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~70 researchers, 60% non-Japanese



Global career path
IPMU members move(d) to:
Donfeng Gao: Assoc. Prof. @ Wuhan Inst of Phys and Math, China
Fuminobu Takahashi: Assoc. Prof. @ Tohoku
Shuji Harashita: Assoc. Prof. @ Yokohama National
Yasuhiro Shimizu: Assist. Prof. @ Tohoku
Yuji Sano: Assist. Prof. @ Kyushu
Damien Easson: Assist. Prof.@ Arizona State, USA
Tathagata Basak: Assist. Prof. @ Iowa State, USA
Yogesh Srivastava: Assist. Prof. @ NISER, India
Andrey Mikhailov: Assist. Prof. @ San Paolo, Brazil
Johanna Knapp: Assist. Prof. @ Vienna Tech, Austria
Yen Ting Lin: Assist. Prof. @ ASIAA, Taiwan
Sugumi Kanno: postdoc @ Durham, UK
Simon Dedeo: Pierre Omidyar Fellow@Santa Fe Institute, USA
Brian Powell: Pentagon, USA
Matthew Buckley: Prize Fellow @ Caltech, USA
Daniel Krefl: Simons Fellow @ Berkeley, USA
Daniel Hernandez: postdoc @ CERN, Switzerland
Rajat Thomas: postdoc @ Toronto, Canada
Jan Schümann:  Massachusetts General Hospital, USA
Masahito Yamazaki: postdoc @ Princeton, USA
Vikram Rentala: postdoc @ Arizona, USA
Guillaume Lambard: postdoc @ IFIC, Spain
Marcos Valdes: postdoc @ Scuola Normale, Pisa, Italy



occupancy since Jan 18, 2010
~5900 m2



interaction area ~400m2

like a 
European town square

Piazza Fujiwara

Obelisk
“L’Universo è scritto in

lingua matematica”



SuMIRe
Subaru Measurement of Images and Redshifts

• 8.2 m telescope, excellent seeing 
0.6”, wide field of view 1.77 sq. dg.

• HyperSuprimeCam: weak lensing 
survey, based on growth of structure

• 0.9 B pixels, 3 ton camera

• billions of galaxies

• ~$50M, nearly fully funded, 2011-

• PrimeFocusSpectrograph: baryon 
acoustic oscillation

• 2400 fibers, 2000 sq. dg.

• >2M redshifts, 380–1300nm

• ~$55M, ~$20M raised, 2016?-

• same telescope for both imaging       
and spectroscopy like SDSS!

Subaru (NAOJ)

HSC PFS
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Energy Budget 
of the Universe

• Stars and galaxies are only ~0.5%

• Neutrinos are ~0.1–1.5%

• Rest of ordinary matter 

(electrons, protons & neutrons) are ~4.4%

• Dark Matter ~23%

• Dark Energy ~73%

• Anti-Matter 0%

• Dark Field ~1062%??

stars neutrinos
baryon dark matter
dark energy
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Five questions beyond 
the standard model

• Now it is clear that the standard model of 
particle physics is incomplete

• five empirical questions (w/o aesthetics)
• neutrino mass
• dark matter
• accelerated expansion (dark energy)
• acausal density fluctuation (inflation)
• baryon asymmetry

12



Particle Universe

• there are a lot of 
neutrinos!

• (assumes 0.1–1 TeV 
WIMP)

The Particle Universe
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Outline

• Observation

• Initial condition?

• Sakharov's conditions

• Leptogenesis

• How do we test it?



Observation



WMAP

• acoustic peaks in the 
CMB anisotropy 
power spectrum are 
due to the sound 
waves (oscillations) in 
photon-baryon fluid at 
T~3000K

• amount of baryon 
particularly affects the 
ratio of even and odd 
peaks

Ωbh2=0.02258±0.00057
Ωb=0.0449±0.0028

Wayne Hu



deuterium abundance

• believed to be the 
most accurate, most 
primordial

• hydrogen backlit by 
quasar, Lyman 
absorption lines

• reduced mass different 
by 1/4000 between H 
and D
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Fig. 8.— The HIRES spectrum of Ly-9 to 18, together with our model of the system, as given in Table 3.

Kirkman, Tytler, Suzuki, O’Meara, Lubin
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Big Bang 
Nucleosynthesis

• there appears to be a 
discrepancy between 
7Li and D/H & CMB

• 7Li abundance 
measured at surface of 
stars

• convection?  new 
physics?

20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of big-bang nucleosynthesis — the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

In recent years, high-resolution spectra have revealed the presence of D in high-
redshift, low-metallicity quasar absorption systems (QAS), via its isotope-shifted Lyman-α
absorption [23–28]. It is believed that there are no astrophysical sources of deuterium [29],

July 24, 2008 18:04



end result

• WMAP7 (T~3000K)

• BBN based on D/H (Kirkman 2003) 
(T~0.1–1 MeV)

η =
nb

nγ
= (5.9± 0.5)× 10−10

Ωbh
2 = 0.0214± 0.0020

Ωbh
2 = 0.02258± 0.00057



quark asymmetry

• for all quarks and anti-quarks in thermal 
equilibrium, we can translate

• need to specify the particle content.  Let us 
take the whole SM at T > TeV

Yb =
nb

s
= (0.84± 0.07)× 10−10

Aq =
nq − nq̄

nq + nq̄
= 1.8× 10−9



Early Universe

1,000,000,002 1,000,000,000

quarks anti-quarks



Current Universe

2

We won!  But why?

us

quarks anti-quarks





Why do we exist?
• I told my Berkeley colleagues that this was 

one of the problems I work on

• Rhetorician: “You are asking a wrong 
question.  Why implies purpose.  You must 
ask How.”

• Philosopher: “I can see why he asks why.”

• They got into a big argument

• I didn’t get to explain what I meant....

How did we survive the Big Bang?



How we survived 
the Big Bang

• We (matter) have annihilated anti-matter

• we won at the expense of a billion friends

• why was there a tiny asymmetry so that we 
could survive?

• was it planted (initial condition) or was it 
generated (evolution)?



Initial Condition?



Creation
nb(t=0)≠0



Or Evolution?
nb(t=0)=0 ⇒ nb(t>tb)≠0

Or De



Inflation
• density fluctuation is 

apparently acausal
• Also T-E correlation 

shows photons flowed 
out from dense 
region, unlike in causal 
mechanisms (e.g. 
strings)

• beautifully Gaussian

WMAP SEVEN-YEAR OBSERVATIONS: POWER SPECTRA AND WMAP-DERIVED PARAMETERS 5
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Figure 3. The 7-year temperature-polarization (TE) cross-power
spectrum measured by WMAP. The second trough (TE<0) in the
spectrum in the vicinity of l = 450 is now clearly detected. The
green curve is the ΛCDM model best fit to the 7-year WMAP data,
as in Figure 1. The plotted errors depict the diagonal elements
of the covariance matrix and include both cosmic variance and
instrument noise. A complete error treatment is incorporated in
the WMAP likelihood code. Note that the plotted spectrum is
(l + 1)CTE

l
/(2π), and not l(l+ 1)CTE

l
/(2π).

2.4. Temperature-Polarization (TE, TB) Cross Spectra

The 7-year temperature-polarization cross power spec-
tra were formed using the same methodology as the 5-
year spectrum (Page et al. 2007; Nolta et al. 2009). For
l ≤ 23 the cosmological model likelihood is estimated
directly from low-resolution temperature and polariza-
tion maps. The temperature input is a template-cleaned,
co-added V+W band map, while the polarization in-
put is a template-cleaned, co-added Ka+Q+V band map
(Gold et al. 2009). In this regime, the spectrum can be
inferred from the conditional likelihood of Cl values (in-
dividual or binned), but these estimates are only used
for visualization.
For l > 23, the temperature-polarization spectra are

derived using the MASTER quadratic estimator, ex-
tended to include polarization data (Page et al. 2007).
(As above, the MASTER spectrum is evaluated from
l = 2, but the result from l = 2 − 23 is discarded.) The
temperature input is a template-cleaned, co-added V+W
band map, while the polarization input is a template-
cleaned, co-added Q+V+W band map. The inclusion of
W-band data in the high-l TE and TB spectra is new
with the 7-year data release (Jarosik et al. 2010). Since
the W band radiometers have the highest angular resolu-
tion, the inclusion of W band significantly enhances the
sensitivity of these high-l spectra.
The 7-year TE spectrum measured byWMAP is shown

in Figure 3. For all except the first bin, the MAS-
TER values and their Gaussian errors are plotted. The
first bin shows the conditional maximum likelihood value
based on the pixel likelihood mentioned above, and the
MASTER error bar. The slight adjustment for fsky,TE
is included in the error bars. With two additional years
of integration and the inclusion of W band data, we now
detect the TE signal with a significance of 21σ, up from
13σ with the 5-year data. Indeed, for l < 300 the TE er-
ror is about 60% of the 5-year value, and for l > 300 the
sensitivity improvement is even larger due to W band’s
finer resolution. At l = 800 the 7-year TE error is 35% of

the 5-year value. A qualitatively new feature seen in the
7-year spectrum is a second trough (TE<0) near l = 450.
See Figure 4 for a comparison of the 7-year to 5-year er-
ror bars, for the TE and TB spectra. Overall, the TE
data are quite consistent with the simplest 6-parameter
ΛCDM model; we discuss its goodness-of-fit in §5.
The observed TE signal is the result of a specific polar-

ization pattern around hot and cold spots in the temper-
ature anisotropy. In particular, the acoustic peak struc-
ture in TE corresponds to a series of concentric rings of
alternating radial and tangential polarization (relative to
a radial reference direction). Komatsu et al. (2010) per-
form a stacking analysis of the 7-year temperature and
polarization maps and show that the effect is detected in
the 7-year WMAP sky maps with a significance of 8σ.
The 7-year TB spectrummeasured byWMAP is shown

in Figure 5. In this case, because the signal-to-noise ra-
tio is low, the MASTER points and their Gaussian errors
are plotted over the full l range, including the first bin.
The measured spectrum is consistent with zero: the χ2

for the null hypothesis (TB=0) is 851 for 777 degrees of
freedom. The probability to exceed that amount is 3.2%,
which is somewhat low but not compellingly so. The ab-
sence of a detectable signal is consistent with the ΛCDM
model, which predicts zero. It is also an indication that
systematic errors and foreground contamination are not
significant at the level of ∼ 0.1 µK2 in (l + 1)CTB

l .
Komatsu et al. (2010) use the 7-year TE and TB data

to place limits on polarization rotation due to parity vio-
lating effects. Polarization rotation would cause TE sig-
nal generated at the last scattering surface to transform
into observed TB power. The absence of TB signal leads
to an upper limit on rotation of∆α = −1.1◦±1.3◦(stat)±
1.5◦(sys).

2.5. Polarization (EE, EB, BB) Spectra

The most reliable way to estimate the low-l polar-
ization spectra is to use the pixel-space likelihood code
to generate the posterior distributions of individual (or
binned) Cl values. In the 7-year data, this code is based
on a co-added Ka+Q+V map. The most conservative,
but costly, method is to produce a Markov Chain that
allows each Cl to vary independently; the resulting dis-
tribution of any single Cl will be the marginalized dis-
tribution for that multipole moment. A Gibbs sampling
technique could also be used, but this works best with
a high signal-to-noise ratio. However, Gibbs sampling in
lower signal-to-noise regions can be performed success-
fully, as shown by Jewell et al. (2009). A much more
tractable approach is to compute the conditional likeli-
hood in which the likelihood of a single Cl is evaluated
while all other moments are held fixed. We adopt the
latter approach to visualize the low-l EE and BB spec-
tra. In the context of parameter fitting, the estimated
Cl are constrained to vary according to the model.
Figure 6 shows the conditional likelihood for the EE

multipoles from l = 2–7 for two different reference spec-
tra. The black curves show the likelihood of CEE

l when
the CEE

l′ are fixed to the best-fit ΛCDM model for l′ $= l.
The red curves are the analogous distributions when the
reference spectrum is taken to be the maximum likeli-
hood spectrum. This maximum likelihood spectrum was
obtained by numerical maximization of the likelihood

WMAP 7-year Cosmological Interpretation 23

Fig. 10.— Primordial helium abundance and the temperature power spectrum. The data points are the same as those in Figure 7. The
lower (pink) solid line (which is the same as the solid line in Figure 7) shows the power spectrum with the nominal helium abundance,
Yp = 0.24, while the upper (blue) solid line shows that with a tiny helium abundance, Yp = 0.01. The larger the helium abundance is, the
smaller the number density of electrons during recombination becomes, which enhances the Silk damping of the power spectrum on small
angular scales, l ! 500.

Fig. 11.— Constraint on the primordial helium abundance, Yp. (Left) Joint two-dimensional marginalized distribution (68% and 95%
CL), showing that Yp and Ωbh

2 are essentially uncorrelated. (Middle) A slight correlation exists between Yp and ns: an enhanced Silk
damping produced by a larger Yp can be partially canceled by a larger ns. (Right) One-dimensional marginalized distribution of Yp from
WMAP-only and WMAP+ACBAR+QUaD. The 68% interval from WMAP+ACBAR+QUaD, Yp = 0.326 ± 0.075 is consistent with the
nominal value, 0.24, which is shown by the vertical line.

WMAP+BAO+H0). (See Simha & Steigman 2008, for
more discussion on this method.) For ∆Nν = 1, the he-
lium abundance changes by ∆Yp = 0.013, which is much
smaller than our error bar, but is comparable to the ex-
pected error bar from Planck (Ichikawa et al. 2008).
There have been several attempts to measure Yp from

the CMB data (Trotta & Hansen 2004; Huey et al.
2004; Ichikawa & Takahashi 2006; Ichikawa et al. 2008;
Dunkley et al. 2009). The previous best-limit is Yp =

0.25+0.10(+0.15)
−0.07(−0.17) at 68% CL (95% CL), which was ob-

tained by Ichikawa et al. (2008) from the WMAP 5-year
data combined with ACBAR (Reichardt et al. 2009),
BOOMERanG (Jones et al. 2006; Piacentini et al. 2006;
Montroy et al. 2006), and Cosmic Background Imager
(CBI; Sievers et al. 2007). Note that the likelihood
function of Yp is non-Gaussian, with a tail extending to
Yp = 0; thus, the level of significance of detection was
less than 3σ.

5. CONSTRAINTS ON PROPERTIES OF DARK ENERGY



Can the initial condition 
survive inflation?

• No, in the Standard 
Model

• baryon density 
extrapolated 
backwards leads to 
fermi degenerate gas

• energy density will 
exceed inflaton and 
can’t inflate the 
universe as much as 
we need N>60–100

ρf ∝ a−4

assume instant reheating
at the end of inflation

to obtain the most 
conservative limit

N ≤ 8



Can the initial condition 
survive inflation?

• logically possible if 
there are baryonic 
scalars

• need the super-super-
Planckian initial 
conditions

• need extremely flat 
potential

• gauge-mediation?
• all baryon number may 

end up in Q-balls

nb = i(φ∗φ̇− φ̇∗φ)

φ̇(tRH) = φ̇(0)e−3Ht

m < (HIMPl)1/21010
e
−3N ≈ 10−70GeV

φ(0) > (HIMPl)1/210−10
e
3N ≈ 1090

MPl

We assume evolution for the remainder
looking for a collaborator to study Q-ball constraints



Sakharov’s Conditions



Beginning of Universe

1,000,000,001 1,000,000,001

quarks anti-quarks



fraction of second later

1,000,000,002 1,000,000,000

quarks anti-quarks

1

turned a billionth of anti-matter to matter



Universe Now

2

This must be how we survived the Big Bang!

us

quarks anti-quarks



Sakharov’s conditions

• Need to reshuffle matter and anti-matter

• baryon-number violation

• need to prefer matter over anti-matter

• CP violation

• need process to go one way

• departure from equilibrium

τ(p→e+π0)>1034 yrs suggests MGUT>1015GeV
tensor-mode constraint TRH<1016GeV
many inflation models TRH << 1016GeV



Progress!

• Head-to-head competition between 
Stanford/Berkeley (US) and KEK (Japan)

• Super high-tech machine with micron 
precision over 4 miles and colliding beams 
every 4 nanoseconds at speed of light



CP Violation

• Is anti-matter the exact 
mirror of matter?

1964 discovery of CP violation
• But only one system, hard to 

tell what is going on.
2001, 2002 Two new CP-violating 
phenomena
• Kobayashi-Maskawa theory
• But no CP violation observed 

so far is not large enough to 
explain the absence of anti-
matter

• short by ~10–10!
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‘t Hooft

• Standard Model actually violates the baryon 
number from the triangle anomalies

• conserves B–L

• can in principle lead to 3He→e+μ+ντ
• my back-on-envelope estimate τ∼10150 yrs

• but can have impact in early universe

∂µjµ
L = ∂µjµ

B =
Ng

64π2
�µνρσW a

µνW a
ρσ

_



Electroweak anomaly!

• W and Z bosons 
massless at high 
temperature

• W field fluctuates just 
like in thermal plasma

• solve Dirac equation in 
the presence of the 
fluctuating W field

change #q, #l
preserves B–L



washout

• estimate of B-violating transition rate is 
Γ≈20 αW

5 T (Shaposhnikov & co.)

• in thermal equilibrium below T<1012 GeV

• F~12B2+3L2

• B~0.2(B–L)0, L~–0.8(B–L)0

• all preexisting B washed out if B–L=0



choices

• produce B–L asymmetry above TEW

• e.g. leptogenesis from heavy νR

• produce B=L at TEW

• e.g. electroweak baryogenesis

• produce B below TEW

• e.g. exotic scalar field decays

• protect B=L

• e.g. fourth generation or technicolor

Kitano, HM, Ratz

HM, Rentala, Shu, Yanagida



too many theories
for a single number



Leptogenesis



the basic idea

• generate first the lepton asymmetry L<0

• Then the anomaly in the standard model 
converts it to the quark asymmetry B>0

• safe from proton-decay constraints

• very well motivated by the discovery of 
finite mass of neutrinos since 1998

Fukugita and Yanagida, 1986



A new input

• progress in neutrinos

• 1998 & 2002

• Now now question 
that neutrinos have 
mass!
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Super-Kamiokandecosmic
rays

cosmic
rays

cosmic rays are isotropic
atmospheric neutrinos are up-down symmetric

Earth

atmosphere



A half of νµ lost!

Neutrinos sense time ⇒ have mass!



Location, Location, Location

1kt

KamLAND



KamLAND
Reactor neutrinos do oscillate!

KamLAND data
Neutrino oscillation with real reactor distribution

previous
reactor experiments

disappear

ap
pe

ar disappear
ap

pe
ar

≈Proper time τL0=180 km

all neutrino oscillation data (but two)
consistent with 3-generation with masses and mixings



tiny masses
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How do we explain tiny masses?



Seesaw Mechanism
• Why is neutrino mass so small?

• Need right-handed neutrinos to generate 
neutrino mass
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Leptogenesis

• Presumably three νR

• One of them lives long and decays late

• Majorana: νR = νR

• @zero-loop, decays 50:50 to νL+h, νL+h*

• @one-loop, 

_

_

Γ(νR → νL + h) ∝ 1− �

Γ(νR → ν̄L + h∗) ∝ 1 + �



out of equilibrium decay
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Figure 2: Out of equilibrium decays. N1 number density, efficiency factor and decay

temperature Td = M1/zd for K = 10−2 and K = 10−4.

2.2 Out-of-equilibrium decays

In the regime far out of equilibrium, K ! 1, decays occur at very small temperatures,

zd " 1, and the produced B − L asymmetry is not reduced by washout effects. In this

case the integral for the efficiency factor (14) becomes simply,

κ(z) $
4

3

(
N i

N1
− NN1(z)

)
. (29)

For z < zd no asymmetry is generated because the heavy neutrinos do not decay.

They also cannot be produced since inverse decays are switched off as well. Hence, in

this regime the dynamics is completely frozen. For z > zd the equilibrium abundance is

negligible, and from Eq. (12) one finds,

NN1(z) $ N i
N1

e−
∫

z

zi
dz′ D(z′)

$ N i
N1

e
−K

(
z
2

2
− 15z

8
+( 15

8 )
2
ln (1+ 8

15
z)

)

. (30)

Note that we have neglected the small neutrino abundance which for N i
N1

! N eq
N1

is

produced before the neutrinos decay. Fig. 2 shows the evolution of NN1(z) and NB−L(z)

9

equilibrium

hanging on
to life

time →



What anomaly can do

• 1,000,000,000 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,002 ν

_

_

!• 1,000,000,001 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,001 ν

_

_



Non-trivial success!

m̃1 (eV)

M
1

(G
eV

)

Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 # 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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How do we test it?



How do we test it?

build a 1014 GeV collider



indirect evidences

• Are all mixing angles 
large-ish?

• Is CP violated in 
neutrino sector?

• Is neutrino Majorana?

• collect archaeological 
evidences



Mixing Angles
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You want all angles to be “large”



08.03.25 suekane @ JPS 8

 Double Chooz Experiment to 
detect 

P=8.4GWth
1.05km
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Daya Bay
NPP

Ling Ao
NPP

Ling Ao-ll NPP
(under const.)

Empty detectors: moved to underground 
halls through access tunnel.

Filled detectors: swapped between 
underground halls via horizontal tunnels.

Total tunnel length: ~2700 m

230 m
290 m

73
0 

m

570 m

91
0 

m

Daya Bay Near
360 m from Daya Bay

Overburden: 97 m 

Ling Ao Near
500 m from Ling Ao
Overburden: 98 m 

Far site
1600 m from Ling Ao
2000 m from Daya
Overburden: 350 m 

Mid site
~1000 m from Daya
Overburden: 208 m 

Entrance 
portal

also
RENO

in 
Korea

Daya
Bay
near
Hong
Kong
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Tokai-to-Kamioka (T2K) 
long baseline neutrino oscillation experiment

u Goal

v νe appearance measureèmeasure θ13
v precision measurement of νµ disappearance

u Intense narrow spectrum νµ beam from J-PARC MR
v Off-axis w/ 2~2.5deg 

v Tuned at osci. max.

u SK: largest, high PID performance

Δm2 = 3.0 x 10-3 eV2

Goal  @ 3.75MW.107s: 
δ(sin22θ23)~0.01,

δ(Δm2
23) <1×10-4 [eV2]

1600νµCC/yr/22.5kt
(2.5deg)
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NOνA
Fermilab to Minnesota

32-plane
block

Admirer

25ktMINOS
NOνA

L=810km
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3σ sensitivity on sin2 2θ13



CP violation

• all parameters came out to be large

• θ13 is the key

• CP violation may be probed on terrestrial 
scale experiments

! 

P("µ #"e ) $ P("µ #" e ) = $16s12c12s13c13
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But this CP violation is not the one needed for leptogenesis
plausibility test



Shoot neutrinos over a thousand 
miles

-120!

-120!

-100 !

-100!

-80!

-80 !

25! 25 !

30! 30 !

35! 35 !

40! 40!

45! 45!

50 ! 50!

0 400

km

Homestake

WIPP

BNL

Soudan

HendersonSan Jacinto

Icicle Creek

Kimballton

FermilabFermilab

Homestake

Try to see difference between 
neutrinos and anti-neutrinos

CP Violation?



Need large detectors

• 1Mt is the right order of 
magnitude

• Super-K is 22.5kt 
(fiducial)

e+
!

!

p

K. Nakamura    December 16, 2005

54
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48m
250m



WELCOME

A new research infrastructure supporting deep underground cavities able to host a very large
multipurpose next-generation neutrino observatory of a total volume in the range of 100.000 to
1.000.000 m3 will provide new and unique scientific opportunities in the field of particle and
astroparticle physics, attracting interest from scientists worldwide to study proton decay and neutrinos
from many different natural sources, very likely leading to fundamental discoveries. 

The Superkamiokande Water Cerenkov Imaging detector with a total volume of 50.000 m3 and the T2K
long baseline neutrino oscillation experiment in Japan represent today the state-of-the-art in this field,
addressing neutrino astrophysics and studying neutrino properties. Swiss groups are visibly engaged in
the T2K experiment since 2006. First physics results are expected in summer 2010.

One of the main reasons for a new observatory beyond Superkamiokande is to find direct evidence for
the Unification of all elementary forces, by searching for a rare process called proton decay. The new
underground detector will pursue the only possible path to directly test physics at the GUT scale,

significantly extending the proton lifetime search sensitivities up to 1035 years, a range compatible with
several theoretical models.

While searching for proton decays, the continuously sensitive underground observatory will offer the
opportunity to concurrently detect several other rare phenomena. In particular, it will sense a large
number of neutrinos emitted by exploding galactic and extragalactic type-II supernovae, allowing an
accurate study of the mechanisms driving the explosion. The neutrino observatory will also allow
precision studies of other astrophysical or terrestrial sources like solar and atmospheric ones, and search
for new sources of astrophysical neutrinos, like for example the diffuse neutrino background from relic
supernovae or those produced in Dark Matter (WIMP) annihilation in the centre of the Sun or the Earth.

In addition, the recent measurements of neutrino oscillations point forward to the need to couple the new
neutrino observatory to advanced neutrino beams for instance from CERN, to study matter-antimatter
asymmetry in neutrino oscillations, thereby addressing the outstanding puzzle of the origin of the excess
of matter over antimatter created in the very early stages of evolution of the Universe.

WELCOME TO THE SEARCH FOR THE GRAND UNIFICATION AND TO THE OBSERVATION OF THE UNIVERSE
WITH NEUTRINOS

The proton can
spontaneously
disintegrate into lighter
elementary constituents
if the strong, weak and
electromagnetic forces
become unified at a
very high-energy scale

(1016 GeV or beyond,
at a much higher
energy scale than what
can be directly probed
by the LHC), as
predicted by Grand
Unified Theories
(GUT).
Superkamiokande did
not so far find proton
decay, implying that
the proton has a
lifetime greater than

1033 years. Precision
measurements
performed at the CERN
LEP collider in the
1990’s do support
GUT and further
information could come

LARGE UNDERGROUND OBSERVATORY FOR PROTON
DECAY, NEUTRINO ASTROPHYSICS AND CP-VIOLATION IN THE LEPTON
SECTOR

Last Updated on Monday, 07 September 2009 14:24

EUROnu

    EUROnu 

Welcome to the EUROnu homepage!

EUROnu is a European Commission FP7 Design Study entitled:

A High Intensity Neutrino Oscillation Facility in Europe

Further information can be found from the menus on the left and
right.

EUROnu members should register to enable access to the
consortium information by logging in. To do this, please send your
name, institute, email address and preferred userid to the project
coordinator.
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Turn anti-matter
into matter

• Can anti-matter turn 
into matter?

• Maybe anti-neutrino can 
turn into neutrino 
because they don’t 
carry electricity!

• 0νββ: nn→ppe–e– with 
no neutrinos

• can happen only once 
1024 (trillion trillion) 
years

patience!



Need big underground
experiments

KamLAND=1000t

Cuore (Italy)
Majorana (US)

NEMO (France)
EXO (US)

KamLAND (Japan)
etc
etc



Supersymmetry



• Most exciting thing 
about superpartners 
beyond existence:

They carry information of 
small-distance physics to 
something we can 
measure

	
 “Are forces unified?”

LHC+LC
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Superpartners probe
high-scale physics
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Why neutrino mass?
• Neutrino mass likely 

comes from physics at 
>1010 GeV

• How will we ever 
know?

• Precision 
measurements at LHC/
ILC determine 
boundary conditions at 
1016 GeV

• With both ends fixed, 
we can constrain 
physics in between
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squark mixing

• Mixing among right-
handed quarks not 
physical because there 
is no right-handed 
charged current

• but mixing among 
right-handed squarks 
physical

• large neutrino mixing 
may show up in Bs
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Dimuon charge asymmetry

• We measure CP violation in mixing using 
the dimuon charge asymmetry of semileptonic B decays:

G.Borissov@Fermilab
May 14, 2010

Text



Comparison with other 
measurements

May 25@FPCP2010
Louise Oakes

LHCb will have a large sample
of Bs → J/ψ ϕ
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Sneutrino Inflation
• Superpartner of a heavy 

neutrino

• displaced from the 
minimum at the beginning

• rolls down slowly: inflation

• quantum fluctuation 
source of later structure

• decays into both matter 
and anti-matter, but with a 
slight preference to 
matter

• decay products contain 
supersymmetry and hence 
Dark Matter

φ

V(φ)

t

t

φ

log R

HM, Suzuki, Yanagida, Yokoyama

38 Komatsu et al.

While the KS profiles are generally in a good agreement
with the X-ray derived profiles, they are more extended
than the X-ray-derived profiles (see Figure 16), which
makes the KS prediction for the projected SZ profiles
bigger. Note, however, that the outer slope of the fitting
formula given by Arnaud et al. (2009) (equation (C3))
has been forced to match that from hydrodynamical sim-
ulations of Nagai et al. (2007) in r ≥ r500. See the bot-
tom panels of Figure 16. The steepness of the profile
at r ! r500 from the simulation may be attributed to a
significant non-thermal pressure support from ρv2, which
makes it possible to balance gravity by less thermal pres-
sure at larger radii. In other words, the total pressure
(i.e., thermal plus ρv2) profile would probably be closer
to the KS prediction, but the thermal pressure would
decline more rapidly than the total pressure would.
If the SZ effect seen in the WMAP data is less than

expected, what would be the implications? One possibil-
ity is that protons and electrons do not share the same
temperature. The electron-proton equilibration time is
longer than the Hubble time at the virial radius, so that
the electron temperature may be lower than the pro-
ton temperature in the outer regions of clusters which
contribute a significant fraction of the predicted SZ flux
(Rudd & Nagai 2009; Wong & Sarazin 2009). The other
sources of non-thermal pressure support in outskirts of
the cluster (turbulence, magnetic field, and cosmic rays)
would reduce the thermal SZ effect relative to the ex-
pectation, if these effects are not taken into account in
modeling the intracluster medium. Heat conduction may
also play some role in suppressing the gas pressure (Loeb
2002, 2007).
In order to explore the impact of gas pressure at

r > r500, we cut the X-ray derived pressure profile at
rout = r500 (instead of 6r500) and repeat the analysis.
We find a = 0.74± 0.09 and 0.44± 0.14 for high and low
LX clusters, respectively. (We found a = 0.67±0.09 and
0.43± 0.12 for rout = 6r500. See Table 12.) These results
are somewhat puzzling - the X-ray observations directly
measure gas out to r500, and thus we would expect to find
a ≈ 1 at least out to r500. This analysis may suggest that
the fiducial scaling relation of Böhringer et al. (2007) is a
source of a < 1. Note that a = 1 is within the systematic
error due to the scatter in the scaling relation. Had we
used the scaling relations of Melin et al. (2010), we would
find a ≈ 1 for rout = r500. While a large uncertainty in
the scaling relation prevents us from convincingly ruling
out a = 1, the relative amplitudes between high and low
LX clusters suggest that a significant amount of pressure
is missing in low mass (M500 " 4 × 1014 h−1 M") clus-
ters, even if we scale all the results such that high-mass
clusters are forced to have a = 1. A similar trend is also
seen in Figure 3 of Melin et al. (2010).
This interpretation is consistent with the SZ power

spectrum being lower than expected. The SPT mea-
sures the SZ power spectrum at l ! 3000. At such high
multipoles, the contributions to the SZ power spectrum
are dominated by relatively low-mass clusters, M500 "
4 × 1014 h−1 M" (see Figure 6 of Komatsu & Seljak
2002). Therefore, a plausible explanation for the lower-
than-expected SZ power spectrum is a missing pressure
in lower mass clusters.
Scaling relations, gas pressure, and entropy of low-

mass clusters and groups have been studied in the lit-

Fig. 19.— Two-dimensional joint marginalized constraint (68%
and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar
ratio, r, derived from the data combination of WMAP+BAO+H0.
The symbols show the predictions from “chaotic” inflation models
whose potential is given by V (φ) ∝ φα (Linde 1983), with α =
4 (solid) and α = 2 (dashed) for single-field models, and α =
2 for multi-axion field models with β = 1/2 (dotted; Easther &
McAllister 2006).

erature.35 Leauthaud et al. (2010) obtained a rela-
tion between LX of 206 X-ray-selected galaxy groups
and the mass (M200) derived from the stacking anal-
ysis of weak lensing measurements. Converting their
best-fitting relation to r200–LX relation, we find r200 =
1.26 h−1 Mpc

E0.89(z) [LX/(1044 h−2 erg s−1)]0.22. (Note that
the pivot luminosity of the original scaling relation is
2.6 × 1042 h−2 erg s−1.) As r500 ≈ 0.65r200, their rela-
tion is ≈ 1σ higher than the fiducial scaling relation that
we adopted (equation (89)). Had we used their scaling
relation, we would find even lower normalizations.
The next generation of simulations or analytical cal-

culations of the SZ effect should be focused more on
understanding the gas pressure profiles, both the ampli-
tude and the shape, especially in low-mass clusters. New
measurements of the SZ effect toward many individual
clusters with unprecedented sensitivity are now becom-
ing available (Staniszewski et al. 2009; Hincks et al. 2009;
Plagge et al. 2009). These new measurements would be
important for understanding the gas pressure in low-mass
clusters.

8. CONCLUSION

With the WMAP 7-year temperature and polarization
data, new measurements of H0 (Riess et al. 2009), and
improved large-scale structure data (Percival et al. 2009),
we have been able to rigorously test the standard cosmo-
logical model. The model continues to be an exquisite
fit to the existing data. Depending on the parameters,
we also use the other data sets such as the small-scale
CMB temperature power spectra (Brown et al. 2009; Re-
ichardt et al. 2009, for the primordial helium abundance),
the power spectrum of LRGs derived from SDSS (Reid
et al. 2009, for neutrino properties), the Type Ia super-
nova data (Hicken et al. 2009b, for dark energy), and the
time-delay distance to the lens system B1608+656 (Suyu
et al. 2009a, for dark energy and spatial curvature). The
combined data sets enable improved constraints over the

35 A systematic study of the thermodynamic properties of low-
mass clusters and groups is given in Finoguenov et al. (2007) (also
see Finoguenov et al. 2005a,b).



How we survived 
the Big Bang

• νR without distinction between matter and 
matter (possible only for neutral particles!)

• once they are produced, they eventually 
decay into light leptons

• CP violation in Yukawa couplings let νR 
decay preferentially into anti-leptons (L<0)

• SM anomaly converts it to baryons (B>0)
• anti-baryons annihilated by baryons
• we won at the expense of a billion friends!
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Challenges
• detect cosmic background neutrinos 

• test Big Bang directly back to z~3×109

• detect the asymmetry in neutrinos

• leptogenesis L~3B

• EW baryogenesis L=B

• low-scale scalar decay L≈0

• test Big Bang directly back to z~1029



Open problems

• We don’t understand 4% of the Universe 
either

• Little information on when baryogenesis 
occured, still many possibilties

• connections between leptogenesis and 
observable neutrino parameters not clear

• any ideas to probe background neutrinos?



Baryogenesis

• Why do we exist?
• No wonder it is a big question
• it involves many areas of particle physics 

and cosmology
• LHC/LC, flavor, neutrino, LFV, CMB B-

mode, dark matter, gravitational wave
• many experiments now and in the near 

future relevant to this question
• Small step at a time!



too many theories
for a single number



Other talking points

• recent data from MINOS and Mini-BooNE 
suggest CPT violation?

• can one prove CPT in string theory?
• or many sterile neutrinos with CPV, U(1)’?

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

/0*1%23-4*,-.+&')"*5676*

89*

Signal from 
anti-neutrino 
mode?

Limit from 
neutrino mode



Other talking points

• What is the best way to measure neutrino 
mass in cosmology with least systematics?

• CMB

• weak lensing (+spectroscopic z)

• galaxy power spectrum

• Lyman alpha forestm
or
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SuMIRe
Subaru Measurement of Images and Redshifts

• cosmological limits on neutrino mass 
are important

• erasure of small scale perturbations
• need better theory (quasi-non-linear 

regime, e.g. Ichiki, Takada, Takahashi)
• need better data
• imaging (HyperSuprimeCam)

• 0.9 B pixels, 3 tonnes
• first light later this year

• spectroscopy 
(PrimeFocusSpectrograph)
• 2400 objects, R~2000–5000
• aiming at 2016

• δΣi mνi<0.06 eV

Subaru

HSC PFS


