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QCD axion

• An old puzzle: Why doesn’t strong 
interaction violate CP?

• periodic in θ→θ+2π
• leads to 

• θ<10–10

• blow up neutron to Earth size:        
allowed separation of electric charge <3µ

L✓ =
✓

64⇡2
✏µ⌫⇢�Ga
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He↵ = de ~sn · ~E
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emu sin ✓

m2

constituent

< 2.9⇥ 10�26e cm



QCD axion

• Promote θ-parameter to a dynamical field

• effect on pion Lagrangian in low energy:

• potential for axion (U=1)

• it settles a=–θ0 fa, canceling θ0

• no CP violation at the minimum! 

Le↵ =
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Limits

– 11–

Figure 2: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges, with green regions indicating the
planned reach of future upgrades. Limits on coupling
strengths are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the coupling
strengths. The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or variant
axions. The “Globular Clusters” and “White Dwarfs”
ranges uses the DFSZ model with an axion-electron
coupling corresponding to cos2 β = 1/2. The Cold Dark
Matter exclusion range is particularly uncertain; ranges
for pre-inflation and post-inflation Peccei-Quinn transi-
tions are shown. Figure adapted from [49].

[55]. At the moment we prefer to interpret these results as an

upper limit αAee <∼ 10−27 shown in Figure 2.

Similar constraints derive from the measured duration of

the neutrino signal of the supernova SN 1987A. Numerical simu-

lations for a variety of cases, including axions and Kaluza-Klein

August 21, 2014 13:17

ma=mπfπ/fa [eV]



very flat potential
• in early universe, axion doesn’t know 

where the minimum is
• starts to oscillate around minimum

fa=1012GeV

(100MeV)4

⌦a

⌦c
=

✓
fa

0.45⇥ 1012GeV

◆1.184

✓20



ADMX
Use the effective coupling 

Le↵ ⇠ e2

4⇡2

a

fa
~E · ~B



Cosmic Axion Spin Precession

4

ADMX QCD Axion

SN 1987A

Static EDM
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FIG. 2: Estimated constraints in the ALP parameter space in the EDM coupling gd (where the nucleon EDM is dn = gda and
a is the local value of the ALP field) vs. the ALP mass [17]. The green region is excluded by the constraints on excess cooling
of supernova 1987A [17]. The blue region is excluded by existing, static nuclear EDM searches [17]. The QCD axion is in the
purple region, whose width shows the theoretical uncertainty [17]. The solid red and orange regions show sensitivity estimates
for our phase 1 and 2 proposals, set by magnetometer noise. The red dashed line shows the limit from magnetization noise of
the sample for phase 2. The ADMX region shows what region of the QCD axion has been covered (darker blue) [34] or will
be covered (lighter blue) [59, 60]. Phase 1 is a modification of current solid state static EDM techniques that is optimized to
search for a time varying signal and can immediately begin probing the allowed region of ALP dark matter. To calculate limits
from previous (static) EDM searches as well as our sensitivity curves, we assume the ALP is all of the dark matter.

III. SENSITIVITY

The experimental sensitivity is likely to be limited by the magnetometer, rather than by the backgrounds discussed
below. We assume a SQUID magnetometer with sensitivity 10�16 Tp

Hz
as calculated from [38] for a ⇠ 10 cm diameter

sample and pickup loop (see Supplemental Materials). The sensitivity could be improved with better SQUIDs, a
larger sample/pickup loop (see Supplemental Materials), or other types of magnetometers. For example, atomic
SERF magnetometers could potentially improve this by another order of magnitude [56, 57].

Figure 2 shows the ALP parameter space of the EDM coupling gd versus ALP mass. This coupling is defined such
that the oscillating nucleon EDM is dn = gda where a is the local value of the classical ALP field (see [17] for a
detailed formula). This is di↵erent from the usual ALP-photon coupling parameter. The purple region of Fig. 2 shows
where the QCD axion lies in this parameter space. The dark purple is where the QCD axion may be the dark matter.
This parameter space is described in detail in [17].

The solid (orange and red) regions in Fig. 2 show estimates for the sensitivities for two phases of our proposed
experiments. Phase 1 (upper, orange region) is a more conservative version relying on demonstrated technology.
Phase 2 (lower, red region) relies on technological improvements which have been demonstrated individually but have
not been combined in a single experiment. Thus the phase 2 proposal may be taken as an estimate of one way to
achieve the sensitivity necessary to see the QCD axion with this technique. Since this is a resonant experiment and
the frequency must be scanned, realistically it would likely take several experiments to cover either region.

The dashed (red) line in Fig. 2 shows the ultimate limit on the sensitivity of the phase 2 experiment from sample

Budker et al
arXiv:1306.6089

He↵ (t) = �~µ · ~B � mu

m2

const

sin(mat)⇥ ~sn · ~E

resonance @ µB=ma

3

SQUID

pickup

loop

~Bext

~M

~E⇤

FIG. 1: Geometry of the experiment. The applied magnetic field ~B
ext

is colinear with the sample magnetization, ~M . The
e↵ective electric field in the crystal ~E⇤ is perpendicular to ~B

ext

. The SQUID pickup loop is arranged to measure the transverse
magnetization of the sample.

schemes have been shown to suppress broadening due to chemical shifts and increase T2 substantially [51]. T2 in
excess of 10 s or even 1000 s has been achieved in other materials, for example [51, 53, 54].

A material with a crystal structure with broken inversion symmetry at the site of the high-Z atoms is necessary
for generation of a large e↵ective electric field E⇤, which is proportional to the displacement of the heavy atom from
the centro-symmetric position in the unit cell [39]. In a ferroelectric, this displacement can be switched by an applied
voltage, however, given the oscillating nature of the ALP-induced signal, it may not be necessary to modulate this
displacement, in which case any polar crystal can be used. For ferroelectric PbTiO3, the e↵ective electric field is
E⇤ ⇡ 3 ⇥ 108 V/cm [41]. For other materials, where polarization is permanent, this may be higher by a factor of a
few. A detailed discussion of the requirements for the sample material is in the Supplemental Materials.

The measurement procedure is as follows. The sample is repolarized after every time interval T1. Then the
applied magnetic field is set to a fixed value, which must be controlled to a precision equal to the fractional width
of the resonance. The magnetic field value determines the ALP frequency to which the experiment is sensitive. The
transverse magnetization is measured as a function of time with fixed applied magnetic field. We call a measurement
at a given value of magnetic field “a shot.” The total integration time at any one magnetic field value, tshot, is set
by the requirement that an O(1) range of frequencies is scanned in 3 years. If T2 is longer than the ALP coherence

time ⌧a, then when searching at frequency ma
c2

~ the width of the frequency band is ⇡ 10�6 ma
c2

~ . If T2 is shorter

than ⌧a then the width of the frequency band is ⇠ ⇡
T
2

. Thus we take tshot =
108s

min(106,
mac2T

2

⇡~ )
. Using the magnetization

measurements taken over tshot the power in the relevant frequency band around 2µB
ext

~ is found. The applied magnetic
field is then changed to the next frequency bin and the procedure is repeated. The signal of an ALP would be excess
power in a range of magnetic fields (ALP frequencies). If multiple ALPs existed they would appear as multiple spikes
at di↵erent frequencies.

Note that at the lowest frequencies . T�1
2 the resonance is broadened significantly so that an O(1) range of

frequencies is covered in any given frequency bin. In this regime one may use any of the established techniques
searching for static nuclear EDMs but with short sampling times . ~

mac2
, then look for an oscillating signal in the

data.
This search for a time varying EDM is substantially di↵erent from searches for a static EDM using solid state

systems. In searching for a static EDM, it is necessary to separate the energy shift induced by the EDM from other
systematic e↵ects. This is accomplished by searching for energy shifts that modulate linearly with the applied electric
field in the sample. However, the modulation of the electric field can induce additional systematic shifts in the system
that occur at that modulation frequency, competing with the static EDM signal [49]. This is not the case for a time
varying EDM. The ALP induced EDM oscillates at a frequency set by fundamental physics and leads to observable
e↵ects in a system whose parameters are static. The time variation provides the handle necessary to separate this
signal from other systematic energy shifts and the signal can be detected without the need for additional handles such
as electric field reversals. This eliminates the systematic problems encountered by solid state static EDM searches
such as the dissipation e↵ects in the solid material associated with electric field reversals [49].
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we came from ancient stars
born from dark matter



Universe is filled with Higgs

Particles slow down
Without Higgs,
we evaporate in

a billionth of a second
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naturalness

• Higgs boson is the only spin 0 particle in the 
standard model
• it is faceless
• one of its kind, no context
• but does the most important job

• looks very artificial
• we still don’t know dynamics behind the 

Higgs condensate
• Higgsless theories: now dead

What is Higgs?
Is it alone?

Any siblings?
Any relatives?
Why frozen?



Electron mass is natural
by doubling #particles

• Electron creates a force 
to repel itself

• 10–4 fine-tuning?
• quantum mechanics and 

anti-matter
⇒ only 10% of mass even 

for Planck-size re~10–33cm
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Higgs mass is natural
by doubling #particles?

• Higgs also repels itself

• Double #particles again   
⇒ superpartners

• only log sensitivity to UV

• Standard Model made 
consistent up to higher 
energies

130
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I still take it seriously
HM hep-ph/0002232



Supersymmetry

• Theorem:
• the only space-time symmetry beyond 

Lorentz and translation invariance 
possible in S-matrices

• interchanges bosonic & fermionic states, 
spins different by 1/2

• possibly unifies matter (fermions) and 
forces (bosons)
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2�1 10

supersymmetrize SM

• All quarks and leptons are Weyl fermions

• add their scalar partners

• Naming convention: add “s” as a prefix, 
which stands for supersymmetry or scalar

terrible convention!

• e.g., selectron, smuon, stop, sup, sstrange



supersymmetrize SM

• Gauge fields are vector bosons
• namely add massless Majorana fermions 

“gauginos”

• Naming convention: add “ino” as a suffix, 
which doesn’t mean “small” in any sense

terrible convention!
• e.g.: gluino, wino, photino, zino, bino

gluissimo
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q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
Z’ (tt lep+jet) width=1.2%

Z’SSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G (γγ) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

W’ (lν)
W’ (dijet)

W’ (td)
W’→ WZ(leptonic)

WR’ (tb)
WR, MNR=MWR/2

WKK μ = 10 TeV
ρTC, πTC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV
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gluino, Stopped Gluino
stop, HSCP
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hyper-K, hyper-ρ=1.2 TeV
neutralino, cτ<50cm
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Ms, γγ, HLZ, nED = 3
Ms, γγ, HLZ, nED = 6
Ms, ll, HLZ, nED = 3
Ms, ll, HLZ, nED = 6

MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-γ, nED = 3
MD, mono-γ, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2
0 1 2 3 4 5 6Sh. Rahatlou 1

LQ1, β=0.5
LQ1, β=1.0
LQ2, β=0.5
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LQ3 (bν), Q=±1/3, β=0.0
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stop (bτ)
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b’ → tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ → tW, l+jets
B’ → bZ (100%)
T’ → tZ (100%)

t’ → bW (100%), l+jets
t’ → bW (100%), l+l
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no sign of
new physics
that explains 

mass of the Higgs!
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Supersymmetry and the Crisis in Physics
For decades physicists have been working on a beautiful theory that has promised to lead to a deeper understanding of the quantum world. Now theyNow they
stand at a crossroads:stand at a crossroads: prove it right in the next year or confront an epochal paradigm shift

By Joseph Lykken and Maria Spiropulu

THIS IS A PREVIEW. Buy this digital issue or subscribe to access the full article.

Already a subscriber or purchased this issue? Sign In

At dawn on a summer morning in 2012, we were on our third round of espresso
when the video link connected our office at the California Institute of Technology
to the CERN laboratory near Geneva. On the monitor we saw our colleagues on the
Razor team, one of many groups of physicists analyzing data from the CMS
experiment at CERN's Large Hadron Collider (LHC). Razor was created to search
for exotic collisions that would provide the first evidence of supersymmetry, a 45-
year-old theory of matter that would supplant the standard understanding of
particle physics, solving deep problems in physics and explaining the nature of the
universe's mysterious dark matter. After decades of searching, no experimental
evidence for supersymmetry has been found.

At CERN, Maurizio Pierini, the Razor team's leader, flashed a plot of new data, and
from nine time zones away we could see the raised eyebrows around the room:
there was an anomaly. “Somebody should look at this event,” Pierini said matter-
of-factly. By “event” he meant a particular proton-proton collision, one of trillions
produced at the LHC. Within minutes the two of us had pulled up the full record for this collision on a laptop.
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premature obituary

3/25/15, 16:54Steve Jobs's Obituary, As Run By Bloomberg

Page 4 of 13http://gawker.com/5042795/steve-jobss-obituary-as-run-by-bloomberg

Story Referencing Apple Was Sent in Error by Bloomberg News

Aug. 27 (Bloomberg) — An incomplete story referencing Apple

Inc. was inadvertently published by Bloomberg News at 4:27 p.m.

New York time today. The item was never meant for publication and

has been retracted.

—Editor: Joe Winski, Cesca Antonelli

Steve Jobs obituary:

JOB, STEVE. APPLE FOUNDER, TECH VISIONARY. UPDATED AUGUST 2008

HOLD FOR RELEASE - DO NOT USE - HOLD FOR RELEASE - DO NOT USE

Steve Jobs's birthday: Feb. 24, 1955

BIO UPDATED AS OF 2008, by Connie Guglielmo

APPLE PR CONTACTS: Katie Cotton — -redacted- and Steve Dowling: -redacted- or -
redacted-

People to contact for comment:

- Apple co-founder Steve Wozniak: -redacted-

- Jon Rubinstein, former head of Apple's iPod division. He's now

chairman at Palm. Contact Lynn Fox in PR.

SUSY

September 9, 2008

October 5, 2011



“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

uneasiness in 
cosmology

• Before COBE, upper limit 
on CMB anisotropy kept 
getting better and better

• cosmologists got antsy

• “crisis in standard 
cosmology”

• it turned out a little “fine-
tuned”

• low quadrupole

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.

2% tuning



Rationale for
Scalar Bosons?

Supersymmetry
• Higgs just one of many scalar bosons
• SUSY loops make mh2 negative

composite
• spins cancel among constituents
• condensate by a strong attractive force, 

holography
Extra dimension
• Higgs spinning in extra dimensions
• new forces from particles running in extra D

not the usual “naturalness” argument
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not elementary

What is Higgs really?

ILC
Lumi 1920 fb-1, sqrt(s) = 250 GeV
Lumi 2670 fb-1, sqrt(s) = 500 GeV

Only one?  (SM)
has siblings?  (2DHM)

not elementary?



380k yrs

13.8B yrs

CMB

陽子
ヘリウム

２陽電子

２ニュートリノ

陽子
ヘリウム

２陽電子

２ニュートリノ

3m
in10 –10 sec

a trillionth sec

DMHiggs



electron

quarks

atom

nucleus

neutron
proton

Higgs boson

We still need quarks to get started



µ+

µ–

e+e–→µ+ µ–



Early Universe

1,000,000,000 1,000,000,000

matter anti-matter



Current Universe

We wouldn’t exist!
matter anti-matter
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Early Universe

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

matter anti-matter



Current Universe

2

We won!  But why?

us

matter anti-matter



Beginning of Universe

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

matter anti-matter



fraction of second later

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

matter anti-matter

1

turned a billionth of anti-matter to matter



Universe Now

2

This must be how we survived the Big Bang!

us

matter anti-matter



Sakharov’s conditions

• Need to reshuffle matter and anti-matter

• baryon-number violation

• need to prefer matter over anti-matter

• CP violation

• need process but not inverse process

• departure from equilibrium



Electroweak 
Baryogenesis



153

Standard Model

• Standard Model has all three ingredients

• Baryon number violation

• Electroweak anomaly (sphaleron effect)

• CP violation

• Kobayashi–Maskawa phase

• Non-equilibrium

• First-order phase transition of Higgs 
Bose–Einstein condensate
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CKM
f i t t e r

Kobayashi-Maskawa
• Known CP-violating 

phenomena can all be 
explained by Kobayashi-
Maskawa theory

• There is only a single CP-
violating phase (Jarlskog inv.)

• Not enough!  Can’t create 
excess quarks over anti-quarks

J = =m det[Y †
uYu, Y

†
d Yd]

= (y2c � y2u)(y
2
t � y2u)(y

2
t � y2c )

(y2s � y2d)(y
2
b � y2d)(y

2
b � y2s)

=m(VusVcbV
⇤
ubV

⇤
cs) ⇠ 10�20

Need new source of CP violation!



Mikko Laine (Bern)

for mh=126GeV, it is crossover
No phase transition in the Minimal Standard Model

<H>=0 from gauge invariance (Elitzur)
<H†H> is not an order parameter



‘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

64⇥2
�µ�⇥⇤W a

µ�W a
⇥⇤

_



Electroweak Anomaly

• In Early Universe (T>200GeV), 
W-boson is massless and 
fluctuate in W plasma

• Energy levels for left-handed 
quarks/leptons fluctuate 
correspondingly

ΔL=ΔQ=ΔQ=ΔQ=1

Δ(B–L)=0



What anomaly can do

• 1,000,000,000 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,000 ν

_

_

• 1,000,000,001 q

• 1,000,000,000 q

• 1,000,000,001 ν

• 1,000,000,000 ν

_

_
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Scenario in MSSM
• Im(M2μ*)≠0 violates CP
• First order phase transition
• Different reflection 

probabilities for chargino 
species

• Chargino interaction with 
thermal bath produces an 
asymmetry in top quark

• Left-handed top quark 
asymmetry partially 
converted to lepton 
asymmetry via anomaly

• Remaining top quark 
asymmetry becomes baryon 
asymmetry



Order of phase transition

-1.0 -0.5 0.5 1.0

-0.1

0.1

0.2

0.3

2nd order

T>Tc Tc

<Tc

V=(T–Tc)x2+x4

0.2 0.4 0.6 0.8 1.0

0.02

0.04

0.06

0.08

0.10 V=(T–Tc)x2–x3+x4

T>Tc

Tc

<Tc

1st order
need some modification to Higgs potential
measure Higgs self-coupling ⇒ ILC, FCC

In MSSM, need m(stop)<160GeV, pratically dead



Final Results

Mercury exclusion
Chargino contour

ACME exclusion

Preferred by EWBG

Open the Heavy 
Higgs CPV search

Stau contour

LG. Bian, T. Liu, J. S, 1411.6695

Tuesday, January 20, 2015

Jing Shu NMSSM = MSSM + singlet Higgs

|de|<8.7×10–29 ecm



Leptogenesis



Neutrinos?

• Now we know they have 
mass

• The only matter 
particles that are 
electrically neutral

• may reshuffle matter and 
anti-matter?



Neutrinos have mass

• They have mass.  Can’t go at speed of light. 

What is this right-handed particle?
New particle: right-handed neutrino (Dirac)

Old anti-particle: right-handed anti-neutrino (Majorana)



Seesaw Mechanism
• Why is neutrino mass so small?

• Need right-handed neutrinos to generate 
neutrino mass

νL νR( )
mD

mD
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# 
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' 
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& 
' 
νL
νR

" 

# 
$ 

% 

& 
' mν =

mD
2

M
<< mD

To obtain m3~(Δm2
atm)1/2, mD~mt, M3~1014GeV

, but νR SM neutral



Leptogenesis

• Presumably three νR

• One of them lives long and decays late

• Majorana: νR = νR

• @tree-level, decays 50:50 to νL+h, νL+h*

• @one-loop, 

_

_

�(⇥R ! ⇥L + h) / 1� �

�(⇥R ! ⇥̄L + h⇤) / 1 + �

✏ / =m(h1jh1kh
⇤
lkh

⇤
lj)



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].

31

successful
region

m̃1 =
(m†

DmD)11
M1

di Bari, Plümacher,
Buchmüller



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



P (⌫µ ! ⌫e)� P (⌫̄µ ! ⌫̄e) = �16s12c12s13c
2
13s23c23

sin � sin
�m2

12L

4E
sin

�m2
13L

4E
sin

�m2
23L

4E

Excitement
• CP violation in neutrino sector may be 

observable with conventional technique

1998
Super-K

2002
KamLAND

SNO
2012
Daya 
Bay

J"PARC
Super,Kamiokande,

Hyper-Kamiokande 
‣Leptonic CP Violation
‣Nucleon Decays
‣Astroparticle physics

7

higher intensity ν by 
upgraded J-PARC

Hyper-K

SunSupernova

x25 Larger ν Target
& Proton Decay Source

Proton 
Decays

~0.6GeV  νμ
295km baseline

18 11 

Homestake Mine 

Fermilab 

Beam and near complex 

Far detector 

Stage 1: >10kton Liq.Ar TPC, aiming 
to go to underground (1,600m)
Stage 2: Additional 20-30kt

Stage 1: 700kW Main Injector beam
Upgradable to >2.3MW w/ Project X

Review driven schedule.
Start operation in ~2022.

Wide-band, 3GeV νμ
L=1300km

Facility



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 years

patience!



380k yrs

13.8B yrs

CMB

陽子
ヘリウム

２陽電子

２ニュートリノ

陽子
ヘリウム

２陽電子

２ニュートリノ

3m
in10 –10 sec

Higgs

a trillionth sec

DManti-matter

10 -26 seconds



Physicists ask simple and 
profound questions

How did the Universe begin?
What is its fate?

What is it made of?
How does it work?

Where do we come from?






