgeHb6u/ysrE5w4lDg="></latexit><latexit sha1_base64="BV46uWyeWRgeHb6u/ysrE5w4lDg="></latexit>

T2K data prefer                           :
maximize       appearance and minimize        appearance.

�CP = �⇡/2
<latexit sha1_base64="0N9pOpBjhlJCQFzQ+uEU71WNIIU="></latexit><latexit sha1_base64="0N9pOpBjhlJCQFzQ+uEU71WNIIU="></latexit><latexit sha1_base64="0N9pOpBjhlJCQFzQ+uEU71WNIIU="></latexit><latexit sha1_base64="0N9pOpBjhlJCQFzQ+uEU71WNIIU="></latexit>

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

⌫e
<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>



CP symmetry test in T2K

30

T2K data prefer values of                        mostly driven by the large 
number of events observed in       -like sample in neutrino beam.

�CP ⇠ �⇡/2
<latexit sha1_base64="h8riPu9Y+IVqDifzRXDP5SLJykE="></latexit><latexit sha1_base64="h8riPu9Y+IVqDifzRXDP5SLJykE="></latexit><latexit sha1_base64="h8riPu9Y+IVqDifzRXDP5SLJykE="></latexit><latexit sha1_base64="h8riPu9Y+IVqDifzRXDP5SLJykE="></latexit>

⌫e
<latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit><latexit sha1_base64="IcPYU+FM6Ps0uqjOzDKLKMDHDRc="></latexit>

CP symmetry,                  , is
excluded w/      . 

�CP = 0,⇡
<latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit><latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit><latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit><latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit>

2�
<latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit><latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit><latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit><latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit>

C.L. Normal hierarchy Inverted hierarchy
68% [-2.51, -1.26] -
90% [-2.80, -0.84] -
2s [-2.97, -0.63] [-1.78, -0.98]



CP symmetry test in NOnA (recently updated)
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14 June 2019, arXiv: 1906.04907v2 [hep-ex]

Normal mass hierarchy is preferred 
with 1.9 s significance.
Most values near                    in the 
inverted mass hierarchy are excluded
by more than     .

�CP = ⇡/2
<latexit sha1_base64="KoJdRe/MTunnWNTeDPCeq47ANFw="></latexit><latexit sha1_base64="KoJdRe/MTunnWNTeDPCeq47ANFw="></latexit><latexit sha1_base64="KoJdRe/MTunnWNTeDPCeq47ANFw="></latexit><latexit sha1_base64="KoJdRe/MTunnWNTeDPCeq47ANFw="></latexit>

3�
<latexit sha1_base64="bvLRXhyAerB35g6Pwm2MQJsPo0I="></latexit><latexit sha1_base64="bvLRXhyAerB35g6Pwm2MQJsPo0I="></latexit><latexit sha1_base64="bvLRXhyAerB35g6Pwm2MQJsPo0I="></latexit><latexit sha1_base64="bvLRXhyAerB35g6Pwm2MQJsPo0I="></latexit>

Data: ~ Feb. 26, 2019
beam:                    POT
beam:                    POT

⌫
<latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit>

⌫
<latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit>

0.885⇥ 1021
<latexit sha1_base64="7KoeRGu1v0sRnHlHlgo0n0nGbRI="></latexit><latexit sha1_base64="7KoeRGu1v0sRnHlHlgo0n0nGbRI="></latexit><latexit sha1_base64="7KoeRGu1v0sRnHlHlgo0n0nGbRI="></latexit><latexit sha1_base64="7KoeRGu1v0sRnHlHlgo0n0nGbRI="></latexit>

1.233⇥ 1021
<latexit sha1_base64="0S3JAH7ORCrL6GH8QXHqujpbMcM="></latexit><latexit sha1_base64="0S3JAH7ORCrL6GH8QXHqujpbMcM="></latexit><latexit sha1_base64="0S3JAH7ORCrL6GH8QXHqujpbMcM="></latexit><latexit sha1_base64="0S3JAH7ORCrL6GH8QXHqujpbMcM="></latexit>



Future prospects
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T2K and NOnA
• Healthy competition/complementarity between T2K and NOnA.
• Joint analysis plans in the works.
• Sensitivity studies of T2K/NOnA joint analyses 

DOI: 10.1093/ptep/ptv031, arXiv preprint: 1409.7469.

33

T2K
beam:                     POT
beam:                     POT

NOnA
beam:                     POT
beam:                     POT

Normal mass hierarchy

3.9⇥ 1021
<latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit><latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit><latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit><latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit>

3.9⇥ 1021
<latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit><latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit><latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit><latexit sha1_base64="5paEt7i1vmprLDFx+KRNlIWFAXU="></latexit>

1.8⇥ 1021
<latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit><latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit><latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit><latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit>

1.8⇥ 1021
<latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit><latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit><latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit><latexit sha1_base64="ZVFIfTlCEmmDlUSGnL1r+hIolE8="></latexit>

⌫
<latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit>

⌫
<latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit><latexit sha1_base64="b+2ANU98UrC6ony86LA/iaA5U9E="></latexit>

⌫
<latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit>

⌫
<latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit><latexit sha1_base64="u4jk+Qt2Uk/kVTOm/8TlRsaUuOw="></latexit>

Rejecting sin �CP = 0
<latexit sha1_base64="IvQAIYYefgoyYIxMcVAW/nI3pbg="></latexit><latexit sha1_base64="IvQAIYYefgoyYIxMcVAW/nI3pbg="></latexit><latexit sha1_base64="IvQAIYYefgoyYIxMcVAW/nI3pbg="></latexit><latexit sha1_base64="IvQAIYYefgoyYIxMcVAW/nI3pbg="></latexit>

Determining mass hierarchy

Solid line: Stat. error only
Dashed line: with Sys. error



Strategy
• Smaller statistical error
• Larger far detector
• Higher intensity beam

• Smaller systematic error
• Near detector upgrade
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Larger far detector

35

Hyper-K DUNE

Fiducial mass: 190 kton
→ ~10 times of Super-K
Construction starts in 2020!

Fiducial mass: 40 kton
Under construction!



Hyper-K collaboration
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T2K near detector upgrade

37

Plan to install in 2021.

• Higher efficiency in the “high angle” region.
• Lowe threshold for protons.



Research project in Japan

38

With neutrinos, our research
integrates particle physics,
nuclear physics, cosmic rays,
and cosmology.



Summary
• T2K
• CP symmetry,                     is excluded with       significance.

•NOnA
• Normal mass hierarchy is preferred with 1.9s significance.

• Future
• Smaller statistical error

• Larger far detectors: Hyper-K and DUNE
• Higher intensity beam

• Smaller systematic error
• Near detector upgrade
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�CP = 0,⇡
<latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit><latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit><latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit><latexit sha1_base64="PQN9RQ6JFiR/X68JX8iaXH5IsK8="></latexit>

2�
<latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit><latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit><latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit><latexit sha1_base64="SGMFj7hGSuIqwrH9D4v6QVWiSD0="></latexit>



Dziękuję
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Backup
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Matter effect in neutrino oscillation
• 2 flavor case (for simplicity)

42

P (⌫e ! ⌫µ; t) = P (⌫µ ! ⌫e; t) = sin2 2✓M sin2
✓
�m2

ML

4E

◆

<latexit sha1_base64="d0VKaIIO9vJq9Al7rrGJs3MKKzM="></latexit><latexit sha1_base64="d0VKaIIO9vJq9Al7rrGJs3MKKzM="></latexit><latexit sha1_base64="d0VKaIIO9vJq9Al7rrGJs3MKKzM="></latexit><latexit sha1_base64="d0VKaIIO9vJq9Al7rrGJs3MKKzM="></latexit>

�m2
M = ⇠ ⇥�m2

<latexit sha1_base64="c1ZULegJ3GpVSZDNhec/ATxfUyU="></latexit><latexit sha1_base64="c1ZULegJ3GpVSZDNhec/ATxfUyU="></latexit><latexit sha1_base64="c1ZULegJ3GpVSZDNhec/ATxfUyU="></latexit><latexit sha1_base64="c1ZULegJ3GpVSZDNhec/ATxfUyU="></latexit>

sin 2✓M =
sin 2✓

⇠
<latexit sha1_base64="k+OrY2lGsffa9NtAqFPx351YUDg="></latexit><latexit sha1_base64="k+OrY2lGsffa9NtAqFPx351YUDg="></latexit><latexit sha1_base64="k+OrY2lGsffa9NtAqFPx351YUDg="></latexit><latexit sha1_base64="k+OrY2lGsffa9NtAqFPx351YUDg="></latexit>

⇠ =

s

sin2 2✓ +

✓
cos 2✓ � ACC

�m2

◆2

<latexit sha1_base64="0L0ToMsJ2bDvmpUrOqnykLKmr2s="></latexit><latexit sha1_base64="0L0ToMsJ2bDvmpUrOqnykLKmr2s="></latexit><latexit sha1_base64="0L0ToMsJ2bDvmpUrOqnykLKmr2s="></latexit><latexit sha1_base64="0L0ToMsJ2bDvmpUrOqnykLKmr2s="></latexit>

ACC = 2
p
2E⌫GFNe

<latexit sha1_base64="vxfGRBTI0Y9TmRzi3FRwGuxEmUQ="></latexit><latexit sha1_base64="vxfGRBTI0Y9TmRzi3FRwGuxEmUQ="></latexit><latexit sha1_base64="vxfGRBTI0Y9TmRzi3FRwGuxEmUQ="></latexit><latexit sha1_base64="vxfGRBTI0Y9TmRzi3FRwGuxEmUQ="></latexit>

(                           for         )ACC ! �ACC
<latexit sha1_base64="uYruLeLxLxifPs1Wzr9KU9cp2bo="></latexit><latexit sha1_base64="uYruLeLxLxifPs1Wzr9KU9cp2bo="></latexit><latexit sha1_base64="uYruLeLxLxifPs1Wzr9KU9cp2bo="></latexit><latexit sha1_base64="uYruLeLxLxifPs1Wzr9KU9cp2bo="></latexit>

⌫e
<latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit><latexit sha1_base64="GvEC6hLfHrKbYD0qkexl6M3kgU4="></latexit>

GF
<latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit><latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit><latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit><latexit sha1_base64="vjinePOhOIOjuGXnPyuNGZhN9/A="></latexit>

Ne
<latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit><latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit><latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit><latexit sha1_base64="pKpXzpphc+IU1K9wcxeE9Or5y/E="></latexit>: Fermi coupling constant :electron density

matter effect


