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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4



Higgsdependence Day
July 4, 2012



CERN official statements
Higgs-like boson

a Higgs boson

Kinematic discriminant built to describe the kinematics  of 
production and decay of different JP state of a "Higgs"  
 

0+ vs 0- 

CLs=0.16% 

More JP hypotheses have been tested in a similar way ! 

Spin/Parity Hypothesis Tests 
Spin/parity hypothesis tests:  H → ZZ → 4l channel    

hZµZ
µhave seen

�†�ZµZ
µbut a gauge boson

hhhiZµZ
µonly way

we have discovered a particle
that has a value in vacuum

hZµ⌫Z
µ⌫

hZµ⌫Z̃
µ⌫

hµ⌫Z
µ⇢Z⌫

⇢



Minimal

• It looks very much like the 
Standard Model Higgs boson

• We’ve known the energy scale 
to probe since 1933

• now a UV complete theory of 
strong, weak, EM forces 
possibly valid up to even MPl

• cosmology also looks minimal 
single-field inflation (Planck)

• the year of elementary scalars!!!

Planck

Where do we go next?



Is particle physics over?



Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Five evidences
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• non-baryonic dark matter

• neutrino mass

• dark energy

• apparently acausal density fluctuations

• baryon asymmetry

We don’t really know their energy scales...
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This Plot is Not the Point

(But it is interesting, and a good way to compare how to different categories of searches are doing with 
respect to a certain class of interaction types.)
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Exciting!

γ from dSph

direct detection

e+

LHC



mass of dark matter
• upper limit comes from 

search for using 
gravitational microlensing

• lower limit comes from 
uncertainty principle

• 10-31 GeV to 1050 GeV
• we narrowed it down to 

within 81 orders of 
magnitude

• a big progress in 80 years 
since Zwicky
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beginning of the Universe

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

matter anti-matter



shortly after

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

matter anti-matter

1

anti-matter needs to 
convert into matter

??????



Universe now

2

This is how we survived!

us

matter anti-matter



Puzzle is
sharpened
• with success of inflation, it can’t be the initial 

condition of the Universe
• Kobayashi and Maskawa phase                       

can only explain ηb≈αW5 J≈10–27

• new sources of CPV are needed
• we also need to see how anti-matter can turn 

into matter

quark sector: LHCb, SuperKEKB, rare kaon decays
lepton sector: CPV in neutrinos, 0νββ, LFV
both sectors: proton decay

Planck



Measurements of ϕs 
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Bs weak mixing angle ϕs 
Interference between mixing and decay 
 
SM: 
 
CPV modulated by high Δms 

but even untagged time-integrated analyses 
have significant sensitivity due to ΔΓs 

Bs→J/ψϕ(K+K-): high B, but CP-odd/even mixture 
    to disentangle with angular analysis 

Bs→J/ψf0(π+π-): smaller yields, but pure CP-odd 
  

2-fold ambiguity resolved from m(K+K-) 
dependence of phase: ΔΓs ≡ ΔΓH – ΔΓL > 0 
 
S-wave under ϕ±12MeV ~4±2% 
 
 
 

June 28, 2013 Lepton Photon 2013, San Francisco 10 
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Bs: Strangely Beautiful

I had predicted big effects
of new physics on Bs



Three frontiers of research in particle physics form 
an interlocking framework that addresses 
fundamental questions about the laws of nature  
and the cosmos.

Power of Expedition

U
ni

fie
d

T
he

or
ie

s

10181016101410121010108106104102

experimental reach [GeV]
(with significant simplifying assumptions)

LHC
dark matter

quark flavor
lepton flavor

neutrino
proton deay

baryon asymmetry

EDM



KamLAND
control room



Rare effects from 
high energies

• Effects of high-energy physics mostly 
disappear by power suppression

• can be classified systematically

L = LSM +
1

⇤
L5 +

1

⇤2
L6 + · · ·

L5 = (LH)(LH) ! 1

⇤
(LhHi)(LhHi) = m⌫⌫⌫

L6 = QQQL, L̄�µ⌫Wµ⌫Hl, ✏abcW
aµ
⌫ W b⌫

� W c�
µ ,

(H†DµH)(H†DµH), Bµ⌫H
†Wµ⌫H, · · ·



unique role of mν
• Lowest order effect of physics at short 

distances
• tiny effect: (mν/Eν)2≈(0.1eV/GeV)2≈10–20!
• interferometry (e.g. Michaelson-Morley)
• need a coherent source
• need a long baseline
• need interference (i.e. large mixing angle)

• Nature was kind to provide them all!
• neutrino interferometry (a.k.a. oscillation) a 

unique tool to study physics at very high E
• probing up to Λ≈1014 GeV

18



Electroweak Anomaly

• Actually, SM converts L 
(ν) to B (quarks).
• In Early Universe (T > 

200GeV), W is 
massless and fluctuate 
in W plasma

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



Leptogenesis

• You generate Lepton Asymmetry first.
• Generate L from the direct CP violation in 

right-handed neutrino decay
• Like ε’/ε!

• L gets converted to B via EW anomaly
⇒More matter than anti-matter
⇒We have survived “The Great Annihilation”

Γ(N1→νiH) − Γ(N1→ν iH)∝ Im(h1 jh1khlk
* hlj
*)

Fukugita Yanagida
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Excitement
• CP violation in neutrino sector may be 

observable with conventional technique

1998
Super-K

2002
KamLAND

SNO
2012
Daya 
Bay

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
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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



Daya Bay
Reactors

10530 events expected
only 9901 observed

5.2 sigma!

画像 ©2012 TerraMetrics, 地図データ ©2012 Google, MapKing, Mapabc -

画面上の情報をすべて見るには、印刷 をク
リックします。



RENO

Total Reactor Detector Overburden Target Mass
Experiment Location Thermal Output Distance Near/Far (Near/Far)

(GW
th

) Near/Far (m) (mwe) (tons)
Double Chooz France 8.7 410/1067 115/300 10/10
Daya Bay China 11.6(17.4) 360(500)/1985(1613) 260/910 40⇥ 2/10
RENO Korea 16.4 292/1380 110/450 16.1/16.1

Table 1.1: Planned reactor based neutrino oscillation experiments around the world. The
detector distance represents the distance of the detector from the center of the reactor group(s).

Figure 1.1: Yonggwang nuclear power plant. The power plant is located about 250 km south
of Seoul. Three other nuclear power plant sites in Korea are also shown.

and the reactor units 1 and 2 are of the Combustion Engineering (CE, now Westinghouse)
System 80 design. Units 3 to 6 are of the Korean Standard Nuclear Power Plant (KSNP)
design, which incorporates many improvements on the CE System 80. The first reactor, unit
1, became operational in 1986 and the last one, unit 6, in 2002. These reactors are lined up in
roughly equal distances and spans ⇠ 1.3 km as shown in Fig. 1.2.

A reactor core is comprised of 177 fuel assemblies and 73 control element assemblies. The
fuel assemblies are arranged to form a cylinder with an equivalent diameter of 3.12 m and
an active length of 3.81 m. Reactor fuelling cycle varies from 12 months to 24 months and
refuellings are done with the plant shutdown. The fuel is a low enrichment UO

2

type supplied
by Korea Nuclear Fuel Co., Ltd.

The average total thermal power output of the six reactor cores is 16.4 GW
th

with each
reactor core generating about equal power. The average cumulative operating factors for all
reactors are above 90%. The power plant is operated by Korea Hydro & Nuclear Power Co.
Ltd. (KHNP).
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νe candidate event
Super-Kamiokande IV
T2K Beam Run 0 Spill 1039222
Run 67969 Sub 921 Event 218931934 
10-12-22:14:15:18
T2K beam dt =  1782.6 ns
Inner: 4804 hits, 9970 pe
Outer: 4 hits, 3 pe
Trigger: 0x80000007
D_wall: 244.2 cm
e-like, p = 1049.0 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

0 mu-e
decays

0 500 1000 1500 2000
0

260

520

780

1040

1300

Times (ns)

visible energy : 1049 MeV
# of decay-e   : 0 
2γ Inv. mass   : 0.04 MeV/c2

recon. energy : 1120.9 MeV

νe appearance @ T2K 11/6/14

6 events
1.5 BG

99.3% CL

12/6/5
28 events
4.6 BG
7.5σ!!



anarchy

25

θ23

θ12
θ13

Kolmogorov-Smirnov test (de Gouvêa, HM)
nature has 47% chance to choose this kind of numbers

Miriam-Webster: “A utopian society of individuals 
who enjoy complete freedom without government”

neutrinos

symmterylarge mixing



Xiaochuan Lu, Murayama

random mass matrices

no direct connection to CP violation in oscillation
but a plausibility test

N1(+2), N2(+1), N3(0)

L1(0), L2(0), L3(0)

✏(�1) ⇡ 0.1



-0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

1

2

-1

sin b

0

anarchy prefers 
maximal CP phase
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T2K�Qe appearance
ɷCP vs.�sin22ɽ13
for�different�ɽ23

Normal�Hierarchy
|'m2

32|=2.4x10Ͳ3 eV2

Inverted�Hierarchy
|'m2

32|=2.4x10Ͳ3 eV2

NOTE:�PDG’12�3V region�for�
sin2T23:0.34Ͳ0.64

reactor�1V region�(PDG�‘12)
sin22T13 =�0.098㼼0.013

T2K�preliminary

T2K�preliminary

Ichikawa@EPS2013



a provocative question
• Mass hierarchy may be 

determined well by

• atmospheric 
neutrinos at HyperK, 
INO, PINGU

• longer distance 
reactor neutrinos

• Do we really need long-
baseline on-axis?

INO



e+
g

g

p

Proton Decay

• If matter and anti-matter 
transform to each other, 
maybe p→e++light

p: hydrogen (matter)
e+: anti-electron (anti-matter)
• Happens less than once 

every 1034 years
• May happen more than 

once a year if you have 1036 
hydrogen atoms            
≈a million ton of water

• Huge underground expt!



masses

log(Δm223/Δm223)



380Kyr

13.7Byr10 –10 sec

CMBdark matter

1 m
in

elementsantimatter

10 –26 sec


