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CP VIOLATION

Why is it broken?



Discrete Symmetries
Parity (P)  

x → -x     : p, σ → -p, σ 

L ⇔ R violated in weak interaction 

Charge Conjugation (C) 

Q → Q     :  particle ⇔ anti-particle 

Time Reversal (T) 

t → -t       : p, σ → -p, -σ 

<out| H | in> → <T in| H |T out> 

experimentally very difficult to prove



Fitch-Cronin 
1964

CP-odd neutral 
kaons（KL）decayed into 

CP-even 2 π states

CP is violated 
in the decays 
of neutral 
kaons

（Nobel Prize 1980）
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• Weak interaction is CP-symmetric

right-handed

motion

CP is conserved in weak interaction 

spin=1/2
left-handed

W

Right-handed anti-particles interact weakly

P



Neutral Kaon
K0(s̄d) K̄0(sd̄)

s̄ ū
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・eigenstates of flavor “strangeness” 
                strangeness not conserved --- not mass eigenstates 
・share the same final states  →  they mix each other 
・CP ~conserved in weak interaction 
                mass eigenstates should have definite CP parity 



CP eigenstates K1, K2

(CP )K0 = K̄0 (CP )K̄0 = K0

K1 ⌘ 1p
2

�
K̄0 +K0

�

K2 ⌘ 1p
2

�
K̄0 �K0

�
CP even

CP odd

→2π

→3π

~10-10sec

~5×10-8sec

KL ⇡ ✏K1 +K2 = (1 + ✏)K0 � (1� ✏)K̄0

M12 � i�12/2

M⇤
12 � i�⇤

12/2

M12 = complex,  Γ12 ~ real

transitions between K0 & K0:  more K0 than K0

KL

KS

long life time



Two ways to violate CP
1. The mass eigenstates (KL, KS) are NOT CP eigenstates 

CP violation in the mixing between K0 & K0 

KL contains more K0 than K0 by ~2ε 

K1 component of KL decays to 2π (no CP violation) 

|ΔS| = 2  --- superweak interaction? 

2. CP violation in the decay amplitude 

K2 (CP-) decays to 2π (CP+) 

|ΔS| = 1  --- superweak cannot contribute 

parametarized as  ε’/ε

“direct CP violation”



decomposition into isospin I=0 & 2 components:  

then

Direct CP Violation in K0→ππ

"0 =
hI = 0 |T |KLi
hI = 0 |T |KSi
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CP violation by mixing

direct CP violation
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Measurements of R to a precision < 0.3% necessary 

Re (ε’/ε) = 1.67±0.16 × 10-3  

“superweak” denied

R =
|⌘00|2

|⌘+�|2
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�(KL ! 2⇡0)/�(KL ! ⇡+⇡�)
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CP Violation in KL Decay
KL → π-e+ν occurs 0.3% more often than 
KL → π+e-ν 

CPLear experiment
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（They oscillate with Δm = ML - MS）
original K0 beam become KL in the end  

~e-Γtcos(Δm t)

K0-K0 oscillation

CP violation

＝ CP-odd

KL =
1p
2

�
K0 � K̄0

�

sec

sec

As
ym

m
et

ry



CPT invariance
Valid under usual field theoretical framework 

conditions: unitarity, Lorentz invariance, locality 

often implicitly assumed in analyses of 
experimental data 

Strongest constraints by K0-K0 mass difference 
     < 8×10-19  @90%CL



( )A. Angelopoulos et al.rPhysics Letters B 444 1998 43–5148

exp Ž . ² exp:Fig. 1. The asymmetry A versus the neutral-kaon decay time in units of t . The solid line represents the fitted average A .T S T

This is an evidence for T violation. However, some uncertainty may result from the strangeness tagging at
the neutral kaon decay, due to a possible violation of the DSsDQ rule, and from a possible CPT violation in
semileptonic decays. For a thorough analysis of such effects we need to enter into the phenomenology of the
neutral kaons.

5. Phenomenology of the method

The time evolution and decay of the neutral kaons can be parametrized in terms of different, mostly
w xequivalent, mixing and decay parameters. We briefly outline the parametrization used in our analysis 9,10 .

The two parameters which describe the neutral-kaon mixing, are, respectively, the T and CPT violation
parameters:

0 0 0 0 0 0 0 0L yL L yLK ,K K ,K K ,K K ,K
es and ds .

2 l yl 2 l ylŽ . Ž .L S L S

iHere, L are the elements and l the eigenvalues of the effective Hamiltonian L: l sm y G ,i j L,S L ,S L ,S L ,S2
where m and G are the masses and decay widths for the K and K states, Dmsm ym andL,S L ,S L S L S
DGsG yG . Note that e is T violating by construction. The K mixing parameter is defined as e seyd .S L L L
The semileptonic decay amplitudes can be written as

q y 0 y q 0 ) )² < < : ² < < :e p n LK saqb , e p n LK sa yb ,
y q 0 q y 0 ) )² < < : ² < < :e p n LK scqd , e p n LK sc yd .

The amplitudes b and d are CPT violating, c and d describe possible violations of the DSsDQ rule, and the
imaginary parts are all T violating. The quantities

c)yd) c)qd)

xs and xs
aqb ayb

describe the violation of the DSsDQ rule in decays into positive and negative leptons, respectively, while
b

ysy
a

describes CPT violation in semileptonic decays in the case where the DSsDQ rule holds. The parameters
Ž . Ž .x s xqx r2 and x s xyx r2 describe the violation of the DSsDQ rule in CPT-conserving andq y

CPT-violating amplitudes, respectively. We assume x, x and y<1.
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Abstract

0We report on the first observation of time-reversal symmetry violation through a comparison of the probabilities of K
0 0 0transforming into K and K into K as a function of the neutral-kaon eigentime t. The comparison is based on the analysis

of the neutral-kaon semileptonic decays recorded in the CPLEAR experiment. There, the strangeness of the neutral kaon at
" . 0 0Ž .time ts 0 was tagged by the kaon charge in the reaction pp™K p K K at rest, whereas the strangeness of the kaon

at the decay time ts t was tagged by the lepton charge in the final state. An average decay-rate asymmetry

0 q y 0 y qR K ™e p n yR K ™e p nŽ . Ž .ts 0 ts t ts 0 ts t y3² : s 6.6"1.3 "1.0 =10Ž .stat syst0 q y 0 y qR K ™e p n qR K ™e p nŽ . Ž .ts 0 ts t ts 0 ts t

was measured over the interval 1t -t-20 t , thus leading to evidence for time-reversal non-invariance. q 1998 ElsevierS S
Science B.V. All rights reserved.

1. Introduction

0 0Since weak interactions do not conserve strangeness, a K meson can transform into a K in the course of
0 0 Ž .time, and vice-versa, a K can transform into a K . Time-reversal T invariance, or microscopic reversibility,

Ž .would require all details of the second process to be deducible from the first; in particular, the probability PP
0 0 0Ž . Ž .that a K ts 0 is observed as a K at time t should be equal to the probability that a K ts 0 is observed as

0 w xa K at the same time t 1 . Any difference between these two probabilities is a signal for T violation and can
be measured through the time-reversal asymmetry

0 0 0 0PP K ™K yPP K ™KŽ . Ž .
. 1Ž .0 0 0 0PP K ™K qPP K ™KŽ . Ž .

Experimentally this requires knowledge of the strangeness of the neutral kaon at two different times of its life.
A measurement of this asymmetry has become possible with the CPLEAR experiment, which produced K0s

0and K s through the strong interactions
y q 0K p Kpp™ ½ q y 0K p K ,

enabling the initial strangeness of the neutral kaon to be tagged by the charge of the accompanying charged
kaon. To tag the strangeness of the kaon at the moment of its decay we use semileptonic decays: positive lepton

0 0charge is associated to a K and negative lepton charge to a K . We measure, as a function of time, the
decay-rate asymmetry

0 q y 0 y qR K ™e p n yR K ™e p nŽ . Ž .ts 0 ts t ts 0 ts t . 2Ž .0 q y 0 y qR K ™e p n qR K ™e p nŽ . Ž .ts 0 ts t ts 0 ts t

In the limit of CPT symmetry in the semileptonic decay process and of the validity of the DSs DQ rule, this
Ž .asymmetry is identical with the time-reversal asymmetry given in 1 .
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CPLear PL B444 (1998) 43

T Violation in K0 decays
K0 tagged by K±

Also a T-odd parameter measured by KTeV,   PRL 84 (2000) 408

All these observed “T-violations” just correspond to  
the CP-violation in CKM matrix



TREK detector and method of experiment

Overview

The TREK detector is constructed by upgrading the E246 detector which has been used
at the KEK-PS. It consists of a Superconducting Toroidal Mgnenet, an active kaon
stopping target, a CsI(Tl) electromagnetic calorimeter, a charged particle tracking
system, which identify the K!3 decays, and an active muon polarimeter which measures
prcisely the transverse compomnent of muon polarization. The Toroidal Magnet has 12
identical gaps. Muons from the K!3 decays are momentum-analysed by the magnet and
the tracking chambers and stopped in the active polarimeter. Two photons from "0
decay in the K!3 decay are detected by the CsI(Tl) calorimeter. The kinematics of the
K!3 is uniquely determined by the measurements of !+ and "0. The transverse
polarization of muon is determined by observing the azimuthal asymmetry of !+ decay
positrons. The principle of the experiment is shown below. 

Principle of the experiment

In order to observe a very small value of PT in the presence of large in-plane
polarization components, a double ratio measurement is performed. The T-violating
positron asymmetry AT is extracted as a difference of the azimuthal asymmetry between
the cases where the "0 is emitted in the forward direction along the beam axis, namely
the toroid axis, and the "0 in the backward direction, because the diffrential PT has the
opposite signs there. The positon azimuthal asymmetry is determined as the emission

TREK @J-Parc
The Supercnducting Toroidal Magnet provides a high magnetic field up to 1.8 T at the
magnet center. For the lower excitation used in the TREK experiment the field is nearly
dipolar. The magnet was assembled with a very high precision to ensure the 12-fold
roratinal symmetry. The coils are cooled indirectly with a two-phase flow of He
supplied by an online refrigerator. 

Back to TREK Home

Muon Transverse Polarization (PT)

PT as a T-odd quantity

In the three-body decay of K!3 a decay plane is defined in the center-of-mass system.
Muon transverse polarization (PT) is the polarization component perpendicular to this
decay plane. Mathematically it can be expressed as a correlation of the three vectors of
the muon spin ("!), the pion momentum (p#) and the muon momentum (p!). Since all
the involved vectors change sign when time is reversed, this correlation, namely PT, has
a T-odd character. Under the condition that spurious effects from final state interactions
are negligibly small, a non-vanishing value of PT is a clear evidence for T violation. 

Feature of PT

The transverse muon polarization (PT) in K+! #0 !+ $ (K!3) decays with T-odd
correlation was suggested by J.J.Sakurai about 50 years ago to be a clear signature of T
violation. Unlike other T-odd channels in e.g. nuclear beta decays, PT in K!3 has the
advantage that the final state interactions (FSI), which may mimic T violation by
inducing a spurious T-odd effect, are very small. This argument applies most
particularly to K+

!3 decay with only one charged particle in the final state where the FSI
contribution is only from higher order loop levels and is calculable. Thus, it is not
surprising that, over the last two decades, dedicated experiments have been carried out
in search of non-zero PT in K!3 decays. An important feature of a PT study is the fact
that the contribution to PT from the Standard Model (SM) is nearly zero (" 10-7 ).
Therefore, in a PT search we are investigating new physics beyond the SM. 

T-violation beyond CKM matrix

very small contribution 
from CKM matrix



Kobayashi-Maskawa
• “If there are 3 generations of quarks (i.e. 6 
quarks) exist, CP is naturally broken.” 

• Only three quarks were known at that 
time. 

• But sensible theorists thought there 
should be two generations of quarks (i.e. 
four quarks). 

They do not explain the apparently random masses of fermions! 



Recipients of the 2008 Nobel Prize in Physics.
From left: Yoichiro Nambu (Enrico Fermi
Institute, University of Chicago, USA), Makoto
Kobayashi (High Energy Accelerator Research
Organization (KEK), Tsukuba, Japan), and
Toshihide Maskawa (Yukawa Institute for
Theoretical Physics (YITP), Kyoto University,
Japan).

B-factories confirm matter-antimatter asymmetry; leads to
2008 Nobel Prize in Physics

Ian Aitchison, Ray Cowan, and
Owen Long for the BABAR
Collaboration, Menlo Park,
California, USA. Updated
Monday, December 8, 2008

Introduction

On October 7th, the Nobel
committee announced that half of
the 2008 Nobel Prize in Physics
was awarded to Makoto
Kobayashi and Toshihide
Maskawa for their theory which
simultaneously explained the
source of matter/antimatter
asymmetries in particle interactions and predicted the existence of the third
generation of fundamental particles. The BABAR experiment at the SLAC National
Accelerator Laboratory in the U.S., together with the Belle experiment at KEK in
Japan, recently provided experimental confirmation of the theory, some thirty years
after it was published, through precision measurements of matter/antimatter
asymmetries. The other half of the Nobel prize went to Yoichiro Nambu for his
theory of spontaneous symmetry breaking. (See Hidden Symmetries for more on
this part of the Prize.)

The theory of Kobayashi and Maskawa was quite bold. In order to explain the
surprising experimental observation of a phenomenon called CP violation, they
proposed an elegant theory in which CP violation arose naturally.  To do this,
however, required extending the current theory with three known fundamental
particles (and hints of a fourth) by assuming the existence of two more (a third
"generation") which had never been seen before.

At that time only a handful of theorists
were convinced that the fourth, missing
particle (now known as the charm quark)
had to be there.  But there was also a

Nobel Prize 2008
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gauge interactions are “universal” 

independent of generations 

Off-diagonal Yukawa interactions with Higgs 

diagonalize Mu : by mixing generations 

mass eigenstates: 

Flavor/Generation Mixing
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Cabibbo-Kobayashi-Maskawa Matrix
weak charged current 

uL = mass eigenstate 

d’L = not mass eigenstate W±

uL d’L

d0L = U †
uL

UdLdL

⌘ VCKMdL
mass eigenstate
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ūL�

µUuLU
†
dLdLW

†
µ



g�
2
(ū�
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Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 2/20

Unitary matrix - unitarity conditions hold
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Unitarity Triangle

area = Jarlskog invariant 
= size of CP violation

2 11. CKM quark-mixing matrix

Figure 11.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

!
i VijV

∗
ik = δjk

and
!

j VijV
∗
kj = δik. The six vanishing combinations can be represented as triangles in

a complex plane, of which the ones obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention independent measure of CP
violation, Im

"
VijVklV

∗
ilV

∗
kj

#
= J

!
m,n εikmεjln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (11.6)

by dividing each side by the best-known one, VcdV
∗
cb (see Fig. 1). Its vertices are exactly

(0, 0), (1, 0) and, due to the definition in Eq. (11.4), (ρ̄, η̄). An important goal of
flavor physics is to overconstrain the CKM elements, and many measurements can be
conveniently displayed and compared in the ρ̄, η̄ plane.

Processes dominated by loop contributions in the SM are sensitive to new physics
and can be used to extract CKM elements only if the SM is assumed. In Sec. 11.2 and
11.3 we describe such measurements assuming the SM, and discuss implications for new
physics in Sec. 11.5.

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :
The most precise determination of |Vud| comes from the study of superallowed 0+ → 0+

nuclear beta decays, which are pure vector transitions. Taking the average of the nine
most precise determinations [8,9] yields [10]

|Vud| = 0.97377 ± 0.00027. (11.7)

August 30, 2006 10:12
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このビームを実現するためのビームラインについては後の 1.6章で述べる。

1.5.3 崩壊領域を囲む検出器
得られた崩壊イベントが KL の他の崩壊モードでなく KL → π0νν 崩壊であることを
示すには、崩壊によってできた終状態の粒子が 2γ のみであることを示す必要がある。

KOTO実験では、崩壊領域をすべて検出器で覆い、崩壊によってできた粒子が 2γ のみ
であることを保証する。さらに、崩壊領域よりもビームライン下流側にも検出器を置き、
ビームホールを通り抜けた粒子を検出する。また、崩壊領域を真空状態にすることによっ
て空気とビームとの相互作用で生じるバックグラウンドイベントを抑制している。
検出器については後の 1.7章で述べる。

1.6 実験エリアとビームライン
実験は、J-PARCハドロン実験施設内の KLビームラインにおいて行う。図 1.5に、ハ
ドロン実験施設内で実験を行う実験エリアとビームラインを示す。

図 1.5 ハドロン実験施設の実験エリアと KLビームライン。KL はメインリングから
の陽子をターゲットに当てて生成する。生成した KL のビームを 2 つのコリメータに
通してビームの直径を絞る。

第 1章 KOTO実験 7

1.3 KL → π0νν 探索実験
KL → π0νν 崩壊では、始状態、終状態ともにすべて中性粒子であるため、検出が困難
である。ν は検出できないため、「崩壊領域中で π0 から崩壊してできた 2γ 以外何も見つ
からないこと」を以て、崩壊イベントを同定する。
現在まで幾つかの実験においてKL → π0νν 崩壊イベントの探索が行われてきたが、未
だ観測例は存在しない。現在 KL → π0νν 崩壊の探索の結果得られた Br(KL → π0νν)
の上限値は、KEK E391a実験が与えた値である。

1.3.1 KEK E391a実験
KEK E391a実験は KL → π0νν 崩壊イベントの探索に特化した初めての実験である。
また、 J-PARC E14 KOTO 実験でもちいる実験原理の検証を目的としたプロトタイプ
実験としての意味も持っている。茨城県つくば市の高エネルギー加速器研究機構（KEK)
の 12GeV陽子シンクロトロンを用いて、2004年の 2月から 2005年 12月までの間に 3
回のランにわけて行われた。図 1.3に E391a実験において用いられた検出器を示す。

図 1.3 KEK E391a実験の検出器

KEK E391a 実験では、ターゲットからの立体角が 12.6µstr と非常に細いビームを用
い、崩壊領域を真空にしてすべて検出器で覆うことにより、バックグラウンドイベントを

KoTo Experiment
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hall
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which is proportional to twice the area of the unitarity triangle [14].

Figure 2: Kaon unitarity triangle.

Although the best direct experimental information on the K0
L → π0νν

mode will be from the full E391a data set, the first preliminary result for
the branching ratio is B(K0

L → π0νν) < 2.1 × 10−7 as a 90% confidence-
level (C.L.) upper limit [15]. A more stringent constraint can be derived by
using the information on the charged mode [16] and isospin symmetry, and
is called “Grossman-Nir (GN) bound” [17]:

B(K0
L → π0νν) ≤ 4.4 × B(K+ → π+νν) (3)

which gives
B(K0

L → π0νν) < 1.4 × 10−9. (4)

As discussed in Ref. [17], this bound is valid in virtually any extension of the
Standard Model. By comparing this model-independent bound and the SM
prediction, it is clear that there is still considerable room for new physics in
K0

L → π0νν. But even if the experimental measurement of B(K0
L → π0νν)

was found to be in agreement with the SM expectation with a small relative
error, this information would translate into a unique and precious insight
about the CP and flavor structure of any extension of the SM. These features
make the experimental search for K0

L → π0νν, at the SM level and below,
a must-do experiment.

The super-weak model, which causes CP violation only in the mixing
(∆S = 2 transition), is almost ruled out by the recent ϵ′/ϵ experiments at
Fermilab [18] and CERN [19]. However, the other primary explanation, the
CKM matrix (i.e. the Standard Model), accommodates the experimental
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theoretically clean observable - dominant contribution from high energy

an estimate from the  
measured K+→π0e+ν
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Hermetic counters to 
veto huge background 
are essential: 

KL ! ⇡0⇡0

! 4�

No charged tracks !

π0 mass assumed to 
reconstruct the vertex

Discovery of new physics if its BR is higher than SM prediction



CP violation in B mesons can be very large (Bigi-Sanda) 

B mesons:  B0d = bd  (cf. K0 = sd) 

Use asymmetric collisions of e+e- → B0B0 (P. Oddone) 

CP violation in B mesons

Belle experiment

Belle detector, KEKB collider at KEK laboratory, Tsukuba, Japan
World record luminosity: L ⇥ 2.1� 1034 cm�2s�1 (at �(5S)).
Stopped data taking in 2010 ⇤ upgrade to Belle II [M. Danilov’s talk]
Final data sample: more than 1 ab�1

711 fb�1 at �(4S) (772� 106 BB decays)
121 fb�1 at �(5S)
�(1S), �(2S), �(3S), energy scans

Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 3/20

Also BaBar  
at PEP-II, SLAC



Flavor tagging and �t measurement

Machine with asymmetric beam energy.
�t is measured by z coordinates of vertices of signal B and tagging B
B0 and B0 are in entangled state:
flavor of one B is fixed by another B at the moment of its decay.

In practice, need to account for the wrong tag probability and vertexing
resolution — calibrated with data.

Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 5/20

Asymmetric e+e- Collider

P. Oddone

tag B0 on one side, and study the other side

can study life time-dependent effects

November 19, 1999 CP Violation in B Meson Decays 36

Quantum Weirdness

One way to make               is to produce
pairs at an             collider.  In practice this means
making using of resonant production, i.e.,

sB '0 00BB
−+ee

00)4( BBSYee →→−+

)4( SYWhere the                  is a radial excitation of a
“quarkonium” bound state.  The important point is
that the                pair is produced in a coherent
state.

00BB
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Quantum Weirdness

0B

0=t

0B

1t−l

Tags this particle
as a

This particle must
have decayed as a

2t Ψ/J

SK00BB

Tagging side CP eigenstate side

If              then the particle on the CP eigenstate must be a       .
Note that the tagging information is communicated across space
instantaneously despite the fact that the B’s could be separated
by a finite distance (a few hundred microns).   This is an
instance of the EPR paradox.

21 tt = 0B

But relativity of simultaneity?



Discovery of CP Violation in B0 decays

November 19, 1999 CP Violation in B Meson Decays 34

Indirect CP Violation
Thus for a decay
where        is a CP eigenstate, we
have two “indistinguishable”
decay paths

fB →0

f0B
0B f

Working through the
algebra, yields a time-
dependent CP
asymmetry )(2sin)sin(2           

)()(
)()(

)( 00

00

DMf

CP

tm
fBfB
fBfBtA

φφη +ΔΔ−=

→Γ+→Γ

→Γ−→Γ
=Δ

Mφ DφWhere         and           are the
weak phases for the mixing and
decay diagrams, respectively and 1      ±=

=

f

f ffCP
η

η
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Indirect CP Violation
Thus for a decay
where        is a CP eigenstate, we
have two “indistinguishable”
decay paths
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interference between  
mixing & decay of B0  

to a common final state

mixing decay

time-dependent asymmetry

very large CP violation ~O(50%)



LHCb

4

LHCb detector 
LHCb is a single arm forward spectrometer: 1.9 < � < 4.9
Dedicated for study  of CP violation and rare B decays:
all B species; large B cross section; efficient, flexible trigger

Features:

Precise and robust vertexing
and tracking 

Good  particle identification
(hadron, muon, electron, photon) 

About 37 pb-1 collected at 7 TeV in 2010 run

much more b-hadrons 
produced than at e+e- 
colliders

sensitive to final states 
with charged particles 
only

HþðtÞ ¼
!
e%!dðsÞt

0
cosh

"
"!dðsÞ

2
t0
#
& Rðt; t0Þ

$
"dðsÞðtÞ; (7)

H%ðtÞ ¼ ½e%!dðsÞt
0
cosð"m dðsÞt

0Þ & Rðt; t0Þ("dðsÞðtÞ; (8)

where !dðsÞ is the average decay width of the B0
ðsÞ meson,

"!dðsÞ and "m dðsÞ are the decay width and mass differ-
ences between the two B0

ðsÞ mass eigenstates, respectively,

Rðt; t0Þ is the decay time resolution (! ’ 50 fs in our case),
and the symbol & stands for convolution. Finally, "dðsÞðtÞ is
the acceptance as a function of the B0

ðsÞ decay time. Using

Eq. (6) we obtain the following expression for the time-
dependent asymmetry:

AðtÞ ¼ #½Rðt;%1Þ;Rðt;þ1Þ(

¼ ðACP þ AD ÞHþðtÞ þ APð1þ ACPAD ÞH%ðtÞ
ð1þ ACPAD ÞHþðtÞ þ APðACP þ AD ÞH%ðtÞ

: (9)

For illustrative purposes only, we consider the case of
perfect decay time resolution and negligible "!, retaining
only first-order terms in ACP, AP, and AD . In this case,
Eq. (9) reduces to the expression

A ðtÞ ) ACP þ AD þ AP cosð"m dðsÞtÞ; (10)

i.e., the time-dependent asymmetry has an oscillatory term
with amplitude equal to the production asymmetry AP.
By studying the full time-dependent decay rate it is then
possible to determine AP unambiguously.

In order to measure the production asymmetry AP for B0

and B0
s mesons, we perform fits to the decay time spectra of

the B candidates, separately for the events passing the two
selections. The B0 production asymmetry is determined
from the sample obtained applying the selection optimized
for the measurement of ACPðB0 ! Kþ"%Þ, whereas the B0

s

production asymmetry is determined from the sample
obtained applying the selection optimized for the measure-
ment of ACPðB0

s ! K%"þÞ. We obtain APðB0Þ ¼ ð0:1 *
1:0Þ% and APðB0

sÞ ¼ ð4* 8Þ%. Figure 2 shows the raw
asymmetries as a function of the decay time, obtained
by performing fits to the invariant mass distributions of
events restricted to independent intervals of the B candi-
date decay times.

By using the values of the detection and produc-
tion asymmetries, the correction factors to the raw asym-
metries A"ðB0!Kþ"%Þ¼ð%1:12 * 0:23 * 0:30Þ% and
A"ðB0

s ! K%"þÞ ¼ ð1:09* 0:21 * 0:26Þ% are obtained,
where the first uncertainties are due to the detection asym-
metry and the second to the production asymmetry.

Systematic uncertainties on the asymmetries are related
to PID calibration, modeling of the signal and background
components in the maximum likelihood fits and instrumen-
tal charge asymmetries. In order to estimate the impact
of imperfect PID calibration, we perform mass fits to
determine raw asymmetries using altered numbers of
cross-feed background events, according to the systematic

uncertainties affecting the PID efficiencies. An estimate of
the uncertainty due to possible mismodeling of the final-
state radiation is determined by varying the amount of
emitted radiation [27] in the signal shape parametrization,
according to studies performed on fully simulated events,
in which final-state radiation is generated using PHOTOS

[35]. The possibility of an incorrect description of the
signal mass model is investigated by replacing the double
Gaussian function with the sum of three Gaussian func-
tions, where the third component has fixed fraction (5%)
and width (50 MeV=c2), and is aimed at describing long
tails, as observed in simulation. To assess a systematic
uncertainty on the shape of the partially reconstructed
backgrounds, we remove the second ARGUS function.
For the modeling of the combinatorial background compo-
nent, the fit is repeated using a straight line. Finally, for the
case of the cross-feed backgrounds, two distinct systematic
uncertainties are estimated: one due to a relative bias in the
mass scale of the simulated distributions with respect to
the signal distributions in data, and another accounting for
the difference in mass resolution between simulation and
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FIG. 2 (color online). Raw asymmetries as a function of the
decay time for (a) B0 ! Kþ"% and (b) B0

s ! K%"þ decays. In
(b), the offset t0 ¼ 1:5 ps corresponds to the minimum value of
the decay time required by the B0

s ! K%"þ event selection. The
curves represent the asymmetry projections of fits to the decay
time spectra.
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quantities: the quality of the on-line-reconstructed tracks,
their pT and IP, the distance of the closest approach of the
decay products of the Bmeson candidate, its pT, IP, and the
decay time in its rest frame.

More selective requirements are applied off-line. Two
sets of criteria have been optimized with the aim of
minimizing the expected statistical uncertainty either on
ACPðB0 ! Kþ !# Þ or on ACPðB0

s ! K# !þ Þ. In addition to
the requirements on the kinematic variables already used in
the trigger, requirements on the largest pT and IP of the B
daughter particles are applied. In the case of B0

s ! K# !þ

decays, a tighter selection is needed to achieve a stronger
rejection of combinatorial background. For example, the
decay time is required to exceed 1.5 ps, whereas in the
B0 ! Kþ !# selection a lower threshold of 0.9 ps is
applied. This is because the probability for a b quark to
form a B0

s meson, which subsequently decays to the K# !þ

final state, is 1 order of magnitude smaller than that to form
a B0 meson decaying to Kþ !# [25]. The two samples are
then subdivided according to the various final states using
the particle identification (PID) provided by the two ring-
imaging Cherenkov (RICH) detectors [26]. Two sets of
PID selection criteria are applied: a loose set optimized for
the measurement of ACPðB0 ! Kþ !# Þ and a tight set for
that of ACPðB0

s ! K# !þ Þ. More details on the event selec-
tion can be found in Ref. [22].

To determine the amount of background events from
other two-body b-hadron decays with a misidentified
pion or kaon (cross-feed background), the relative efficien-
cies of the RICH PID selection criteria must be deter-
mined. This is achieved by means of a data-driven
method that uses D %þ ! D 0ðK# !þ Þ!þ and ! ! p!#

decays as control samples. The production and decay kine-
matic properties of the D 0 ! K# !þ and ! ! p!# chan-
nels differ from those of the b-hadron decays under study.
Since the RICH PID information is momentum dependent,
a calibration procedure is performed by reweighting the
distributions of the PID variables obtained from the cali-
bration samples, in order to match the momentum distri-
butions of signal final-state particles observed in data.
Unbinned maximum likelihood fits to the mass spectra

of the selected events are performed. The B0 ! Kþ !# and
B0
s ! K# !þ signal components are described by double

Gaussian functions convolved with a function that
describes the effect of final-state radiation [27]. The back-
ground due to partially reconstructed three-body B decays
is parametrized by means of two ARGUS functions [28]
convolved with a Gaussian resolution function. The com-
binatorial background is modeled by an exponential func-
tion and the shapes of the cross-feed backgrounds, mainly
due to B0 ! !þ !# and B0

s ! Kþ K# decays with one
misidentified particle in the final state, are obtained from
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FIG. 1 (color online). Invariant mass spectra obtained using the event selection adopted for the best sensitivity on (a),
(b) ACPðB0 ! Kþ !# Þ and (c), (d) ACPðB0

s ! K# !þ Þ. Panels (a) and (c) represent the Kþ !# invariant mass, whereas panels (b)
and (d) represent the K# !þ invariant mass. The results of the unbinned maximum likelihood fits are overlaid. The main components
contributing to the fit model are also shown.
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their pT and IP, the distance of the closest approach of the
decay products of the Bmeson candidate, its pT, IP, and the
decay time in its rest frame.

More selective requirements are applied off-line. Two
sets of criteria have been optimized with the aim of
minimizing the expected statistical uncertainty either on
ACPðB0 ! Kþ !# Þ or on ACPðB0

s ! K# !þ Þ. In addition to
the requirements on the kinematic variables already used in
the trigger, requirements on the largest pT and IP of the B
daughter particles are applied. In the case of B0

s ! K# !þ

decays, a tighter selection is needed to achieve a stronger
rejection of combinatorial background. For example, the
decay time is required to exceed 1.5 ps, whereas in the
B0 ! Kþ !# selection a lower threshold of 0.9 ps is
applied. This is because the probability for a b quark to
form a B0

s meson, which subsequently decays to the K# !þ

final state, is 1 order of magnitude smaller than that to form
a B0 meson decaying to Kþ !# [25]. The two samples are
then subdivided according to the various final states using
the particle identification (PID) provided by the two ring-
imaging Cherenkov (RICH) detectors [26]. Two sets of
PID selection criteria are applied: a loose set optimized for
the measurement of ACPðB0 ! Kþ !# Þ and a tight set for
that of ACPðB0

s ! K# !þ Þ. More details on the event selec-
tion can be found in Ref. [22].

To determine the amount of background events from
other two-body b-hadron decays with a misidentified
pion or kaon (cross-feed background), the relative efficien-
cies of the RICH PID selection criteria must be deter-
mined. This is achieved by means of a data-driven
method that uses D %þ ! D 0ðK# !þ Þ!þ and ! ! p!#

decays as control samples. The production and decay kine-
matic properties of the D 0 ! K# !þ and ! ! p!# chan-
nels differ from those of the b-hadron decays under study.
Since the RICH PID information is momentum dependent,
a calibration procedure is performed by reweighting the
distributions of the PID variables obtained from the cali-
bration samples, in order to match the momentum distri-
butions of signal final-state particles observed in data.
Unbinned maximum likelihood fits to the mass spectra

of the selected events are performed. The B0 ! Kþ !# and
B0
s ! K# !þ signal components are described by double

Gaussian functions convolved with a function that
describes the effect of final-state radiation [27]. The back-
ground due to partially reconstructed three-body B decays
is parametrized by means of two ARGUS functions [28]
convolved with a Gaussian resolution function. The com-
binatorial background is modeled by an exponential func-
tion and the shapes of the cross-feed backgrounds, mainly
due to B0 ! !þ !# and B0

s ! Kþ K# decays with one
misidentified particle in the final state, are obtained from
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Direct CP violation in

heavier b-hadrons than 
B0 

B0
s ! K±⇡⌥



Unitarity triangle
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Tension in the CKM fit: ⇤ 3⌥
between direct and indirect sin 2�1

This talk: two new results from Belle

Updated sin 2�1 measurement
with B ⌅ (cc̄)K 0

Measurement of �3 with
model-independent Dalitz plot
analysis of B ⌅ DK ,
D ⌅ K 0

S⇧⇧
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Unitarity Triangle

area = Jarlskog invariant 
= size of CP violation

2 11. CKM quark-mixing matrix

Figure 11.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

!
i VijV

∗
ik = δjk

and
!

j VijV
∗
kj = δik. The six vanishing combinations can be represented as triangles in

a complex plane, of which the ones obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention independent measure of CP
violation, Im

"
VijVklV

∗
ilV

∗
kj

#
= J

!
m,n εikmεjln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (11.6)

by dividing each side by the best-known one, VcdV
∗
cb (see Fig. 1). Its vertices are exactly

(0, 0), (1, 0) and, due to the definition in Eq. (11.4), (ρ̄, η̄). An important goal of
flavor physics is to overconstrain the CKM elements, and many measurements can be
conveniently displayed and compared in the ρ̄, η̄ plane.

Processes dominated by loop contributions in the SM are sensitive to new physics
and can be used to extract CKM elements only if the SM is assumed. In Sec. 11.2 and
11.3 we describe such measurements assuming the SM, and discuss implications for new
physics in Sec. 11.5.

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :
The most precise determination of |Vud| comes from the study of superallowed 0+ → 0+

nuclear beta decays, which are pure vector transitions. Taking the average of the nine
most precise determinations [8,9] yields [10]

|Vud| = 0.97377 ± 0.00027. (11.7)

August 30, 2006 10:12



Status of the Triangle
Summary of Unitarity Triangle Measurements



WHY IS THE CP SYMMETRY BROKEN?

• It must be broken to create our matter-dominant Universe.  

• The Universe started with a Big Bang.  

• In the Big Bang, the same amounts of photons, matter-particles, 
and antimatter-particles, must have been thermally created. 

• But the present Universe contains:  

• photon : matter : anti-matter = 1 : 10-10 : 0  

• Note matter & anti-matter annihilate each other 

• More matter (by 1.0000000001) must have been created 
than anti-matter in the Big Bang!!  → “Baryogenesis” 



particles

anti-particles
photons



particles

photons



Baryogenesis
• Baryon = proton, neutron（& their partners） 

• “baryon number”： 
    quark has +1/3、anti-quark has -1/3 

• The total baryon number = 0 at the beginning 

• But no anti-matter exist around us.  

• Must create non-zero baryon number at the beginning  
（baryons/photons = order of 10-10）



Sakharov Conditions for Baryogenesis

• （1）Baryon number broken 

• （2）C & CP broken 

• （3）once in non-equilibrium

（B=0）➡（B=1）
（B=0）➡（B=-1）（1） （2）

（B=0）⬅（B=1）（3）

← GUT (SM?)

← CKM（too small）

← phase transition

M.Yoshimura (1978)



  SUSY GRAND UNIFICATION        



GUT BARYOGENGESIS?
• Decays of heavy colored Higgs can create matter 

• Hc → qq, ql  

• Need reheating temperature > GUT energy after inflation 

• The baryon number is washed out at EW phase transition 

• induced by “Sphaleron” — that violates the baryon number  

• B-L is preserved — GUT must create B-L  

• SUSY-GUT with Affleck-Dine mechanism? 

• Or can the SM create enough baryons at the EW phase transition?  

• Or “Leptogenesis” BUT WE NEED MORE CP VIOLATION!!



• possible new sources of CP violation 

• Electric Dipole Moment (EDM) of elementary particles 

• EDM violates P and T; thus violates CP



precesses with Larmor freq 

additional precession 

flip E and measure the difference

µB

dE

Technique to measure EDM

B E



Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules 

 (ThO, YbF, PbO, HfF+) 
Atoms in traps (Tl,Rb,Cs)

EDMs of diamagnetic 
atoms (Hg,Xe,Ra,Rn)

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Origin of the EDMs

Pospelov Ritz, Ann Phys 318 (05) 119

gluon 
self-couplings

eN couplings
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J.M.Pendlebury and E.A. Hinds, NIMA 440 (2000) 471 e-cm

Gray: Neutron 
Red: Electron

Sensitivity to rule on several new models 

New physics introduces 
CPV and EDM

CPV needed to  
matter-dominant 
universe!!

EDM induced by CKM 



Physics strength comparison
System Current limit 

[e⋅cm]
Future goal Neutron 

equivalent
Neutron <1.6×10-26 ~10-28 10-28

ThO para-
magnetic

<8.7×10-29

199Hg 
diamagnetic

<7.4×10-30 ~10-30-10-33 10-26-10-29

Deuteron 
nucleus

~10-29 3×10-29- 
5×10-31

Proton 
nucleus

<7×10-25 ~10-29 4×10-29- 
2.5×10-30



EDM of  
dipolar molecules

Easier to polarize molecules than atoms 

Enhances effective E field seen by the unpaired electron 
by a factor up to 105 

Look for interferometer phase shift of the two spin 
states (hyperfine levels of the ground state) when E 
reversed 

“Schiff shielding” strongly violated by relativistic effects



a most recent result

ThO molecule 
~84GV/cm

Order of Magnitude Smaller Limit on the Electric Dipole

Moment of the Electron
The ACME Collaboration⇤: J. Baron1, W. C. Campbell2, D. DeMille3, J. M. Doyle1, G. Gabrielse1, Y. V. Gurevich1,⇤⇤, P.
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The Standard Model (SM) of particle physics fails to

explain dark matter and why matter survived annihila-

tion with antimatter following the Big Bang. Extensions

to the SM, such as weak-scale Supersymmetry, may ex-

plain one or both of these phenomena by positing the

existence of new particles and interactions that are asym-

metric under time-reversal (T). These theories nearly al-

ways predict a small, yet potentially measurable (10�27
-

10�30
e cm) electron electric dipole moment (EDM, de),

which is an asymmetric charge distribution along the spin

(~S). The EDM is also asymmetric under T. Using the

polar molecule thorium monoxide (ThO), we measure

de =(�2.1± 3.7stat ± 2.5syst)⇥ 10�29
e cm. This corresponds

to an upper limit of |de| < 8.7⇥ 10�29
e cmwith 90 percent

confidence, an order of magnitude improvement in sensi-

tivity compared to the previous best limits. Our result

constrains T-violating physics at the TeV energy scale.

The exceptionally high internal e↵ective electric field (Ee↵) of
heavy neutral atoms and molecules can be used to precisely probe
for de via the energy shift U = �~de · ~Ee↵ , where ~de = de

~S/(~/2).
Valence electrons travel relativistically near the heavy nucleus,
making Ee↵ up to a million times larger than any static labo-
ratory field1–3. The previous best limits on de came from ex-
periments with thallium (Tl) atoms4 (|de| < 1.6 ⇥ 10�27

e cm),
and ytterbium fluoride (YbF) molecules5,6 (|de| < 1.06 ⇥ 10�27

e cm). The latter demonstrated that molecules can be used to
suppress the motional electric fields and geometric phases that
limited the Tl measurement5 (this suppression is also present in
certain atoms7). Insofar as molecules can be fully polarized in
laboratory-scale electric fields (E), Ee↵ can be much greater than in
atoms. The 3�1 electronic state used in ThO provides an Ee↵ ⇡ 84
GV/cm, the largest yet used in any EDM measurement8,9. Its un-
usually small magnetic moment reduces its sensitivity to spurious
magnetic fields10,11. Improved systematic error rejection is possi-
ble because internal state selection allows the reversal of Ee↵ with
no change in ~E12,13.

To measure de we perform a spin precession measurement10,14,15

on a pulse of 232Th16O molecules from a cryogenic bu↵er gas beam
source16,17. The pulse passes between parallel plates that generate
a laboratory electric field Ez ẑ (Figure 1). A coherent superposition
of two spin states, corresponding to a spin aligned in the xy plane,
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is prepared using optical pumping and state preparation lasers.
Parallel electric (~E) and magnetic ( ~B) fields exert torques on the
electric and magnetic dipole moments, causing the spin vector to
precess in the xy plane. The precession angle is measured with a
readout laser and fluorescence detection. A change in this angle
as ~Ee↵ is reversed is proportional to de.

FIG. 1. Schematic of the apparatus (not to scale). A collimated pulse
of ThO molecules enters a magnetically shielded region. An aligned spin
state (smallest red arrows), prepared via optical pumping, precesses in
parallel electric and magnetic fields. The final spin alignment is read
out by a laser with rapidly alternating linear polarizations, X̂, Ŷ , with
the resulting fluorescence collected and detected with photomultiplier
tubes (PMTs).

In more detail, a 943 nm laser beam optically pumps molecules
from the ground electronic state into the lowest rotational level,
J = 1, of the metastable (lifetime ⇠ 2 ms) electronic H

3�1 state
manifold, in an incoherent mixture of the Ñ = ±1, M = ±1
states. M is the angular momentum projection along the ẑ axis. Ñ

P̃ = +1
P̃ = �1

Ñ = +1

Ñ = �1
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FIG. 2. Energy level diagram showing the relevant states. The state-
preparation and readout lasers (double lined blue arrows) drive one
molecule orientation Ñ = ±1 (split by 2DE ⇠ 100 MHz) in the H

state to C, with parity P̃ = ±1 (split by 50 MHz). Population in the
C state decays via spontaneous emission, and we detect the resulting
fluorescence. H state levels are accompanied by cartoons displaying the
orientation of ~Ee↵ (blue arrows) and the spin of the electron (red arrows)
that dominantly contributes to the de shift.
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tion with antimatter following the Big Bang. Extensions

to the SM, such as weak-scale Supersymmetry, may ex-

plain one or both of these phenomena by positing the

existence of new particles and interactions that are asym-

metric under time-reversal (T). These theories nearly al-

ways predict a small, yet potentially measurable (10�27
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e cm) electron electric dipole moment (EDM, de),

which is an asymmetric charge distribution along the spin

(~S). The EDM is also asymmetric under T. Using the

polar molecule thorium monoxide (ThO), we measure

de =(�2.1± 3.7stat ± 2.5syst)⇥ 10�29
e cm. This corresponds

to an upper limit of |de| < 8.7⇥ 10�29
e cmwith 90 percent

confidence, an order of magnitude improvement in sensi-

tivity compared to the previous best limits. Our result

constrains T-violating physics at the TeV energy scale.

The exceptionally high internal e↵ective electric field (Ee↵) of
heavy neutral atoms and molecules can be used to precisely probe
for de via the energy shift U = �~de · ~Ee↵ , where ~de = de

~S/(~/2).
Valence electrons travel relativistically near the heavy nucleus,
making Ee↵ up to a million times larger than any static labo-
ratory field1–3. The previous best limits on de came from ex-
periments with thallium (Tl) atoms4 (|de| < 1.6 ⇥ 10�27

e cm),
and ytterbium fluoride (YbF) molecules5,6 (|de| < 1.06 ⇥ 10�27

e cm). The latter demonstrated that molecules can be used to
suppress the motional electric fields and geometric phases that
limited the Tl measurement5 (this suppression is also present in
certain atoms7). Insofar as molecules can be fully polarized in
laboratory-scale electric fields (E), Ee↵ can be much greater than in
atoms. The 3�1 electronic state used in ThO provides an Ee↵ ⇡ 84
GV/cm, the largest yet used in any EDM measurement8,9. Its un-
usually small magnetic moment reduces its sensitivity to spurious
magnetic fields10,11. Improved systematic error rejection is possi-
ble because internal state selection allows the reversal of Ee↵ with
no change in ~E12,13.

To measure de we perform a spin precession measurement10,14,15

on a pulse of 232Th16O molecules from a cryogenic bu↵er gas beam
source16,17. The pulse passes between parallel plates that generate
a laboratory electric field Ez ẑ (Figure 1). A coherent superposition
of two spin states, corresponding to a spin aligned in the xy plane,
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is prepared using optical pumping and state preparation lasers.
Parallel electric (~E) and magnetic ( ~B) fields exert torques on the
electric and magnetic dipole moments, causing the spin vector to
precess in the xy plane. The precession angle is measured with a
readout laser and fluorescence detection. A change in this angle
as ~Ee↵ is reversed is proportional to de.
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FIG. 1. Schematic of the apparatus (not to scale). A collimated pulse
of ThO molecules enters a magnetically shielded region. An aligned spin
state (smallest red arrows), prepared via optical pumping, precesses in
parallel electric and magnetic fields. The final spin alignment is read
out by a laser with rapidly alternating linear polarizations, X̂, Ŷ , with
the resulting fluorescence collected and detected with photomultiplier
tubes (PMTs).

In more detail, a 943 nm laser beam optically pumps molecules
from the ground electronic state into the lowest rotational level,
J = 1, of the metastable (lifetime ⇠ 2 ms) electronic H

3�1 state
manifold, in an incoherent mixture of the Ñ = ±1, M = ±1
states. M is the angular momentum projection along the ẑ axis. Ñ
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FIG. 2. Energy level diagram showing the relevant states. The state-
preparation and readout lasers (double lined blue arrows) drive one
molecule orientation Ñ = ±1 (split by 2DE ⇠ 100 MHz) in the H

state to C, with parity P̃ = ±1 (split by 50 MHz). Population in the
C state decays via spontaneous emission, and we detect the resulting
fluorescence. H state levels are accompanied by cartoons displaying the
orientation of ~Ee↵ (blue arrows) and the spin of the electron (red arrows)
that dominantly contributes to the de shift.
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|de| < 8.7×10-29 e cm @90%CL

|de| = -2.1 ±3.7 ±2.5 ×10-29 e cm
arXiv:1310.7534
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EDM Diamagnetic Atoms
• Most sensitive to P, T-odd nuclear force 
• dHg=~10-3dqc (chromo EDM of quark): suppression by Schiff-

moment of ~103 
• Hg, Xe, Ra, Rn,… 
• |dHg-199|<7.4×10-30 e-cm (95%C.L.)→ Best EDM limit to date! 

• Limiting various CPV parameters 45

Reduced Limit on the Permanent Electric Dipole Moment of 199Hg

B. Graner,⇤ Y. Chen, E. G. Lindahl, and B. R. Heckel
Department of Physics, University of Washington, Seattle, Washington 98195, USA

(Dated: January 21, 2016)

This paper describes the results of the most recent measurement of the permanent electric dipole
moment (EDM) of neutral 199Hg atoms. Fused silica vapor cells containing enriched 199Hg are
arranged in a stack in a common magnetic field. Optical pumping is used to spin-polarize the
atoms orthogonal to the applied magnetic field, and the Faraday rotation of near-resonant light is
observed to determine an electric-field-induced perturbation to the Larmor precession frequency.
Our results for this frequency shift are consistent with zero; we find the corresponding 199Hg EDM
dHg = (�2.20 ± 2.75stat ± 1.48syst) ⇥ 10�30

e · cm. We use this result to place a new upper limit on
the 199Hg EDM |dHg| < 7.4 ⇥ 10�30

e · cm (95% C.L.), improving our previous limit by a factor of
4. We also discuss the implications of this result for various CP -violating observables as they relate
to theories of physics beyond the standard model.

PACS numbers: 11.30.Er, 24.80.+y, 32.10.Dk, 32.80.Xx

The existence of a nonzero permanent electric dipole
moment (EDM) oriented along the spin axis of an atom
or subatomic particle requires time-reversal symmetry
(T ) violation [1]. By the CPT theorem, T -violation im-
plies that CP symmetry must be violated as well. The
Standard Model (SM) of particle physics provides two
sources of CP violation: a single phase in the CKM
matrix [2] and ✓QCD, the coe�cient of an allowed CP -
violating term in the QCD Lagrangian. However, the
CKM phase contribution to any atomic or particle EDM
is far below existing experimental sensitivities [3], and
the measured value of ✓QCD is consistent with zero, an
apparent anomaly that forms the basis of the Strong CP

problem. An atomic EDM may thus provide the first ev-
idence of CP -violation in the strong sector, or evidence
of CP -violating physics beyond the SM [4]. Discovery of
any new source of CP -violation may also fulfill one of the
Sakharov conditions [5] necessary for a theory of baryo-
genesis that can reproduce the observed matter excess in
the universe [6].

There are many ongoing experiments currently search-
ing for a nonzero atomic, electron, or neutron EDM [7–
10]. This paper presents the results of an improved
EDM search in the 199Hg atom [11]. The experiment
consists of four (25 mm inner diameter, 10.1 mm tall)
vapor cells fabricated from Heraeus Suprasil fused sil-
ica and filled with 0.56 atm of CO bu↵er gas and ⇠0.5
mg of isotopically-enriched (92%) 199Hg, arranged in a
stack inside a common magnetic field B0. The atoms
are optically pumped with circularly polarized resonant
254 nm laser light chopped at the Larmor frequency to
create a net polarization orthogonal to B0. Once polar-
ized, they precess with an unperturbed angular frequency
!0 = �B0, where � = 4844 s�1

/G is the gyromagnetic
ratio of 199Hg. A nonzero EDM, d = dHgI, adds a second
term to the Hamiltonian H = �µ ·B�d ·E. Because the
only vector characterizing the system is the nuclear spin
(I = 1/2), any EDM must lie along the spin axis. De-
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FIG. 1. Cross-sectional diagrams of the apparatus used to
measure the EDM of 199Hg (not to scale). a) Section of
the vessel through the y-z plane showing the HV cables,
groundplane, plus a cut-away view of the HV electrodes and
feedthroughs. b) Section through the x-y plane showing the
cylindrical 3-layer magnetic shielding, the cos(✓) magnet coil
windings, and a diagram with 2 of the polarimeters used to ob-
serve signals from each of the 4 cells. The laser beams through
the outer cells traverse the apparatus along the shield axis (z-
axis), while the middle cell beams travel along the x-axis.

generacy arguments imply that the EDM can have only
one projection onto the spin vector for a given particle
or atomic species [3]. If a two-level atom with a nonzero
EDM is placed in parallel fields B, E and another in an-
tiparallel fields B, �E, the di↵erence in the precession
frequency is given by ~�! = 4(dHgE).

A schematic diagram of the experimental apparatus is
given in Fig. 1. The Hg vapor cells are stacked along the
axis of the static magnetic field B0. All four cells are in-
side a grounded box (called the vessel) constructed from
anti-static UHMW polyethylene, with a tin(IV) oxide-
coated groundplane constructed from 3 layers of 1/16”
fused silica dividing the two halves. The two outer cells
are seated inside conducting plastic electrodes (main-
tained at the same potential), so only the inner cells have
nonzero electric fields inside (pointing in opposite direc-
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FIG. 28 (Color online) The experimental layout of the Seat-
tle 199Hg experiment from Graner et al. (2016).

SQUID-magnetometer experiments have demonstrated
signal and noise that suggest one to three orders of mag-
nitude improvement in sensitivity to the 129Xe EDM is
possible in the near future.
Mercury

The 199Hg experiments undertaken by Fortson’s group
built on the ideas used in their 129Xe bu↵er-gas cell ex-
periment (Vold, 1984); however there are two crucial dif-
ferences with mercury: it is more chemically reactive
resulting in shorter coherence times, and it is heavier
and thus generally more sensitive to sources of T and P
violation. The most recent experiment (Graner et al.,
2016) used a stack of four cells sealed with sulfur-free
Lesker KL-5 vacuum sealant and directly pumped and
probed the 199Hg with a 254 nm laser (Harber, 2000)
as illustrated in Fig. 28. The outer two of the four
cells have no electric field and the inner two have elec-
tric fields in opposite directions so that a di↵erence of
the free-precession frequencies for the two inner cells is
an EDM signal. An EDM-like di↵erence of the outer
cell frequencies was attributed to spurious e↵ects such as
non-uniform leakage currents correlated with the elec-
tric field reversals and were therefore scaled and sub-
tracted from the inner-cell frequency di↵erence to de-
termine the EDM frequency shift. The magnitudes of
the leakage currents were also monitored directly and
used to set a maximum E-field correlated frequency shift
that contributed to the systematic-error estimate. Other
systematic-error sources explored were e↵ects of high-
voltage sparks on the EDM signals and a number of possi-
ble correlations of experimentally monitored parameters
(e.g. laser power and magnetic field fluctuations outside
the magnetic shields). There were no apparent correla-
tions, and the leakage current (± 0.5 pA) was so small
that only upper limits on the systematic errors could be
estimated. The most recent result is

d(199Hg) = (0.49 ± 1.29 ± 0.76 ) ⇥ 10�29
e�cm. (110)

TlF
Molecular beam experiments using TlF were pursued

by Sandars (Harrison, 1969; Hinds, 1980), by Ram-
sey (Wilkening et al., 1984b) and by Hinds (Cho, 1991;
Schropp, 1987). For molecular beams, the systematic er-
rors associated with the ~v⇥ ~E and leakage current e↵ects
are mitigated by using a relatively small applied electric
field to align the intermolecular axis as is the case with
polar molecules discussed in IV.C. This results in a large
internal electric field at the thallium nucleus (Coveney
and Sandars, 1983b). The experiment is set up to detect
an alignment of a spin or angular momentum along the
electric field by detecting precession around the internu-
clear axis, i.e. the frequency shift when the relative ori-
entation of applied electric field and magnetic fields are
reversed. When the averaged projection of the thallium
nuclear spin on the internuclear axis is taken into account
(hcos ✓��i = 0.524), a frequency shift for full electric po-
larization is determined to be d = (�0.13 ± 0.22) ⇥ 10�3

Hz. With the applied electric field of 29.5 kV/cm, this
is interpreted as a permanent dipole moment of the thal-
lium molecule of

dTlF = (�1.7 ± 2.9) ⇥ 10�23
e cm. (111)

For TlF, the electron spins form a singlet, but both
stable isotopes of thallium (203Tl and 205Tl) have nu-
clear spin J

⇡ = 1/2+, and the dipole distribution in
the nucleus would be aligned with the spin through T
and P violation. This gives rise to the Schi↵ moment.
An alternative (and the original) interpretation is based
on the observation that in the odd-A thallium isotopes,
one proton remains unpaired and can induce the molec-
ular EDM through both the resulting Schi↵ moment
and through magnetic interactions (Coveney and San-
dars, 1983b). Separating these, the proton EDM would
produce a magnetic contribution to a molecular EDM of
d

p�mag

TlF
= 0.13 dp, and a contribution to the Schi↵ mo-

ment that would produce a molecular EDM estimated to
be d

p�vol

TlF
= 0.46 dp. The TlF molecular EDM can also

arise from the electron EDM and from P- and T-violating
scalar and tensor electron-hadron interactions; however

paramagnetic systems are more sensitive to C
(0,1)

S
and

diamagnetic systems such as TlF are more sensitive to

C
(0,1)

T
. Thus this measurement could be interpreted as

a (model dependent) measurement of the proton EDM:
dp = (�3.7 ± 6.3) ⇥ 10�23

e-cm.

F. Octupole collectivity in diamagnetic systems

Recently experimental e↵orts have focused on exploit-
ing the enhanced Schi↵ moment in isotopes with strong
nuclear octupole collectivity. This is expected to arise
when neutrons and protons near the Fermi surface pop-
ulate states of opposite parity separated by total angular
momentum 3~, which corresponds to proton and neutron
numbers in the range Z or N ⇡ 34, 56, 88 and N ⇡ 134.

B. Graner et al., PRL 116(2016)161601 
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Parameter system 95% u.l.
de ThO 9.2 ⇥ 10�29 e-cm
CS ThO 8.6 ⇥ 10�9

CT
199Hg 3.6 ⇥ 10�10

ḡ
0

⇡
199Hg 3.8 ⇥ 10�12

ḡ
0

⇡ neutron 2.2 ⇥ 10�12

ḡ
1

⇡
199Hg 3.8 ⇥ 10�13

ḡ
1

⇡ TlF 4.1 ⇥ 10�10

ḡ
2

⇡
199Hg 2.6 ⇥ 10�11

d̄
sr
n neutron 3.3 ⇥ 10�26 e-cm

d̄
sr
p TlF 8.7 ⇥ 10�23 e-cm

d̄
sr
p

199Hg 2.0 ⇥ 10�25 e-cm

Other parameters
dd ⇡ 3/4dn 2.5 ⇥ 10�26 e-cm
✓̄ ⇡ ḡ

0

⇡/(0.02) 1.9 ⇥ 10�10

d̃d � d̃u 5 ⇥ 10�15
ḡ
1

⇡ e-cm 2 ⇥ 10�27 e-cm

TABLE XII Sole-source limits (95% c.l.) on the absolute
value of the parameters presented in Sec. II.C assuming a sin-
gle contribution to the EDM or, for molecules, the P-odd/T-
odd observable. The lower part of the table presents limits on
other parameters derived from the six low energy parameters.

The ↵CS/↵de are listed in Table III. As pointed out by
Dzuba et al. (2011), though there is a significant range
of ↵de and ↵CS from di↵erent authors for several cases,
there is much less dispersion in the ratio ↵CS/↵de .

In Figure 32, we plot de vs CS for the d
exp

para
for ThO and

HfF+ along with 68% and 95% confidence-level contours
for �

2 on the de-CS space, where

�
2 =

X

i

⇥
d
exp

i
� de �

�↵CS
↵de

�
i
CS

⇤2

�
2

i

, (127)

and i includes Cs, Tl, YbF, ThO and HfF+, but only
ThO and HfF+ have significant impact. The range of�↵CS

↵de

�
j

expressed in Table III, about 10%, is accommo-

dated by adding in quadrature to the total experimental
uncertainty for each system. The resulting constraints
from all paramagnetic systems on de and CS at 68% c.l.
are

de = (0.3 ± 9.2) ⇥ 10�28 e cm CS = (0.6 ± 3.2) ⇥ 10�9
.

(128)
The upper limits at 95% confidence level are

|de| < 1.9 ⇥ 10�28 e cm |CS | < 6.3 ⇥ 10�9 (95% c.l.).
(129)

Note that the constraint on CS is actually better than
that from ThO alone.

Corresponding 95% c.l. constraints on �e(v/⇤)2 and

Im C
(�)

eq (v/⇤)2, obtained from those for de and CS by
dividing by �3.2 ⇥ 10�22 e cm and �12.7, respectively
are

|�e(v/⇤)2| < 6.7 ⇥ 10�7 Im C
(�)

eq
(v/⇤)2 < 7.5 ⇥ 10�10

.

(130)
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FIG. 32 (Color online) Electron EDM de as a function of
CS from the experimental results in ThO and HfF+ with 1�

experimental error bars. Also shown are 68% and 95% �
2

contours for all paramagnetic systems including Cs, Tl, YbF.
Also shown on the top and right axes are the corresponding
dimensionless Wilson coe�cients �e and Im C

(�)

eq normalized
to the squared scale ratio (v/⇤)2.

Hadronic parameters and CT

Since the introduction of the global analysis (Chupp
and Ramsey-Musolf, 2015), there have been three signifi-
cant developments in the diamagentic/hadronic systems:

i. the four-times more sensitive result for 199Hg (Graner
et al., 2016)

ii. reanalysis of the neutron-EDM which increased the
uncertainty and moved the centroid by about 1/4
� (Pendlebury et al., 2015),

iii. results from the octupole deformed 225Ra (Parker
et al., 2015)

There are experimental results in five systems and

four parameters d
sr

n
, CT , ḡ

(0)

⇡ and ḡ
(1)

⇡ , which are
fully contstrained once de and CS are fixed from the
paramagnetic-systems results. In order to provide es-
timates of the allowed ranges of the four parameters, �

2

is defined as

�
2(Cj) =

X

i

(dexp

i
� di)2

�
2

d
exp
i

, (131)

where di is given in equation 9. The four parame-
ters Cj are varied to determine �

2 contours for a spe-
cific set of ↵ij . For 68% confidence and four parame-
ters, (�2

� �
2

min
) < 4.7. The ↵ij are varied over the

ranges presented in Table IV to reflect the hadronic-
theory uncertainties. Estimates of the constraints are
presented as ranges in Table XIII, which has been up-
dated from Chupp and Ramsey-Musolf (2015). The sig-
nificant improvement in limits on CT is largely due to

T. Chupp et al., arXiv:1710.02504v1
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EDM NeutronnEDM around	the	world

• PNPI:		Measurement	at	ILL	concluded	– and	published	!" < 5.5×10)*+,cm**

UCN	source	equipment	ready	for	WWR-M	reactor

• PSI:	data-taking	concluded	– analysis	ongoing,	setup	of	new	apparatus

• TRIUMF/RCNP/KEK:	construction	of	new	source	for	TRIUMF	

• SNS:	UCN	source	&	experiment	are	one	apparatus,	construction	of	half/scale	prototypes,	

finalization	of	design	→	Start	of	measurements	in	2023

• TUM:	Experiment	moves	to ILL		to	new	source	“SuperSUN”	→	Start	2020

• LANL:	UCN	source	upgrade	finished:	factor	3	increase	– construction	of	Ramsey	apparatus

*J.M
. P

endlebury et al., P
R

D
 92 (2015) 092003

*
*
P
H
Y
S
IC
A
L
	R
E
V
IE
W
	C
	92

,	0
5
5
5
0
1
	(
2
0
1
5
)

Best	current	limit:	!" < 3×10)*+,cm*

• Modest improvement expected in next years (PSI-nEDM, PNPI-UCN nEDM at ILL) 
• ×10 improvement (~10-27 e-cm) expected in next 5 years 
• Also aiming at ultimate goal down to ~10-28 e-cm

Courtesy of P. Schmidt-Wellenburg
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EDM Japan-Canada nEDM
• New ultra cold neutron (UCN) beam line constructed at TRIUMF 
• Phase 1 

• UCN source and EDM apparatus moved from Japan 
• Start in 2018 

• Phase 2 
• Target sensitivity: dn < 10-27 e-cm 
• Start in 2020

New	He-II	
cryostat

LD2
moderator

UCN detector

Magnetic	shield	room

Superconducting	
magnet

EDM cell	+	HV

T. Kikawa, nEDM Workshop 2017

Phase-2 Experiment
New UCN beam line at TRIUMF

Kicker

Septum

Dipole	magnetTungsten	target

UCN	source





Klaus Kirch Bad Honnef, 04.07. 2011

High Intensity Proton accelerator & UCN Source

UCN-Source

Beam dump

nEDM
τn

590 MeV Proton Cyclotron 

2.2 mA Beam Current 
(currently testing 2.4 mA)

2 experimental areas / 3 beamlines

First UCN production 16./17./22.12.2010 
Full approval for operation: 27.6.2011

nEDM ready for UCN
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EDM PSI-nEDM
• Data-taking completed 
• Preparation for new apparatus (n2EDM) has been started 

• ×10 sensitivity: dn < 1×10-27 e-cm in 500-days DAQ 
• Data-taking will start in 2020

B. Lauss                                                            nEDM Workshop 2017 

Straight position in area South 
to optimize UCN statistics 
at optimal height above 
beamport 

New apparatus - overall setup  

B. Lauss 

B. Lauss, nEDM Workshop 2017

n2EDM

B. Lauss                                                            nEDM Workshop 2017 
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Sensitivity goals for the neutron electric 
dipole search at PSI 

1 - data collected - present analysis   (talk by Philipp Schmidt-Wellenburg)  
 2 - n2EDM apparatus - baseline design - sensitivity goal 
  3 - n2EDM apparatus - final sensitivity goal 

Theory values adapted from  
Pendlebury & Hinds, NIM-A 440 (2000) 471 

recent review 

current limit:  Baker et al., PRL  2006 revised in 

sensitivity 



Klaus Kirch Bad Honnef, 04.07. 2011

Apparatus

5T magnet 
to spin polarize UCNs

Switch  
to distribute the UCNs to 
different parts of the apparatus

Spin analyzer
Neutron detector

Precession chamber 
where neutrons precesses

Vacuum chamber

Magnetic field coils  
B0-correction coils

Electrode (upper)

High voltage lead

E B
E~12 kV/cm
B=1 mT



Klaus Kirch Bad Honnef, 04.07. 2011
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muon g-2 J-PARC E34

Production	 target
(20	mm)

3	GeV	proton	beam
(	333	uA)

Surface	muon	beam	
(28	MeV/c)

Muonium	Production	
(300	K	~	25	meV�2.3	keV/c)

Silicon
Tracker

Super	Precision	 Storage	Magnet
(3T,	~1ppm	 local	precision)

• Muon g-2/EDM Experiment at J-PARC (E34) 
• Storage of ultra cold muon beam with super-low emittance 
• Completely different approach w.r.t. BNL/FANL 

experiments 
• Staging approach: 0.37ppm (stage1) → 0.1ppm (stage2)

Courtesy of T. Mibe



Muon EDM
• Direct CPV in 

Lepton Sector
–CPV Required 

beyond KM
• Current Exp. Limit 

~ 1e-19
• Potential Sensitivity 

of J-PARC Exp.
–~1e-21 @ MLF 

11Courtesy PSI EDM collaboration

With proposed  
Experiment at  

J-PARC
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• Angular frequency of muon spin precession with EDM


• Motional electric field at muon’s rest frame can be very large (~GV/m).


• Turn off g-2 precession with momentum lower than “magic momentum” and a radial electric 
field

•  

•  

22

EDM Storage Rings

50

particle J a |~p| � | ~B| | ~E| | ~E
0
|/� R �

goal

d Ref.
(units) (GeV/c) (T) (kV/cm) (kV/cm) (m) ( e cm)

µ
± 1/2 +0.00117 3.094 29.3 1.45 0 4300 7.11 10�21 E989

0.3 3.0 3.0 0 8500 0.333 10�21 E34
0.5 5.0 0.25 22 760 7 10�24 srEDM

0.125 1.57 1 6.7 2300 0.42 10�24 PSI
p
+ 1/2 +1.79285 0.7007 1.248 0 80 80 52.3 10�29 srEDM

0.7007 1.248 0 140 140 30 10�29 JEDI
d
+ 1 �0.14299 1.0 1.13 0.5 120 580 8.4 10�29 srEDM

1.000 1.13 0.135 33 160 30 10�29 JEDI
3He++ 1/2 �4.18415 1.211 1.09 0.042 140 89 30 10�29 JEDI

TABLE XI Relevant Parameters for Proposed Storage Ring EDM Searches. The present muon EDM limit is 1.8 ⇥ 10�19

e cm and the indirect limit on the proton EDM from derived from the atomic EDM limit of 199Hg is 2 ⇥ 10�25 e cm. The
magnetic moment anomaly is calculated using values for the unshielded magnetic moments of the particles from CODATA 2014
(Mohr et al., 2016). The sign convention for the postively charged particles is such that the magnetic field is vertical and the
particles are circulating References are E989: Muon g�2 experiment at Fermilab (Gorringe and Hertzog, 2015); E34: Muon
g�2 experiment at JPARC (Gorringe and Hertzog, 2015); srEDM: Muon EDM at JPARC (Farley et al., 2004), “All-Electric”
Proton EDM at Brookhaven (Anastassopoulos et al., 2016), Deuteron EDM at JPARC (Morse, 2011); PSI: Compact Muon
EDM (Adelmann et al., 2010); JEDI: “All-In-One” Proton, Deuteron, & Helion EDM at COSY (Rathmann et al., 2013b).

electric and magnetic fields, would be cancelled by sum-
ming over detectors positioned 180� apart azimuthally
around the ring.

The current muon EDM limit dµ  10�19
e-cm is de-

rived from ancillary measurements of the muon decay
asymmetry taken during a precision measurement muon
anomalous magnetic moment (Bennett et al., 2009). The
sensitivity of this measurement was limited by the fact
that the apparatus was designed to be maximally sensi-
tive to the spin precession to the muon anomalous mag-
netic moment. For a dedicated muon EDM experiment,
under development at JPARC (Farley et al., 2004) & PSI
(Adelmann et al., 2010), ~E and � are chosen to make
~wa = 0. The spin coherence time ⌧ in this case is lim-
ited by the muon lifetime in the lab frame (2.2 µs⇥�).
An alternative muon EDM approach using lower energy
muons and a smaller and more compact storage ring is
being developed at the PSI. A proposal for loading such a
compact storage ring as well as an evaluation of the sys-
tematic e↵ects due specifically to the lower muon energy
is presented by Adelmann et al. (2010).

For the case of a proton EDM search, ~B = 0 ,and
choosing � = 1/

p
a + 1 supresses the ~� ⇥ ~E term (Anas-

tassopoulos et al., 2016). The electric storage ring with
bending radius R = (m/e)/(E

p
(a(a + 1)) is generally

only possible for particles with a positive magnetic mo-
ment anomalies (a > 0). With E = 106 V/m bending
radii of R ⇡ 10 m is required for protons. Magnetic-
shielding challenges are addressed is Sec. III.A. Progress
has been made in describing the challenging problem
of orbital & spin dynamics inside electrostatic rings
(Hacömeroğlu and Semertzidis, 2014; Mane, 2008, 2012,
2014a,b,c, 2015a,b,c; Metodiev et al., 2015), developing
simulation code for electrostatic rings (Talman and Tal-
man, 2015a,b), and calculating the fringe fields for dif-

ferent plate geometries (Metodiev et al., 2014).

To achieve sensitivity of 10�29
e-cm, impractically

small residual magnetic fields would be required, thus
two counter propagating beams within the same storage
ring are envisioned, for which a vertical separation would
develop in the presence of a radial magnetic field. After
several cycles around the ring, this vertical separation
would be large enough to measure using SQUID magne-
tometers as precision beam position monitors (BPMs).
E↵orts are underway to develop an electrostatic proton
EDM storage ring at Brookhaven National Lab in Upton,
NY, USA that would fit inside the tunnel of and along
side the Alternating Gradient Synchrotron (AGS).

A magnetic storage ring could also be used to mea-
sure the deuteron EDM using a similar technique, and
requires knowledge of how a spin-1 particle evolves in
electromagnetic fields (Silenko, 2015). The two main dif-
ferences from a muon EDM experiment are the need for
more careful control of the beam properties to preserve
the spin coherence and, of course, a di↵erent spin po-
larimetry scheme. A spread in the beam position and
momentum smears the cancellation of the “g-2” spin pre-
cession which would, after many cycles, result in decoher-
ence of the beam. Since the muon spin coherence time
is limited by the finite muon lifetime, this is not as crit-
ical for the muon EDM experiment. The goal for the
deuteron EDM experiment is to maintain the spin co-
herence for at least as long as the vacuum-limited ion
storage time which is about 103 seconds for a vacuum of
10�10 Torr. The deuteron polarization would be analyzed
by the asymmetry in elastic scattering from a carbon
target (Brantjes et al., 2012). The muon and deuteron
EDM experiments, as well as a next generation muon
anomalous magnetic moment experiment, are being pur-
sued by the Storage Ring EDM collaboration (srEDM)

T. Chupp et al., arXiv:1710.02504v1
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NEUTRINOS 
Neutrino flavors are another source of CP violation



“Neutrino hypothesis”

electron energy

co
un

ts

beta spectrum of 32P 

(Z, N) 
 → (Z+1,N-1) + e- + “ν”



Neutrino discovered  
at nuclear reactor

surface radioactivity had died away 
sufficiently) and dig down to the tank,
recover the detector, and learn the truth
about neutrinos!”

This extraordinary plan was actually
granted approval by Laboratory 
Director Norris Bradbury. Although the 
experiment would only be sensitive to
neutrino cross sections of 10–40 square
centimeters, 4 orders of magnitude 
larger than the theoretical value, 
Bradbury was impressed that the plan
was sensitive to a cross section 3 orders
of magnitude smaller than the existing
upper limit.1 As Reines explains in 
retrospect (unpublished notes for a talk
given at Los Alamos),

“Life was much simpler in those
days—no lengthy proposals or complex
review committees. It may have been
that the success of Operation Green-
house, coupled with the blessing given
our idea by Fermi and Bethe, eased the
path somewhat!”

As soon as Bradbury approved the
plan, work started on building and 
testing El Monstro. This giant liquid-
scintillation device was a bipyramidal
tank about one cubic meter in volume.
Four phototubes were mounted on each
of the opposing apexes, and the tank
was filled with very pure toluene 
activated with terphenyl so that it
would scintillate. Tests with radioactive
sources of electrons and gamma rays
proved that it was possible to “see” 
into a detector of almost any size. 

Reines and Cowan also began to
consider problems associated with 
scaling up the detector. At the same
time, work was proceeding on drilling
the hole that would house the experi-
ment at the Nevada Test Site and 
on designing the great vacuum tank

and its release mechanism.
But one late evening in the fall of

1952, immediately after Reines and
Cowan had presented their plans at a
Physics Division seminar, a new idea
was born that would dramatically
change the course of the experiment. 
J. M. B. Kellogg, leader of the
Physics Division, had urged Reines
and Cowan to review once more the
possibility of using the neutrinos from
a fission reactor rather than those
from a nuclear explosion. 

The neutrino flux from an explosion
would be thousands of times larger than
that from the most powerful reactor.
The available shielding, however,
would make the background noise from
neutrons and gamma rays about the

same in both cases. Clearly, the nuclear
explosion was the best available 
approach—unless the background could
somehow be further reduced.

Suddenly, Reines and Cowan real-
ized how to do it. The original plan had
been to detect the positron emitted in
inverse beta decay (see Figure 2), a
process in which the weak interaction
causes the antineutrino to turn into a
positron and the proton to turn into a
neutron. Being an antielectron, the
positron would quickly collide with an
electron, and the two would annihilate
each other as they turned into pure 
energy in the form of two gamma rays
traveling in opposite directions. Each
gamma ray would have an energy
equivalent to the rest mass of the 

The Reines-Cowan Experiments

Number 25  1997  Los Alamos Science  

pproached, we would start vacuum
umps and evacuate the tank as highly
s possible. Then, when the countdown
eached ‘zero,’ we would break the 
uspension with a small explosive, 
llowing the detector to fall freely in the

vacuum. For about 2 seconds, the falling
detector would be seeing the antineutri-
nos and recording the pulses from them
while the earth shock [from the blast]
passed harmlessly by, rattling the tank
mightily but not disturbing our falling

detector. When all was relatively quiet,
the detector would reach the bottom of
the tank, landing on a thick pile of foam
rubber and feathers.

“We would return to the site of 
the shaft in a few days (when the 

he Reines-Cowan Experiments

2 Los Alamos Science Number 25  1997
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1H. R. Crane (1948) deduced the upper limit of
10–37 square centimeters on the cross sections for
neutrino-induced ionization and inverse beta
decay. This upper limit was based on null results
from various small-scale experiments attempting
to measure the results of neutrino absorption and
from a theoretical limit deduced from the maxi-
mum amount of solar neutrino heating that could
take place in the earth’s interior and still agree
with geophysical observations of the energy
flowing out of the earth.

Figure 3. The Double Signature of Inverse Beta Decay
The new idea for detecting the neutrino was to detect both products of inverse beta
decay, a reaction in which an incident antineutrino (red dashed line) interacts with a
proton through the weak force. The antineutrino turns into a positron (e1), and the
proton turns into a neutron (n). In the figure above, this reaction is shown to take
place in a liquid scintillator. The short, solid red arrow indicates that, shortly after it
has been created, the positron encounters an electron, and the particle and antiparticle
annihilate each other. Because energy has to be conserved, two gamma rays are emit-
ted that travel in opposite directions and will cause the liquid scintillator to produce a
flash of visible light. In the meantime, the neutron wanders about following a random
path (longer, solid red arrow) until it is captured by a cadmium nucleus. The resulting
nucleus releases about 9 MeV of energy in gamma rays that will again cause the liquid
to produce a tiny flash of visible light. This sequence of two flashes of light separated
by a few microseconds is the double signature of inverse beta decay and confirms the
presence of a neutrino. 

Incident
antineutrino

Positron
annihilation

Inverse 
beta 

decay

Gamma rays

Gamma rays

e+

n
Neutron capture

Liquid scintillator 
and cadmium 

eines and Cowan planned to build a
ounter filled with liquid scintillator and
ned with photomultiplier tubes (PMTs),
he “eyes” that would detect the
ositron from inverse beta decay, which

s the signal of a neutrino-induced
vent. The figure illustrates how the liq-
id scintillator converts a fraction of the
nergy of the positron into a tiny flash
f light. The light is shown traveling

hrough the highly transparent liquid
cintillator to the PMTs, where the 
hotons are converted into an electronic
ulse that signals the presence of the
ositron. Inverse beta decay (1) begins
hen an antineutrino (red dashed line)

nteracts with one of the billions and 
illions of protons (hydrogen nuclei) in

he molecules of the liquid. The weak
harge-changing interaction between the

antineutrino and the proton causes the
proton to turn into a neutron and the
antineutrino to turn into a positron (e1).
The neutron wanders about undetected.
The positron, however, soon collides
with an electron (e2), and the particle-
antiparticle pair annihilates into two
gamma rays (g) that travel in opposite
directions. Each gamma ray loses about
half its energy each time it scatters
from an electron (Compton scattering).
The resulting energetic electrons 
scatter from other electrons and radiate
photons to create an ionization cascade
(2) that quickly produces large numbers
of ultraviolet (uv) photons. 
The scintillator is a highly transparent
liquid (toluene) purposely doped with 
terphenyl. When it becomes excited by
absorbing the uv photons, it scintillates

by emitting visible photons as it returns
to the ground (lowest-energy) state (3).
Because the liquid scintillator is trans-
parent to visible light, about 20 percent
of the visible photons are collected by
the PMTs lining the walls of the 
scintillation counter. The rest are 
absorbed during the many reflections
from the counter walls. A visible 
photon releases an electron from the
cathode of a phototube. That electron
then initiates the release of further 
electrons from each dynode of the PMT,
a process resulting in a measurable
electrical pulse. The pulses from all the
tubes are combined, counted,
processed, and displayed on an 
oscilloscope screen.

igure 2. Liquid Scintillation Counter for Detecting the Positron from Inverse Beta Decay

after ~5usec

ν
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• massless 

• feels weak interaction only 

• thus left-handed only

Neutrino  
in Standard Model

�
�
e�

⇥

L



Neutrinos have masses!

- Neutrinos oscillate, so 
must have masses  

- Very tiny masses: 
　Δm2 = 10-5 - 10-3 (eV) 

- Mixings are large: 
　sin22θ = 0.6 - 1.0 
cf. CKM of quarks

SuperKamiokande





Dirac vs. Majorana mass

• no need for additional right-handed ν 

• Lepton number violated 
cf. weak interactions conserve “helicity”

Mm((�̄L)
c�L + �̄L(�L)

c)

Md(�̄R�L + �̄L�R)
m m

L LR

�µ + n ! µ� + p �µ + p ! µ+ + n

its own antiparticle



Masses of 3 generations

⌫L =

0

@
⌫1L
⌫2L
⌫3L

1

A

(�̄0L)
cMm�0L + h.c.

�̄0LM
d�0R + h.c.

�0L ! �L = V �
L �0L�0R ! �R = V �

R�0R

Md ! V �
LMdV �†

R

etc

Diagonalize mass eigenstates: 

Mm ! V �
LMmV �T
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Charged current
Diagonalize charged leptons:

�0L ! �L = V �
L�

0
L �0R ! �R = V �

R�
0
R

gp
2
W+

µ (⇥̄0L�
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2
W+

µ (⇥̄�L�
µ⇤L)

��L = U�L U ⌘ V ⇥
LV

�†
L

flavor eigenstates 
(e, μ, τ)

mass eigenstates
MNS matrix



MNS Matrix

• Maki-Nakagawa-Sakata-Pontecorvo 

• Similar to CKM matrix of quarks 

• 3 angles + 1 phase 
+ 2 more phases if Majorana 

• Measured by ν oscillations in:  

• atmospheric ν; long baseline experiment 

• solar ν; reactor ν
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U = Uei⇥⇤8ei�⇤3

Majorana phases

cannot be eliminated due to  
Majorana mass terms

λ8, λ3 = SU(3) Gell-Mann matrices 
～diag(1,-1,0), diag(1,1,-2)

another source of CP violation



LAST HOMEWORK 
JULY 8

You may either email or hand to Mori by July 22.
(encouraged to submit previous homework by next week too!)



• Compare the cross sections of neutrino interactions ( ) 
and EM interactions ( ) at E=0.1 MeV.  At what energy do 
they become comparable? What is this energy? 

• How far do B mesons fly before decaying at the asymmetric B 
factory?  Assume the beam energies are 8 GeV and 3.5 GeV and 
they are produced at rest.  Note the life time of the B meson is 
1.5 psec.  

• Why do the other two unitary triangles not appear in the 
literature? 

σ ≃ G2
FE2

σ ≃ α/E2


