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Four fundamental interactions

3

interaction 相互作用 exchanged particle 
(gauge boson)

decay 壊変

gravity 重力 graviton 重力子

weak 弱い相互作用 W±, Z0 beta decay

electromagnetic 電磁相互作用 photon 光子 gamma decay

strong 強い相互作用 gluon グルーオン

nuclear force 核力 pion and other 
hadrons

alpha decay tunnel effect
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Decay rate, natural width

4

probability to decay in an interval dt

dP =
dt

�
= �dt

mean life time 平均寿命

decay rate 壊変（崩壊）速度

N(t) = N(t = 0)e�t/�

An unstable particle has an energy uncertainty or “natural width”

number of unstable nuclei

� = �� =
�
�

=
6.58� 10�22 MeV sec

�

自然幅壊変（崩壊）速度

176 4. Nuclear decays and fundamental interactions

which has the solution

N(t) = N(t = 0)e−t/τ . (4.3)

The mean survival time is τ , justifying its name.
The inverse of the mean lifetime is the “decay rate”

λ =
1
τ

. (4.4)

We saw in Sect. 3.5 that an unstable particle (or more precisely an un-
stable quantum state) has a rest energy uncertainty or “width” of

Γ = h̄λ =
h̄

τ
=

6.58 × 10−22 MeV sec
τ

. (4.5)

Since nuclear states are typically separated by energies in the MeV range,
the width is small compared to state separations if the lifetime is greater
than ∼ 10−22 sec. This is generally the case for states decaying through the
weak or electromagnetic interactions. For decays involving the dissociation
of a nucleus, the width can be quite large. Examples are the excited states
of 7Li (Fig. 3.5) that decay via neutron emission or dissociation into 3H4He.
From the cross-section shown in Fig. 3.4, we see that the fourth excited state
(7.459 MeV) has a decay width of Γ ∼ 100 keV.

It is often the case that an unstable state has more than one “decay
channel,” each channel k having its own “branching ratio” Bk. For example
the fourth excited state of 7Li has

Bn6Li = 0.72 B3H4He = 0.28 Bγ 7Li ∼ 0.0 , (4.6)

where the third mode is the unlikely radiative decay to the ground state. In
general we have

∑

k

Bk = 1 , (4.7)

the sum of the “partial decay rates,” λk = Bkλ
∑

k

λk = λ , (4.8)

and the sum of the “partial widths,” Γk = BkΓ
∑

k

Γk = Γ . (4.9)

4.1.2 Measurement of decay rates

Lifetimes of observed nuclear transitions range from ∼ 10−22 sec
7Li (7.459 MeV) → n 6Li, 3H 4He τ = 6 × 10−21 sec (4.10)

to 1021 yr
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76Ge� 76Se 2e� 2�̄e t1/2 = 1.78� 1021 yr

half life 半減期 t1/2 = (ln 2)� = 0.693�

> 1011 × (age of universe) !
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Branching ratio

• Often, an unstable state (nucleus, isotope) has more than one decay 
channels.
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分岐比
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Decay diagram

6

壊変図

half life
半減期

branching ratio
分岐比
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Measurement of half life

•still present on Earth

•can be chemically and 
isotopically isolated in 
macroscopic quantity

•detected decays, quantity → 
lifetime

7

半減期の測定

τ > 108 yr (α decay, double β decay)
4.1 Decay rates, generalities 179
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Fig. 4.1. The measurement of the double-β decay of 100Mo → 100Ru 2e−2ν̄e [36].
The upper figure shows a simplified version of the experiment The source is a 40µm
thick foil consisting of 172 g of isotopically enriched 100Mo (98.4% compared to
the natural abundance of 9.6%). After a decay, the daughter nucleus stays in the
foil but the decay electrons leave the foil (Exercise 4.2) and traverse a volume con-
taining helium gas. The gas is instrumented with high voltage wires that sense the
ionization trail left by the passing electrons so as to determine the e− trajectories.
The electrons then stop in plastic scintillators which generate light in proportion to
the electron kinetic energy. The bottom figure show the summed kinetic energy of
electron pairs measured in this manner. A total of 1433 events were observed over
a period of 6140 h, corresponding to a half-life of 100Mo of (0.95 ± 0.11) × 1019yr.

Licensed to Kenichi Ishikawa<ishiken@atto.t.u-tokyo.ac.jp>

127g

during 6140 h

isotopically enriched (98.4%)

100Mo� 100Ru2e� 2�̄e double β decay

half-life: (0.95±0.11)×1019 yr

Basdevant, Rich, and Spiro, “Fundamentals in Nuclear Physics” (Springer, 2005)

Basdevant, Rich, and Spiro, “Fundamentals in Nuclear Physics” (Springer, 2005)
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10 min < τ < 108 yr (α decay, β decay)

• no longer present on Earth and must be produced in nuclear reactions

• purify chemically or isotopically

• detect decays and derive τ

10-10 s < τ < 103 s (α decay, β decay, γ decay)

• chemical and isotopic purification impossible

• particles produced in nuclear reactions, slowed down, and stopped

• detect decays and derive τ

τ < 10-10 s (γ decay, dissociation)

• standard timing techniques not applicable

• a variety of ingenious techniques: Doppler-shift attenuation method, Mössbauer 
spectroscopy
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Formula for decay rates

9

壊変速度の計算式

decay a� b1 + b2 + · · · + bN

rest mass M
energy E = Mc2

静止質量 state of final particles 終状態|f�

decay rate probability per unit time that a decays into f
粒子 a が単位時間に状態 f に壊変する確率

T
interaction 変化を引き起こす相互作用

�a�f =
2�

� |�f |T |a�|2 �

�

�Mc2 �
�

j

Ej

�

� Fermi’s golden rule
フェルミの黄金則

遷移行列要素

transition matrix
element

energy conservation
エネルギー保存



Gamma decay 
ガンマ壊変（崩壊）
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Energetics
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エネルギーについての考察

gamma decay A� � A + �

unstable high-energy state (stable) low-energy state

gamma ray ガンマ線

mA� > mA mA� �mA � mA

momentum conservation p =
E�

c

energy conservation

運動量保存

エネルギー保存

自然放出spontaneous emission

E� +
p2

2mA
= (mA� �mA) c2

recoil energy (energy loss)
反跳エネルギー（エネルギー損失）

ER =
E2

�

2mAc2
mAc2 � A� 931.5 MeV

ER � E� E� � (mA� �mA) c2 but ER > � in general

Emitted gamma rays are not resonantly re-absorbed by other nuclei in gases
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Electric-dipole transitions

12

電気双極子遷移

古典電磁気学的なイメージ

http://www.eto.titech.ac.jp/contents/sub04/chapter02.html

Classical image

radiation from an oscillating electric dipole

振動する電気双極子からの古典的な放射

�i�f =
4�

3
q2

e2

E3
�

�3c2
|�f |r|i�|2

Quantum mechanically 量子力学的には

� =
e2

4��0�c
� 1

137
fine-structure constant

微細構造定数

Atomic transition

�� � eV �r� � 10�10 m � � 10�9 � 10�7 s � = �/� � 10�7 eV � ��
� ER = E2

�/(2mAc2) � 10�9 eV

Nuclear transition

rate

�(E1) �
�E3

�

�

�
A1/3 fm

�c

�2

�r� � A1/310�15 m

E� � MeV � � 10�17 � 10�15 s � � 10 eV� E�

�f |r|i� =
�

d3r��
f (r)r�i(r)
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Higher multi-pole transitions

13

4.2 Radiative decays 191

where (2l+1)!! = (2l+1)(2l−1)(2l−3) . . . . The reduced transition rate B(l)
contains all the (difficult) nuclear physics and has dimension of length2l. From
(4.49) we see that for E1 transitions we have

B(E1) = (〈f |r|i〉 · 〈i|r|f〉) ∼ R2 . (4.55)

Dimensional analysis suggest that higher order elements are of order

B(El) ∼ R2l . (4.56)

It turns out that this formula generally overestimates transition rates, with
the exception of electric quadrupole transitions (E2) as discussed below.

Just as higher classical multi-poles are less efficient radiators than classical
electric dipoles, the quantum radiative rates decrease with increasing pole
number:

λ(El)
λ(E1)

∼
(

EγR

h̄c

)2l

∼
(

Eγ(MeV)A1/3

200

)2l

, (4.57)

i.e. about 2 orders of magnitude per pole.
Magnetic l-pole radiation is weaker than the corresponding electric l-pole

radiation because fields generated by oscillating currents are smaller than
fields generated by oscillating charges by a factor v/c where v is the velocity
of the radiating charge. The uncertainty principle suggests that the velocity
of nucleons in nuclei is of order h̄/(Rmp) so we expect

B(Ml) ∼
(

h̄c

mpc2R

)2

B(El) =
(

1
5A1/3

)2

B(El) . (4.58)

This implies that Ml transitions have rates between those of El and E(l + 1)
transitions.

Table 4.1. Selection rules for radiative transitions

angular
type symbol momentum parity

change |∆J | ≤ change

electric dipole E1 1 yes
magnetic dipole M1 1 no
electric quadrupole E2 2 no
magnetic quadrupole M2 2 yes
electric octopole E3 3 yes
magnetic octopole M3 3 no
electric 16-pole E4 4 no
magnetic 16-pole M4 4 yes
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Fig. 4.5. Lifetimes of excited nuclear states as a function of Eγ for various electric
and magnetic multipoles.. The various multipoles separate relatively well except
for the E1 (open circles) and E2 (crosses) transitions that have similar lifetimes.
(For clarity, only 10% of the available E1 and E2 transitions appear in the plot.)
The surprising strength of the E2 transitions is because they are generally due to
collective quadrupole motions of several nucleons, whereas E1 transitions can often
be viewed as single nucleon transitions.
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多重極遷移

Often, electric-dipole (E1) decay is forbidden. �f |r|i� = 0

may still decay radiatively by higher-order and slower processes

Lifetime of excited nuclear states as a 
function of Eγ for various multipoles Basdevant, Rich, and Spiro, “Fundamentals in Nuclear Physics” (Springer, 2005)

Basdevant, Rich, and Spiro, “Fundamentals in Nuclear Physics” (Springer, 2005)
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Internal conversion
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内部転換

4

3

2

1

0
543210

1s

0.5
0.4
0.3
0.2
0.1
0.0

543210

2s

0.020
0.015
0.010
0.005
0.000

543210

2p

0.12

0.08

0.04

0.00
543210

3s

r (atomic unit)

pr
ob

ab
ili

ty
 d

en
si

ty

interaction

An excited nucleus can interact with an electron in one of the lower atomic 
orbitals, causing the electron to be emitted (ejected) from the atom.

s-electrons have finite probability density 
at the nuclear position.

for a hydrogen atom
水素原子の例

s軌道の電子は、原子核の位置で存在確率が有限

The electron may couple to the excited 
state of the nucleus and take the energy of 
the nuclear transition directly, without an 
intermediate gamma ray.

Energy of the conversion electron

Ece � (mA� �mA) c2 � Eb � E� � Eb

binding energy of the electron

followed by
•characteristic x-ray 
emission

•Auger effect
特性Ｘ線放出

オージェ効果
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4.3 Weak interactions 195
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Fig. 4.7. The β-spectrum of 137Cs and the internal conversion lines from the decay
of the first excited state of 137Ba [40]. Captures from the K, L and M orbitals are
seen.

4.3 Weak interactions

Whereas the electromagnetic interactions responsible for the radiative decays
conserve the number of protons and the number of neutrons, the weak inter-
actions transform protons to neutrons or vice versa as well as the numbers
of charged leptons and numbers of neutrinos. The archetype of a weak decay
is nuclear β-decay

(A, Z) → (A, Z ± 1) e−(e+) νe(ν̄e) . (4.63)

Fermi gave a remarkably efficient theory of this process as soon as 1933. The
structure of this theory became more profound in 1968 with the advent of

Licensed to Kenichi Ishikawa<ishiken@atto.t.u-tokyo.ac.jp>

Ece � (mA� �mA) c2 � Eb

most internal conversion 
electrons from the K shell

K殻からの内部転換電子が支配的

ejection from higher orbitals 
generally less probable

L, M殻からの放出は一般的に少ない

beta
internal conversion

electron momentum
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Mössbauer effect

Inverse transition (resonant re-absorption) possible when

• nuclear recoil is suppressed in a crystal (“very very 
large mA”)

• the excited nucleus decays in flight with the Doppler 
effect compensating the nuclear recoil

16

メスバウアー効果

recoil energy (energy loss)
反跳エネルギー（エネルギー損失）

Emitted gamma rays are not resonantly re-absorbed by other 
nuclei in gases.

ER =
E2

�

2mAc2

but ...

← Mössbauer effect (discovered in 1957)
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Mössbauer spectroscopy
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182 4. Nuclear decays and fundamental interactions
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Fig. 4.4. Measurement of the width of the first excited state of 191Ir through
Mössbauer spectroscopy [39]. The excited state is produced by the β-decay of 191Os.
De-excitation photons can be absorbed by the inverse transition in a 191Ir absorber.
This resonant absorption can be prevented by moving the absorber with respect to
the source with velocity v so that the photons are Doppler shifted out of the reso-
nance. Scanning in energy then amounts to scanning in velocity with ∆Eγ/Eγ = v/c.
It should be noted that photons from the decay of free 191Ir have insufficient en-
ergy to excite 191Ir because nuclear recoil takes some of the energy (4.42). Resonant
absorption is possible with v = 0 only if the 191Ir nuclei is “locked” at a crystal
lattice site so the crystal as a whole recoils. The nuclear kinetic energy p2/2mA in
(4.42) is modified by replacing the mass of the nucleus with the mass of the crystal.
The photon then takes all the energy and has sufficient energy to excite the original
state. This “Mössbauer effect” is not present for photons with E > 200 keV because
nuclear recoil is sufficient to excite phonon modes in the crystal which take some
of the energy and momentum.
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メスバウアー分光による寿命測定
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Basdevant, Rich, and Spiro, “Fundamentals in Nuclear Physics” (Springer, 2005)
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Doppler-shift attenuation method
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4.1 Decay rates, generalities 181
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Fig. 4.3. Measurement of radiative-decay lifetimes by the “Doppler-shift attenu-
ation method” [38]. The top figure is a simplified version of the apparatus used to
measure the lifetimes of excited states of 74Br. A beam of 70 MeV 19F ions impinges
upon a 58Ni target, producing a variety of nuclei in a variety of excited states. The
target is sufficiently thick that the produced nuclei stop in the target. Depending
on the lifetime of the produced excited state, the state may decay before stopping
(“in-flight” decays) or at rest. The target is surrounded by germanium-diode de-
tectors (the Euroball array) that measure the energy of the photons. The bottom
figure shows the energy distribution of photons corresponding to the 1068 keV line
of 74Br for four germanium diodes at different angles with respect to the beam
direction. Each distribution has two components, a narrow peak corresponding to
decays at rest and a broad tail corresponding to Doppler-shifted in-flight decays.
Note that decays with θ > 90 deg (θ > 90 deg) have Doppler shifts that are positive
(negative). Roughly half the decays are in-flight and half at-rest. Knowledge of the
time necessary to stop a Br ion in the target allowed one to deduce a lifetime of
0.25 ps for the state that decays by emission of the 1068 keV gamma (Exercise 4.4).
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70 MeV 19F 58Ni

74Br 1068 keV gamma-ray 0.25 ps lifetime

Basdevant, Rich, and Spiro, “Fundamentals in Nuclear Physics” (Springer, 2005)
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Test of Albert Einstein's theory of general relativity

Mössbauer effect + Doppler shift  

Jefferson Laboratory 
(Harvard University)

メスバウアー効果 ドップラーシフト

一般相対性理論の検証

by Pound and Rebka, 1959

gamma ray 
(14.4 keV)

57Fe

57Fe

H
 =

 22.5 m

blue shift 
by falling

v
fe

fr

Gravitational shift

Doppler shift

fr
fe

=

s
1� v/c

1 + v/c
⇡ 1� v

c

h(fr � fe) = mgH

hfe = mc2

fr

fe
= 1 +

gH

c2

v =
gH

c
= 7.36⇥ 10�7 m/s

• Gravitational red shift of light
• Clocks run differently at different places in a gravitational field

https://en.wikipedia.org/wiki/
Pound%E2%80%93Rebka_experiment
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Weak interaction and beta decay
弱い相互作用とベータ壊変（ベータ崩壊）

http://ishiken.free.fr/english/lecture.html
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Four fundamental interactions
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interaction 相互作用 exchanged particle 
(gauge boson)

decay 壊変

gravity 重力 graviton 重力子

weak 弱い相互作用 W±, Z0 beta decay

electromagnetic 電磁相互作用 photon 光子 gamma decay

strong 強い相互作用 gluon グルーオン

nuclear force 核力 pion and other 
hadrons

alpha decay tunnel effect
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beta decay
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�� decay

�+ decay

dating 年代測定
half life = 5730 years

A
ZN � A

Z+1N
� + e� + �̄e

A
ZN � A

Z�1N
� + e+ + �e

https://www.slideshare.net/yschhabra/radioactivity-45823825
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Emitted electron (positron) energy has a 
broad distribution  

23

206 4. Nuclear decays and fundamental interactions

to the overlap integral (4.84), and the Gamow–Teller term proportional to
the matrix element of σ between initial and final state nuclei.

Just as in radiative decays, there are selection rules governing which com-
binations of initial Ji and final Jf spins are possible. The Fermi term will
vanishes if the angular dependences of the initial and final wavefunctions are
orthogonal so we require

Fermi : Ji = Jf . (4.90)

The Gamow–Teller term can change the spin but vanishes if the initial and
final angular momenta are zero:

GT : Ji = Jf , Jf ± 1 Ji = Jf = 0 forbidden . (4.91)

Additionally, in both cases, the parity of the initial and final nuclei must be
the same. Transitions that respect the selection rules are called “Allowed”
decays. “Forbidden” decays are possible only if one takes into account the
spatial dependence of the lepton wavefunctions, i.e. using (4.83) instead of
(4.84) The examples of forbidden decays in Fig. 4.12 illustrate the much
longer lifetimes for such transitions.

β β
_ +

p (MeV/c)p (MeV/c)

0.2 0.2 0.6 1.0 1.4 1.81.81.41.00.6

Fig. 4.14. The β− and β+ spectra of 64Cu [44]. The suppression the of the β+

spectrum and enhancement of the β− at low energy due to the Coulomb effect is
seen.
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Basdevant, Rich, and Spiro, “Fundamentals in Nuclear Physics” (Springer, 2005)
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beta decay

The existence of the neutrino was predicted by 
Wolfgang Pauli in 1930 to explain how beta decay could 
conserve energy, momentum, and angular momentum.
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�� decay

�+ decay

dating 年代測定
half life = 5730 years

A
ZN � A

Z+1N
� + e� + �̄e

A
ZN � A

Z�1N
� + e+ + �e

Pauli

https://upload.wikimedia.org/
wikipedia/commons/4/43/Pauli.jpg
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fundamental processes
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n� p e� �̄e

p� n e+ �e

mp = 938.3 MeV/c2    <    mn = 939.6 MeV/c2

mean life  = 881.5 ± 1.5 s

- free proton does NOT decay
- takes place only in nuclei

196 4. Nuclear decays and fundamental interactions

the unified theory of weak and electromagnetic interactions due to Glashow,
Salam and Weinberg.

4.3.1 Neutron decay

In the Fermi theory, neutron decay n → pe−ν̄e is a point-like process. This
is similar to what we discussed in Chap. 3, concerning the small range of
weak interactions owing to the large masses of intermediate bosons. Here,
the neutron transforms into a proton and a virtual W− boson, which itself
decays into e−ν̄e. This process is shown schematically in Fig. 4.8.

e
W

n

p

νe
Fig. 4.8. Neutron decay.

To find the matrix element for neutron decay we first recall the matrix
element for scattering of two free particles, as discussed in Sect. 3.4.1. If the
two particles 1 and 2 interact via a potential V (r1 − r2), then the scattering
element is

〈f |V |i〉 =
1
L6

∫
ei(p1−p′

1)·r1/h̄ei(p2−p′
2)·r2/h̄V (r1 − r2)d3r1d3r2 ,

where p1 and p′
1 are the initial and final momenta for particle 1, and likewise

for particle 2. The weak interactions can be described by a delta-function
potential V ∼ Gδ(r1 − r2) so the matrix element is

〈f |V |i〉 =
G

L6

∫
ei(p1−p′

1)·r/h̄ ei(p2−p′
2)·r/h̄d3r . (4.64)

There is a factor exp(ip·r) for each initial-state particle and a factor exp(−ip·
r) for each final-state particle. This suggests that for neutron decay we use
the matrix element

〈pe−ν̄e|H1|n〉 =
2.4GF

L6

∫
d3r exp[i(pn − pp − pe − pν) · r/h̄] . (4.65)

The factor 2.4GF is the effective G for neutron decay and will be discussed
below. Since we will not always want to use plane waves, we also write the
more general matrix element as
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weak boson
mW = 80.385 GeV/c2 

cf.  mpion = 139.570 MeV/c2 (±), 134.9766 MeV/c2 (neutral)

Feynman diagram ファインマン図

https://
commons.wikimedia.org/wiki/
File:Richard_Feynman_1988.p
ng
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By transforming the Feynman diagram ...
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p e� � n �e

196 4. Nuclear decays and fundamental interactions

the unified theory of weak and electromagnetic interactions due to Glashow,
Salam and Weinberg.

4.3.1 Neutron decay

In the Fermi theory, neutron decay n → pe−ν̄e is a point-like process. This
is similar to what we discussed in Chap. 3, concerning the small range of
weak interactions owing to the large masses of intermediate bosons. Here,
the neutron transforms into a proton and a virtual W− boson, which itself
decays into e−ν̄e. This process is shown schematically in Fig. 4.8.

e
W

n

p

νe
Fig. 4.8. Neutron decay.

To find the matrix element for neutron decay we first recall the matrix
element for scattering of two free particles, as discussed in Sect. 3.4.1. If the
two particles 1 and 2 interact via a potential V (r1 − r2), then the scattering
element is

〈f |V |i〉 =
1
L6

∫
ei(p1−p′

1)·r1/h̄ei(p2−p′
2)·r2/h̄V (r1 − r2)d3r1d3r2 ,

where p1 and p′
1 are the initial and final momenta for particle 1, and likewise

for particle 2. The weak interactions can be described by a delta-function
potential V ∼ Gδ(r1 − r2) so the matrix element is

〈f |V |i〉 =
G

L6

∫
ei(p1−p′

1)·r/h̄ ei(p2−p′
2)·r/h̄d3r . (4.64)

There is a factor exp(ip·r) for each initial-state particle and a factor exp(−ip·
r) for each final-state particle. This suggests that for neutron decay we use
the matrix element

〈pe−ν̄e|H1|n〉 =
2.4GF

L6

∫
d3r exp[i(pn − pp − pe − pν) · r/h̄] . (4.65)

The factor 2.4GF is the effective G for neutron decay and will be discussed
below. Since we will not always want to use plane waves, we also write the
more general matrix element as
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electron capture (EC)

neutrino detection
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Fermi theory of beta decay
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Fermi’s golden rulew =
2⇡

~ |h p e|H� | n ⌫i|2
dn

dE

density of state

H�(r2 � r1) ⇠ G�(r2 � r1)
weak interaction is a short-range force

⇡ G

状態密度

Electron energy distribution dominated by 
density of state

Decay rate

放出される電子のエネルギー分布は状態密度で
決まる
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Density of state 状態密度

assuming plane waves

dn / p2dpq2dq p : electron momentum
q : neutrino momentum

electron neutrino

energy E⌫ = cq Ee =
p

m2
ec

4 + p2c2

dE = dE⌫ = cdq
statistical factor 統計因子

64Cu
5

4

3

2

1

0

n  
( p

) (
ar

b.
 u

ni
t)

2.01.51.00.50.0
p /mec

 Experiment
 Experiment
 Theory

�+

Q = 0.653 keV

Coulomb repulsion

dn

dE
/ p2q2dp / (Q� Ee)

2 p2dp
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Electron capture (EC)
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電子捕獲（軌道電子捕獲）

208 4. Nuclear decays and fundamental interactions

l mmlk

(A,Z)

νe

(A,Z−1)

(A,Z−1)

a) b)

c)

γ

Fig. 4.15. Electron capture. After the nuclear transformation, the atom is left
with an unfilled orbital, which is subsequently filled by another electron with the
emission of photons (X-rays). As in the case of nuclear radiative decay, the X-ray
can transfer its energy to another atomic electron which is then ejected from the
atom. Such an electron is called an Auger electron.

The decay rate is then

λ =
c

π(h̄c)4
(2.4GF)2Z3

a3
0

|M |2Q2
ec . (4.98)

Compared with nuclear β-decay, the Q dependence is weak, Q2
ec rather than

Q5
β. This means that for small Qβ, electron-capture dominates over β+ decay,

as can be seen in Fig. 2.13. The strong Z dependence coming from the de-
creasing electron orbital radius with increasing Z means that electron-capture
becomes more and more important with increasing Z.

Finally, we note that nuclear decay by electron capture leaves the atom
with an unfilled atomic orbital. This orbital is filled by other atomic electrons
falling into it and radiating photons. The photons are in the keV (X-ray)
range since the binding energy of the inner most electron of an atom of
atomic number Z is

E ∼ 0.5Z2α2mec
2 = 0.01 Z2 keV . (4.99)
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followed by
•characteristic x-ray 
emission

•Auger effect
特性Ｘ線放出

オージェ効果

10.72%1.5049 M
eV EC γ 89.28%1.31109 MeV β 0+

0+

4-
40K19

40Ar18
Ca20

40

1.277 · 10 9 a

radiation from the 
human body

A
ZN + e� � A

Z�1N
� + �e

fundamental process: p e� � n �e

neutrino energy: 

atomic mass (not nuclear mass)
E� = M(A,Z)c2 �M(A,Z � 1)c2
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β+ decay and electron capture
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�+ decay A
ZN � A

Z�1N
� + e+ + �e

A
ZN + e� � A

Z�1N
� + �e

electron 
capture

nuclear mass

Both may not always be energetically possible!

MN (A,Z)c2 > MN (A,Z � 1)c2 +mec
2

MN (A,Z)c2 > MN (A,Z � 1)c2 �mec
2



Symmetry and 
conservation law
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対称性と保存則
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Any symmetry of a physical law has a 
corresponding conservation law

32

Noether’s theorem ネーターの定理

symmetry conserved quantity

temporal translation energy

spatial translation 平行移動 momentum

rotation 回転 angular momentum

reflection r→-r (P) 空間反転 parity

time reversal (T) 時間反転 T-parity

charge conjugation (C) 粒子反粒子変換 C-parity

gauge invariance ゲージ不変性 electric charge

no change under a transformation

Example: Coulomb force V (r) =
q1q2

4��0|r|2
or V (r1, r2) =

q1q2

4��0|r1 � r2|2

https://ja.wikipedia.org/wiki/エミー・ネーター
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example in the classical mechanics

Hamilton equations

q̇i =
�H

�pi
ṗi = ��H

�qi

If the Hamiltonian does not explicitly depend on qi 

(invariant under the spatial translation)

ṗi = 0 pi = const
Conservation of momentum

gauge invariance
B = ��A, E = ��A

�t
���

A� A� = A +��, �� = �� ��

�t

invariant under the gauge transformation

Conservation of the electric charge ��

�t
+� · j = 0

Invariance of the Action S 作用素積分

ゲージ不変性

運動量保存
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Parity
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If the physical law is invariant under the reflection (gravitational, 
electromagnetic, and strong interaction)

reflection �̂�(r) = �(�r)
parity operator

Eigenvalues → ± 1
�̂2�(r) = �(r)

i� �

�t
�̂� = H�̂� i� �

�t
�̂� = �̂H�

�̂H = H�̂ [�̂,H] = 0

Heisenberg’s equation of motion

i�d�̂

dt
= [�̂,H] = 0 Conservation of parity
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parity violation 
nonconservation of parity 

in the weak interaction

• Prediction by T.-D. Lee and C. N. Yang in 1956
• Experimental verification by C.S. Wu in 1957
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would coincide. The vanishing of the asymmetry at about g min is due to the
gradual warming of the source and the corresponding loss in polarization of the
6oco nuclei, as is demonstrated by the observed 7-ray counting rates. Data from
C. S. Wu el al., Phys. Rev.105,1419 (1957).

meson, which are analogous to B decays, even violate to a small extent the cp
invariance. There is as yet no evidence that the Cp symmetry is violated in
ordinary nuclear B decay.)

Before we leave this topic, we should discuss the effect of the p nonconserva-
tion on nuclear spectroscopy. The interaction between nucleons in a nucleus
consists of two parts: the "strong" part, which arises primarily from r meson
exchange and which respects the P symmetry, and the "weak" part, which comes
from the same interaction responsible for B decay:

5K!"6+3-+FCC#�
	"? ��	
�

Low-temperature
cryostat

O+O�(��1O�L(� ��	(�

? anisotropy
A

o
FI976

7P�P���P1

�

P asymmetry

{a

where F is of order 10-7. Under most circumstances, this small addition to the
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parity violation 
nonconservation of parity 

in the weak interaction

• Prediction by T.-D. Lee and C. N. Yang in 1956
• Experimental verification by C.S. Wu in 1957
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would coincide. The vanishing of the asymmetry at about g min is due to the
gradual warming of the source and the corresponding loss in polarization of the
6oco nuclei, as is demonstrated by the observed 7-ray counting rates. Data from
C. S. Wu el al., Phys. Rev.105,1419 (1957).

meson, which are analogous to B decays, even violate to a small extent the cp
invariance. There is as yet no evidence that the Cp symmetry is violated in
ordinary nuclear B decay.)

Before we leave this topic, we should discuss the effect of the p nonconserva-
tion on nuclear spectroscopy. The interaction between nucleons in a nucleus
consists of two parts: the "strong" part, which arises primarily from r meson
exchange and which respects the P symmetry, and the "weak" part, which comes
from the same interaction responsible for B decay:
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where F is of order 10-7. Under most circumstances, this small addition to the
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CP violation
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CPT theorem

• Preservation of CPT symmetry by all 
physical phenomena

• Any Lorentz invariant local quantum field 
theory with a Hermitian Hamiltonian 
must have CPT symmetry
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CPT定理


