
PARTICLE 
PHYSICS III

M.ISHINO & T. MORI

Spring 2019



CLASS SCHEDULE

April 8 Introduction Ishino

April 15 QED Ishino

May 13 Weak Interaction Ishino

May 27 & June 3 Electroweak Interaction 
(Gauge Interaction & Higgs) Mori

June 10 Grand Unified Theory (GUT) Mori

June 17, 24, & July 1 Strong Interaction, Quark Model,  
Particle Searches, etc Ishino

July 8, 22, & 29 Neutrinos, Flavors,  
& Cosmology Mori



SI units = MKSA units + supplementary units

F =
µ0

4�

I1I2

r2

length

mass

time

electric current

Any “scale” can be expressed in  
3 fundamental units (length, mass, time)

SI Units

e = 1.602176634×10-19 A sec

Δν(Cs) = 9192631770 Hz

h = 6.62607015×10-34 J sec

c = 299792458 m/s

cf. temperature
k = 1.380649×10-23 kg m2 K-1 s-2

strength of interaction

energy



c   [L] [T]-1

h/2π  [M] [L]2 [T]-1

c = 1 � = 1

“natural units”

fixes length <--> time : x = c t

fixes energy <--> time :  h/2π = E t

Units based on  
fundamental constants

a single unit (e.g. eV)



Everything can be expressed in e.g.  [M]

mass: eV/c2 momentum: eV/c

Traditional unit in high energy physics:  
eV (electron volt)

+e

acceleration  
by voltage V 

E = q V



eV → keV → MeV → GeV → TeV
visible  
light

X-ray 
atom

γ-ray 
nucleus

proton 
mass 

(QCD scale)
electroweak 

scale

current forefront 
experiments



• another fundamental constant: gravity 

• G = 6.67 x 10-11 N m2 /kg2 = [M]-2 ≃ 10-38 GeV-2 

• Setting G = 1, no physical unit necessary any more! 

• Planck scale: Mpl = G-1/2 ≃ 1019 GeV 

• ~O(10μg) 

• Why so far away from EW scale (103 GeV)? 

Fundamental Scale of Universe

F = G
m1m2

r2

hierarchy problem



GAUGE INTERACTIONS  
& HIGGS

i.e. Standard Model



Properties of 
Elementary Particles

• Properties that are unchanged and the same 
from any observers 

• must be “Conserved Observables”

• i.e.  must obey “Conservation law”

• must exist “Symmetries” behind them



Particle Properties

conserved symmetry

mass energy & 
momentum

translation of 
space-time

spin angular 
momentum

rotation of 
space-time

charge charge gauge 
symmetry

takes discrete values



Particle Masses

Seems like no rules governing the masses

quarks

charged leptonsneutrinos

電子ボルト

3 different particles with same properties
but different masses : generations



Particle Properties
conserved symmetry

mass energy & 
momentum

translation generations

spin angular 
momentum

rotation

charge charge gauge 
symmetry

“roles”



symmetrymagazine.org

Roles & Spin 
of Particles

matter particles
quarks & leptons 
（spin 1/2）

mediates forces
gauge bosons 
（spin 1）

hiding in the “vacuum”
Higgs（spin 0）

http://symmetrymagazine.org


Particle Properties
conserved symmetry

mass energy & 
momentum

translation generations

spin angular 
momentum

rotation roles

charge charge gauge 
symmetry

interactions



Gauge Interaction



EM potentials &  
Gauge transformation 

• Electric/magnetic fields  
do not change for the following 
transformations of EM potentials for 
arbitrary function          :

A′�(x, t) = A(x, t) − ∇u(x, t)

ϕ′�(x, t) = ϕ(x, t) +
∂
∂t

u(x, t)

E(x, t) B(x, t)

u(x, t)

This is called “gauge transformation”



Electric field acts on the particle

Electric field

d

Φ = ０VΦ = 5 V

E potential E potential

+
force

Φ’ = 100 V105 V

“Gauge transformation”

NOTHING CHANGES

E = ΔΦ / d



Gauge symmetry (E&M)

• EM potentials have arbitrariness:   
　　Φ  →  Φ’ = Φ + α　（α = const）

• “Gauge invariance” or “Gauge symmetry”:  
physical phenomena should stay the same by any gauge 
transformation.



EM potentials are important
• Photon: EM potential Aμ=(φ, A) 

• Aharonov-Bohm effect：Aμ is more fundamental 
than EM field (E, B)

B

electron interference

� � ei��

� = e

�
Adx =

�
Bds

B=E=0

superconductor tube



A.Tonomura, et al., Phys.Rev.Lett. 56 (1986) 792

B

phase difference seen

superconducting magnetic shield



EM potentials are important
• Photon: EM potential Aμ=(φ, A) 

• Aharonov-Bohm effect：Aμ is more fundamental 
than EM field (E, B)

B

electron interference

� � ei��

� = e

�
Adx =

�
Bds

B=E=0

AA



• E and B are invariant under:  
 

• “Interaction” invariant  
under Gauge transformation:  

• EM current 
also transforms: 

Gauge Interaction
Aµ � Aµ + ⇥µ�

ψ

A

charge q

qJµAµ

Jµ = ⇥̄�µ⇥



• Phase change by EM field: 

• Define Gauge transformation to eliminate this:  

• Conservation of charge (current) 

• Gauge symmetry = charge conservation  
（experimentally valid to 10-26）

Gauge Interaction
� � eiq

R
Adx�

� � e�iq��
Aµ � Aµ + ⇥µ�

U(1) Gauge transformation

� � ei���µJµ = 0

ψ

A

q

Gauge boson

m=0

Jµ = ⇥̄�µ⇥



Three known interactions (other than 
gravity) are all gauge interactions
• They differ only by the “number of charges.”

1 charge
U(1)

SU(3)SU(2)

力を媒介する粒子 ＝ ゲージボゾン（スピン1）

？
GRAVITY E & M

WEAK STRONG

NUCLEUS

NUCLEUS 
PROTON/NEUTRON

3 charges

ELECTRON

NEUTRINO

ELECTRONNEUTRON

2 charges

SUN

EARTH



GAUGE INTERACTION 
(EXAMPLE)



Strong interaction has  
“3 charges”

• three kinds of charges 
called “colors” 
　R、G、B 

• Each charge has 
positive & negative： 
　charge B &  
   anti-charge B

0

@
uR

uG

uB

1

A

up quark



quark (G)

quark (B)

gluon (GB)

time

+Green 
-Blue (anti-Blue)

color charge  
is conserved



time

gluon self-interaction

GB

GR

BR



uB

gluon 
 (GB)

time

color charges  
are conserveduG

gauge boson: “gluons”     3x3-1=8 kinds of gluons

cB

cG



Weak interaction has 2 charges
• two weak charges：  
　up、down 

• up quark and down 
quark are the same 
particles that differ by 
their weak charge 

• electron & neutrinos are 
the same particles 

• They act on left-handed particles

✓
uL

dL

◆

✓
⌫eL
e�L

◆

（L=left-handed）

Really?



✓
uL

dL

◆✓
cL
sL

◆✓
tL
bL

◆

（L=left-handed）

Two quarks in each generation 
are the same particles!

Leptons in each generation are 
the same too

“They look different because the gauge symmetry is broken.”



time

Weak charges 
are conserved

weak gauge bosons: 2x2-1=3、W±0

eL

νL

uL

dL

W＋ (ud)

+2/3

-1/3

-1

“EM charge” +1

0



Muon Decays

• “Michel decay” 

• No μ→eγ : conserves 
flavors 

• GF =  
Fermi coupling constant 
～ 1.03 GN 

• νμ is different from νe 

時間

d

u

e

νe

+

d

u e-

νe
d

u

νe

e-μ-

νμ

GF



Muon Decays via W Boson

• explains why 
it is weak by 
the large mass 
of W 

• αW ～ α 

• also explains 
why flavors 
are conserved

μ-

νμ

time
GF =

4⇥�W

M2
W



Nuclear Beta Decay via W boson

ud

ud

time

neutron

proton



beta decays

✓
uL

dL

◆

時間

d

u

d

u

νe

e-d

u e- νe

W-

νee+

W+ W+発生
吸収

same particles with  
2 different charges

✓
⌫eL
e�L

◆

quarks（L=left-handed） leptons

weak 
doublets



SU(2) Gauge Interaction

•  Two “weak charges” + anti-charges：　p        q 


•  flipping of “spin”：

W(qp)

Q(p)

Q(q)
(a) (b)

W(pq)

Q(q)

Q(p)

q =
�

1
0

⇥
p =

�
0
1

⇥

weak isospin

Gauge bosons have charges

p

p

q

q

similar to QED & QCD



SU(2) gauge interaction has three gauge bosons

• # gauge bosons：　2 x 2 - 1 = 3

W (qp̄) W (pq̄) W (qq̄ + pp̄)

W+ W� W 0

no electric charge



Prediction of “Neutral Current”

u
e-

W0

u e-

u

W0

u
ν

ν

(a) (b)overwhelmed by 
stronger EM interaction

possible only  
via weak interaction



Discovered 



Gauge bosons cannot have masses

•  Its Mass Term Violates Gauge symmetry

1
2
M2

W WµWµ



Parity 

• symmetry under (x, y, z) → (-x, -y, -z)

• ～ exchanging left and right

• DNA and proteins are all right-handed and seem to 
violate parity?

• No physical laws violate parity for them.

The Ozma Problem?（Telling ET left & right）



• right- and left-handed particles

right-handed：
spin direction＝direction of motion

motion

parity：right-handed ⇔ left-handed

spin=1/2

Note：Left- and right-handed depends on observers unless their masses are zero.



• Weak W boson interacts with left-handed particles only

right-handed

motion

violates parity completely

spin=1/2
left-handed

W
（or right-handed anti-particles）



• Massive particles cannot interact! 

right-handed

motion

If you run faster than the particles, its handedness changes.
On the other hand you cannot catch up with massless particles.

spin=1/2
left-handed

W



• Gauge bosons and fermions (quarks and 
leptons) must be massless

• Actually they are all massive

• Gauge symmetry must be broken！

spontaneous breaking
南部陽一郎、2008年ノーベル賞

Charges are not conserved!



magnetic material

symmetric

high temperature



low temperature

symmetry is broken

spontaneous symmetry breaking

But the symmetry of the physical theory is NOT broken.



Giving Masses to Particles

• Spontaneous Symmetry Breaking


• Higgs Mechanism：analogy to BCS theory of superconductivity 
(Nambu)

EM field
superconductor

Meissner effect

e�mr



真空に凝縮したヒッグス粒子

m = g v

Yukawa coupling 
w/ Higgs

Higgs vacuum 
 expectation value

Higgs：most recent phase transition of vacuum 
＝Origin of particle masses

Vacuum violates symmetry while symmetry remains exact in the theory



weak isospin T hypercharge Y

qL 1/2 1/3

uR 0 4/3

dR 0 -2/3

lL 1/2 -1

eR 0 -2

φ 1/2 1

Particles in Electroweak Theory

Higgs φ=(0,v+H) does not interact with Q = T3 + Y/2 = EM charge

q L
, u

R
 a

nd
 d

R
 w

er
e 

or
ig

in
al

ly
 d

iff
er

en
t p

ar
ti

cl
es

!



V (⇤) = µ2⇤†⇤ + �(⇤†⇤)2

�� 1⇥
2

�
0

v + H

⇥

v

vacuum expectation value

oscillation 
“Higgs particle”

μ2 < 0

Φ

Higgs

Vacuum violates symmetry while symmetry remains exact in the theory



Gauge boson masses

(Dµ�)†(Dµ�)� V (�)

Dµ = @µ + i
g1
2
AµY + i

g2
2
W a

µ ⌧a

Higgs does  
gauge interaction

mass term

� =
1p
2

✓
0

v +H

◆

⇣g2v
2

⌘2
W+

µ W�µ

MW

SU(2)U(1)



Fermion Masses

qL

dR

φ

y

Yukawa interaction

y
�
q̄L�dR + d̄L�̄qL

�

� =
1p
2

✓
0

v +H

◆

(yv)d̄d mass term
md

Yukawa coupling 
y = md/vnew interaction!



Photon & Z0 in Electroweak Theory

U(1)  g1 
hypercharge Y 

B

SU(2)   g2 
weak isospin T 

W1, W2, W3

A 
photon

components that interact  
with vacuum (Higgs)

Left-handed

Z0, W+, W-

Left-handedRight-handed mixed

θW

components that does not 
interact with vacuum (Higgs)

massive



Z0
W0

A0

B0

W

W

θ

θ

0

tanθW = g1/g2

weak mixing angle

ratio of interactions with Higgs

the component th
at does not in

teract with Higgs



• left / right mixed


• V = L + R,  A = L - RZ0

⇥̄�µ(gV + gA�5)⇥Zµ

gA =
1
2
T3

gV =
1
2
T3 � 2Q sin2 �W

Interactions of Z０



TRISTAN SLC

LEP I

LEP II

W+W-

Z0

225 2500 25 50 75 100 125 150 175 200

CESR
DORIS

PEP
PETRA

KEKB
SLACB

10
2

10
3

10
4

10
5

電子・陽電子衝突エネルギー (GeV)

衝
突
反
応
頻
度

 (p
ic

o-
ba

rn
) Precise examination 
of EW interactions







RUNNING OF 
COUPLING CONSTANTS



Nobel Lecture, 2004 



Nobel Lecture, 2004 



Force strength  
changes as energy

＝ ＋ ＋ ＋

vacuum polarization

?

e- e+

γ
e- e+



“Running” Coupling Constant αS(E)

µ2 ⌅�S

⌅µ2
= ⇥(�S) = b0�

2
S + b1�

3
S + O(�4

S)

b0 = �11CA � 2nf

12�
< 0

�S(Q2) =
�S(µ2)

1� b0�S(µ2) ln Q2

µ2

renormalization group equation（RGE）

physics should be independent of  μ = renormalization scale
# of colors

# of flavors = # quark types

QCD coupling constant

depends on  
energy scale

weaker for higher energy



higher orders in perturbation series...



12 Siegfried Bethke: The 2009 World Average of αs

of the measurements with the others, exclusive averages,
leaving out one of the 8 measurements at a time, are cal-
culated. These are presented in the 5th column of table 1,
together with the corresponding number of standard de-
viations 5 between the exclusive mean and the respective
single measurement.

As can be seen, the values of exclusive means vary only
between a minimum of 0.11818 and a maximum 0.11876.
Note that in the case of these exclusive means and ac-
cording to the ”rules” of calculating their overall errors,
in four out of the eight cases small error scaling factors
of g = 1.06...1.08 had to be applied, while in the other
cases, overall correlation factors of about 0.1, and in one
case of 0.7, had to be applied to assure χ2/ndf = 1. Most
notably, the average value αs(MZ0) changes to αs(MZ0) =
0.1186±0.0011when omitting the result from lattice QCD.

5 Summary and Discussion

In this review, new results and measurements of αs are
summarised, and the world average value of αs(MZ0), as
previously given in [7,28,6], is updated. Based on eight
recent measurements, which partly use new and improved
N3LO, NNLO and lattice QCD predictions, the new av-
erage value is

αs(MZ0) = 0.1184± 0.0007 ,

which corresponds to

Λ(5)

MS
= (213 ± 9 )MeV .

This result is consistent with the one obtained in the pre-
viuos review three years ago [28], which was αs(MZ0) =
0.1189±0.0010. The previous and the actual world average
have been obtained from a non-overlapping set of single
results; their agreement therefore demonstrates a large de-
gree of compatibility between the old and the new, largely
improved set of measurements.

The individual mesurements, as listed in table 1 and
displayed in figure 5, show a very satisfactory agreement
with each other and with the overall average: only one
out of eight measurements exceeds a deviation from the
average by more than one standard deviation, and the
largest deviation between any two out of the eight results,
namely the ones from τ decays and from structure func-
tions, amounts to 2 standard deviations 6.

There remains, however, an apparent and long-standing
systematic difference: results from structure functions pre-
fer smaller values of αs(MZ0) than most of the others, i.e.
those from e+e− annihilations, from τ decays, but also
those from jet production in deep inelastic scattering. This
issue apparently remains to be true, although almost all of
the new results are based on significantly improved QCD

5 The number of standard deviations is defined as the
square-root of the value of χ2.

6 assuming their assigned total errors to be fully uncorre-
lated.

predictions, up to N3LO for structure functions, τ and Z0

hadronic widths, and NNLO for e+e− event shapes.
The reliability of “measurements” of αs based on “ex-

periments” on the lattice have gradually improved over
the years, too. Including vaccum polarisation of three light
quark flavours and extended means to understand and cor-
rect for finite lattice spacing and volume effects, the overall
error of these results significally decreased over time, while
the value of αs(MZ0) gradually approached the world aver-
age. Lattice results today quote the smallest overall error
on αs(MZ0); it is, however, ensuring to see and note that
the world average without lattice results is only marginally
different, while the small size of the total uncertainty on
the world average is, naturally, largely influenced by the
lattice result.

QCD α  (Μ  ) = 0.1184 ± 0.0007s Z

0.1

0.2

0.3

0.4

0.5

ααs (Q)

1 10 100Q [GeV]

Heavy Quarkonia
e+e–  Annihilation
Deep Inelastic Scattering

July 2009

Fig. 6. Summary of measurements of αs as a function of the
respective energy scale Q. The curves are QCD predictions for
the combined world average value of αs(MZ0), in 4-loop ap-
proximation and using 3-loop threshold matching at the heavy
quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Full sym-
bols are results based on N3LO QCD, open circles are based on
NNLO, open triangles and squares on NLO QCD. The cross-
filled square is based on lattice QCD. The filled triangle at
Q = 20 GeV (from DIS structure functions) is calculated from
the original result which includes data in the energy range from
Q =2 to 170 GeV.

In order to demonstrate the agreement of measure-
ments with the specific energy dependence of αs predicted
by QCD, in figure 6 the recent measurements of αs are
shown as a function of the energy scale Q. For those results
which are based on several αs determinations at different
values of energy scales Q, the individual values of αs(Q)

Siegfried Bethke: The 2009 World Average of αs 13

are displayed. For the value from structure functions such
a breakup is not possible; instead, the corresponding re-
sult derived for a typical energy scale of Q = 20 GeV is
displayed.

The measurements significantly prove the validity of
the concept of asymptotic freedom; they are in perfect
agreement with the QCD prediction of the running cou-
pling. This is further corroborated by figure 7, where a
selected sample of the measurements is plotted, now as
a function of 1/ logQ, in order to demonstrate the data
reproducing the specific logarithmic shape of the running
as predicted by QCD, signalling that indeed αs(Q) → 0
for Q → ∞.

QCD O(αs) ΛMS = 213 MeV
no flavour threshold matching

(5)4

0.20

0.30

0.40

αα    (Q)s

0.10

0.00
0 1 2 3 4 6

  1 / log(Q/GeV)

1.
787.
5

91
.2

35
.0

20
6

∞∞   Q [GeV]

5

Fig. 7. Selected measurements of αs, as a function of the in-
verse logarithm of the energy scale Q, in order to demonstrate
concordance with Asymptotic Freedom. The full line is the
QCD prediction in 4-loop approximation with 3-loop threshold
matching at the heavy quark pole masses. The dashed line indi-
cates extrapolation of the 5-flavour prediction without thresh-
old matching.

What are the future prospects of measurements of αs?
With the given degree of data and theory precision, fur-
ther improvements will be difficult and may take quite
some time. Experimentally, a linear e+e− collider, espe-
cially if run in the “Giga-Z” mode, has the potential to
decrease the dominating experimental error of αs(MZ0)

from the measurement of RZ , down and below its theo-
retical uncertainty which currently is assumed to be, in
N3LO, ±0.0005.

While it is unlikely that QCD perturbation theory will
improve to yet one order higher than the existing N3LO or
NNLO predictions, improvements are likely, and actually
are very neccessary, for QCD predictions of jet produc-
tion in deep inelastic scattering and in hadron collisions,
where calculations currently are limited to NLO. The pre-
cision of QCD tests, but also the sensitivity for observing
new physics signals at the LHC, will largely depend on a
further advancement of QCD predictions for hadron colli-
sions.

Future improvement of theoretical predictions and mod-
els require the conservation of data and of reconstruction
and simulation code of current and past experiments; es-
pecially in the case of deep inelastic scattering data, re-
application of improved predictions and models carry a
large potential for future advancements in this field.

Last but not least, further developments of non- per-
turbative methods are mandatory to bridge the gap be-
tween quarks and gluons and their final states, hadrons.
They may in fact shed more light into the systematic
differences between some classes of measurements as dis-
cussed above.
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Asymptotic freedom of strong interaction

diverges at < 1GeV

becomes zero (free) at infinite energy

Experimentally  
confirmed !
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cf. Electromagnetic force becomes 
weaker for higher E

�(Q2) =
�(µ2)

1� �(µ2)
3⇤ log

�
Q2

µ2

⇥

b0 =
1
3�

�(m2
e) � � ⇥ 1

137



1. Calculate “αW” and compare with α. 
 

2. Obtain the ratio of electromagnetic force 
and gravitational force between two 
protons. 

3. Consider charged pion decays (π→eν, μν).  
Explain why they decay more into muons 
than electrons.  What happens if me→0? 

Homework

GF =
4⇥�W

M2
W



homework 
Bring your answers at the next lecture, or 
send them to mori@icepp.s.u-tokyo.ac.jp

mailto:mori@icepp.s.u-tokyo.ac.jp

