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Today’s lecture

M The quark model of hadrons and the color quantum number
[ The electromagnetic interaction
M Feynman diagrams for scattering processes

[ Reactions mediated by the strong force
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The quark model
of hadrons
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The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

For quarks we have that Bq = +1/3

ercis®
Work out the values of B for the proton and the pion
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The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

For quarks we have that Bq = +1/3

erCise .
eX Work out the values of B for the proton and the pion

7z+=(uci) Bﬂ+=Bu+Ba7=+%+(—%>=O

As for other qguantum charges, B for antiquarks is the opposite that for quarks

Same pattern for all other mesons: B=0

Juan Rojo Introduction to Elementary Particles, 14/01/2019



The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

For quarks we have that Bq = +1/3

erCise .
eX Work out the values of B for the proton and the pion

1 1
p=(uud) Bp=2><Bu+Bd=2><3 | 3=1

Same pattern for all other baryons (antibaryons): B=+1 ( B=-1)

Particles that do not interact via the strong force, such as leptons, have B=0
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The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

n—>p+e +vu,

p—et+u,+a
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The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

n—->p+e +0, Yes :B,, =B, =0

p—et+u,+a
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The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

n—->p+e +0, Yes :B,, =B, =0
p—>e++ye+7z0 No:B,=1#B; =0
T p+ D,
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The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

n—->p+e +0, Yes :B,, =B, =0
p—>e++ye+7z0 No:B,=1#B; =0
T p+ D, No:B, =0#B;,=—1
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The baryonic number

Strongly interacting particles carry a new quantum number: the baryonic number

As for the leptonic number, this baryonic quantum number B is conserved in all
reactions involving hadrons and the strong interaction

n—->p+e +0, Yes :B,, =B, =0
p—>e++ye+7z0 No:B,=1#B; =0
+

No:B, =0#B; =-—1

why

An important consequence of B-conservation is that protons are absolutely stable
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Isospin

Isospin is an approximate symmetry that connects specific hadrons

sharing common properties, such as mass and spin, among them

Pion

Kaon

Phi

D-meson

J /psi
B-meson

Upsilon

Proton
Neutron

Delta

Lambda
Sigma

Juan Rojo

139.6
135.0
493.7
497.7
1019.5
1869.4
1864.5
1968
3097
5279
5279
5366
6277
9460

938.3
939.6
1232
1232
1116
1189

1/2
3/2
3/2
1/2
1/2

Why the neutral and charged pions
have almost identical masses?

Why the proton and the neutron have
almost identical masses?
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Isospin

Isospin is an approximate symmetry that connects specific hadrons

sharing common properties, such as mass and spin, among them

Pion

Kaon

Phi

D-meson

J /psi

B-meson

Upsilon

Proton
Neutron

Delta

[Lambda
Sigma

Juan Rojo

139.6
135.0
493.7
497.7
1019.5
1869.4
1864.5
1968
3097
5279
5279
2366
6277
9460

938.3
939.6
1232
1232
1116
1189

0
0
0
0

0
0
0

0
0
0
0

1/2
1/2
3/2
3/2
1/2
1/2

Why the neutral and charged pions
have almost identical masses?

xt = (ucf)
0 1 ) 1 _
T > Ui > ( )
T = (dl/_t)

Because you can " rotate” among them by
interchanging an up and a down quarks,
which have a very similar mass
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Isospin

Isospin is an approximate symmetry that connects specific hadrons

sharing common properties, such as mass and spin, among them

Pion

Kaon

Phi

D-meson

J /psi

B-meson

Upsilon

Proton
Neutron

Delta

[Lambda
Sigma

Juan Rojo

139.6
135.0
493.7
497.7
1019.5
1869.4
1864.5
1968
3097
5279
5279
5366
6277
9460

938.3
939.6
1232
1232
1116
1189

0
0
0
0

0
0
0

0
0
0
0

1/2
1/2
3/2
3/2
1/2
1/2

N
]
=
U
=

Isospin symmetry relates hadrons that transform
into each other by interchanging u and d quarks

Why the proton and the neutron have
almost identical masses?
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Strangeness

The strange quark content of hadrons has associated another
guantum number / quantum charge: strangeness

The strangeness quantum number S is conserved in all reactions involving the
strong and electromagnetic interactions, but not with the weak interaction

S=-1 S.=+1

\)

S =8,=5=5=5=0
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Strangeness

The strange quark content of hadrons has associated another
guantum number / quantum charge: strangeness

The strangeness quantum number S is conserved in all reactions involving the
strong and electromagnetic interactions, but not with the weak interaction

S=-1 S.=+1

S =8,=5=5=5=0

As for other quantum charges, strangeness is additive
A= (uds) Sw=S8S +S,+S=0+0+(—-1)=—1
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Charmness and bottomness

The charm and bottom quark content of hadrons has also associated
dedicated quantum numbers / quantum charges: charmness and bottomness

The charmness and bottomness quantum numbers C and b are conserved in the
strong and electromagnetic interactions, but not in the weak interaction

As for other quantum charges, charmness and bottomness are additive
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Hadron-building with quarks

We are now in position to determine the quark content of arbitrary hadrons
exploiting only the knowledge of the quantum numbers of the latter

These are the instructions for hadron-building:

M The values of the electric charge Q, the baryon number B, and of the strangeness,
charmness, and bottomness S, C, b of the constituent quarks must add up to that of the
corresponding hadron
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Hadron-building with quarks

We are now in position to determine the quark content of arbitrary hadrons
exploiting only the knowledge of the quantum numbers of the latter

These are the instructions for hadron-building:

M The values of the electric charge Q, the baryon number B, and of the strangeness,
charmness, and bottomness S, C, b of the constituent quarks must add up to that of the
corresponding hadron

M Only hadrons with integer values of the electric charge Q and of the baryon number B
are physically allowed
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Hadron-building with quarks

We are now in position to determine the quark content of arbitrary hadrons
exploiting only the knowledge of the quantum numbers of the latter

These are the instructions for hadron-building:

M The values of the electric charge Q, the baryon number B, and of the strangeness,
charmness, and bottomness S, C, b of the constituent quarks must add up to that of the
corresponding hadron

M Only hadrons with integer values of the electric charge Q and of the baryon number B
are physically allowed

M The mass of a given hadron will always be higher than the sum of the masses of its
constituent quarks
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Hadron-building with quarks

We are now in position to determine the quark content of arbitrary hadrons
exploiting only the knowledge of the quantum numbers of the latter

These are the instructions for hadron-building:

M The values of the electric charge Q, the baryon number B, and of the strangeness,
charmness, and bottomness S, C, b of the constituent quarks must add up to that of the
corresponding hadron

M Only hadrons with integer values of the electric charge Q and of the baryon number B
are physically allowed

M The mass of a given hadron will always be higher than the sum of the masses of its
constituent quarks

M Spin is not an additive quantum number, since it is a vectorial quantity. For example
the proton is a spin-1/2 hadron composed by three spin-1/2 quarks
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Hadron-building with quarks

115
efc‘s Determine the quark composition of the following two hadrons:
eX

AT . B=+1,5=C=b=0

= o B=+4+1,§=-2,C=b=0
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Hadron-building with quarks

115
erc|5 Determine the quark composition of the following two hadrons:
eX

AT . B=+4+1,S=C=b=0
M Since B=+1 this hadron is a baryon composed by thee quarks

M Since Q=+2 (as indicated by symbol) it must contain either up or charm quarks
O=+2=3%xH2/3)=3%x0

M Since C=0, it must contain the same number of charm quarks and antiquarks: zero (per above)

ATt = (uuun)

ulc

= o B=+4+1,§=-2,C=b=0
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Hadron-building with quarks

is€
e)(erc|5 Determine the quark composition of the following two hadrons:

AT . B=+4+1,S=C=b=0
M Since B=+1 this hadron is a baryon composed by three quarks

M Since Q=+2 (as indicated by symbol) it must contain either up or charm quarks
O=+2=3%xH2/3)=3%x0

M Since C=0, it must contain the same number of charm quarks and antiquarks: zero (per above)

ATt = (uuun)

ulc

= o B=+4+1,§=-2,C=b=0

M Since B=+1 this hadron is a baryon composed by three quarks

M Since Q=-1 (as indicated by symbol) it must contain three down or strange quarks
O=-1=3x(-1/3)=3x0Q,,
[ Since S=-2, it must contain two strange quarks
= o= (d ) S)
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Hadron-building with quarks

115
efc‘s Determine the quark composition of the following two hadrons:
eX

Jhy B=O,S=C=b=0,m]/w=3.1GeV

A):B=1,S=C=0b=-1
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Hadron-building with quarks

is€
e)(erc|5 Determine the quark composition of the following two hadrons:

Jhy B=O,S=C=b=0,mj/w=3.1GeV

M Since B=0 this hadron is a meson composed by a quark and and antiquark
M Since there is no mention of an electric charge, we can say that Q=0

M Since S=C=b=0, it contains the same number of strange, charm, and bottom quarks than
the corresponding antiquarks. Since the mass is roughly twice the charm mass we have:

JIy = (cC)

A):B=1,S=C=0b=-1
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Hadron-building with quarks

i5e
rc1S Determine the quark composition of the following two hadrons:

Jhy B=O,S=C=b=0,mj/w=3.1GeV

M Since B=0 this hadron is a meson composed by a quark and and antiquark
M Since there is no mention of an electric charge, we can say that Q=0

M Since S=C=b=0, it contains the same number of strange, charm, and bottom quarks than
the corresponding antiquarks. Since the mass is roughly twice the charm mass we have:

JIy = (cC)

A):B=1,S=C=0b=-1
M Since B=+1 this hadron is a baryon composed by three quarks
M From the symbol we read that Q=0: we need one up-type quark and two down-type quarks

M Since b=-1, it contains at least one more bottom quark than antiquarks

A2= (udb) O0=0=+42/3+2x(-1/3)
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Color: the charge of
the strong interaction
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The color of quarks

Let’s go back to the quark composition of the Delta baryon:

ATt = (uuu)

M Since it contains three identical quarks, its quantum wave function is symmetric if two quarks
are interchanged

M Moreover since this baryon has spin s=+3/2, it means that the three quarks have their spins
pointing in the same direction: the spin component of the wave function is also symmetric

| Wpee) = luuu) @ | 111)

However a spin-3/2 particle is a fermion, whose wave function should be
antisymmetric with respect to the exchange of two quarks

What are we missing?
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The color of quarks

Let’s go back to the quark composition of the Delta baryon:

ATt = (uuu)

M Since it contains three identical quarks, its quantum wave function is symmetric if two quarks
are interchanged

M Moreover since this baryon has spin s=+3/2, it means that the three quarks have their spins
pointing in the same direction: the spin component of the wave function is also symmetric

|Wper) = lunu)y @ | 111)

Quarks carry a new quantum number called color which is the ""charge” of
the strong interactions. Color can exist in three types: "blue”, “red”, "green”

ype) = luuuy @ [ 111) ® |2 b)

Now when two quarks are interchanged the color wave function changes sign, and
thus the total hadronic wave function behaves as corresponding to fermions

[rgb)y =—1rbg)
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The strong (?) interaction

A crucial property of color is that is leads to a confining force at large distances

Since the interaction strength increases with the distance, we cannot completely
separate two quarks apart since that would require an infinite force
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The strong (?) interaction

A crucial property of color is that is leads to a confining force at large distances

Since the interaction strength increases with the distance, we cannot completely
separate two quarks apart since that would require an infinite force

The strong interaction is therefore a confining force: only hadrons
which are color-neutral are physically allowed

S/ %
~Q \
& < N .
RS 9% An baryon is ~white” (color-neutral) if
Q composed by quarks or antiquarks carrying: anti-
Cr s blue, anti-green, and anti-red color charges
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The strong (?) interaction

A crucial property of color is that is leads to a confining force at large distances

Since the interaction strength increases with the distance, we cannot completely
separate two quarks apart since that would require an infinite force

The strong interaction is therefore a confining force: only hadrons

which are color-neutral are physically allowed

R

G

Color fields in Baryons

Note no outgoing lines
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The strong (?) interaction

A crucial property of color is that is leads to a confining force at large distances

Since the interaction strength increases with the distance, we cannot completely
separate two quarks apart since that would require an infinite force

The strong interaction is therefore a confining force: only hadrons
which are color-neutral are physically allowed

S
i
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Color fields in Mesons

Note no outgoing lines



Electromagnetism and
Feynman diagrams
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Quantum Electromagnetism

In classical electromagnetism, the electric attraction between two
charged patrticles is given by Coulomb’s law

0,0,
>

r
Each charge generates an electric field which permeates all space, and

Fr =
other charges moving in this electric field are attracted/repelled

2

a——

&

36
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Quantum Electromagnetism

At the quantum level, fundamental interactions look very different that at the classical level

https.//www.youtube.com/watch ?v=hHTWBc 14-mk
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Quantum Electromagnetism

At the quantum level, fundamental interactions look very different that at the classical level
Elementary particles interact by exchanging force carriers among them

The photon is the force carried particle of Quantum Electrodynamics, the
quantum version of classical electromagnetic theory

A useful tool to visualise interactions between elementary particles is known as
Feynman diagrams, that represent the trajectories in space and time of the
particles involved in a scattering reaction
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Quantum Electromagnetism

At the quantum level, fundamental interactions look very different that at the classical level

Elementary particles interact by exchanging force carriers among them

Quantum Electrodynamics Quantum Chromodynamics
A
electron electron quark quark :
P 8
: O
photon .

electron electron
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Quantum Electromagnetism

In QED there is a unique interaction vertex:

electron electron

photon

This fact implies the following important properties about the electromagnetic interaction:

[ Electric charge is always conserved because the photon does not carry electric charge

40
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Quantum Electromagnetism

In QED there is a unique interaction vertex:

electron electron

photon

This fact implies the following important properties about the electromagnetic interaction:

[ Electric charge is always conserved because the photon does not carry electric charge

4 Being electrically neutral, the photon cannot interact with itself

41
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Quantum Electromagnetism

In QED there is a unique interaction vertex:

electron electron

photon

This fact implies the following important properties about the electromagnetic interaction:

[ Electric charge is always conserved because the photon does not carry electric charge
M Being electrically neutral, the photon cannot interact with itself

M Flavour is conserved by QED interactions: automatic conservation of leptonic and baryonic
numbers, as well as strangeness, charmness, and bottomness

42
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Quantum Electromagnetism

In QED there is a unique interaction vertex:

electron electron

photon

This fact implies the following important properties about the electromagnetic interaction:

[ Electric charge is always conserved because the photon does not carry electric charge
M Being electrically neutral, the photon cannot interact with itself

M Flavour is conserved by QED interactions: automatic conservation of leptonic and baryonic
numbers, as well as strangeness, charmness, and bottomness

[ Since the photon is exactly massless, electromagnetism is a long-range force

43
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The strong interaction
and gluons
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Strong force vs electromagnetism

It is useful to enumerate the properties of the strong interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Strong interactions

M A single type of electric charge exists: the
only thing that varies is its sign and magnitude

45
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Strong force vs electromagnetism

It is useful to enumerate the properties of the strong interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Strong interactions

M A single type of electric charge exists: the [ Three different types of colour charge exist:
only thing that varies is its sign and magnitude blue, green, red, with their own sign and magnitude

Anti-red

In general, a strongly interacting particle can carry an arbitrary
combination of the red, green, and/or blue color charges
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Strong force vs electromagnetism

It is useful to enumerate the properties of the strong interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Strong interactions

M A single type of electric charge exists: the [ Three different types of colour charge exist:
only thing that varies is its sign and magnitude blue, green, red, with their own sign and magnitude

[ Electromagnetism is transmitted by photons,
which are massless and charge-neutral

47
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Strong force vs electromagnetism

It is useful to enumerate the properties of the strong interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Strong interactions

M A single type of electric charge exists: the [ Three different types of colour charge exist:
only thing that varies is its sign and magnitude blue, green, red, with their own sign and magnitude

M Electromagnetism is transmitted by photons, [ The strong interaction is transmitted by gluons,
which are massless and charge-neutral which are massless but charged under color

Since gluons are color-charged, they
also interact among themselves
without the need of quarks

48



Strong force vs electromagnetism

It is useful to enumerate the properties of the strong interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Strong interactions

M A single type of electric charge exists: the [ Three different types of colour charge exist:
only thing that varies is its sign and magnitude blue, green, red, with their own sign and magnitude

M Electromagnetism is transmitted by photons, [ The strong interaction is transmitted by gluons,
which are massless and charge-neutral which are massless but charged under color

M The strength of the electromagnetic
interaction is always small: electromagnetism
looks the same at all energies/distances

49
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Strong force vs electromagnetism

It is useful to enumerate the properties of the strong interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Strong interactions

M A single type of electric charge exists: the [ Three different types of colour charge exist:
only thing that varies is its sign and magnitude blue, green, red, with their own sign and magnitude

M Electromagnetism is transmitted by photons, [ The strong interaction is transmitted by gluons,
which are massless and charge-neutral which are massless but charged under color

M The strength of the electromagnetic [4 The strength of the strong interaction
interaction is always small: electromagnetism varies with the energy/distance: very different
looks the same at all energies/distances behaviour depending on energy/distance

50
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The strong (?) interaction

In the quantum theory of elementary particles, the strength of an interaction is
not fixed but rather varies with the energy of the scattering process

S|
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The strong (?) interaction

In the quantum theory of elementary particles, the strength of an interaction is
not fixed but rather varies with the energy of the scattering process

Coupling constant, o (E)

0,4
. ]
o .
8 _
= .3 —
&’ -
T -
S
< i
e 02_
g i
7))
Y
o
I
5 0,1-
c
I
4p]

O’O I || IIIIII] l 1 I]IITII

1 2 5 10 20 50 100 200

(also 1/distance)

2L

Energy, GeV
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The strong (?) interaction

In the quantum theory of elementary particles, the strength of an interaction is
not fixed but rather varies with the energy of the scattering process

Coupling constant, o (E)

0,4
S
|
S _
= 0,3 large energy / small
% 7 distance: the strong
E‘ force becomes weak!
§’ 0,2
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In the quantum theory of elementary particles, the strength of an interaction is

The strong (?) interaction

not fixed but rather varies with the energy of the scattering process

Strength of strong nuclear force

Coupling constant, o (E)

0.4
0.3
0.2_

0.1

0.0

small energy / large
distances: the strong
force is much stronger

large energy / small
distance: the strong
force becomes weak!

Juan Rojo
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The strong (?) interaction

This behaviour is a consequence of the fact that gluons are color-charged,
unlike photons which are electrically neutral

Since the interaction strength increases with the distance, we cannot
completely separate two quarks apart since that would require an infinite force

The strong interaction is therefore a confining force: only hadrons
which are color-neutral are physically allowed

S/ %
~Q \
& < N .
RS 9% An baryon is ~white” (color-neutral) if
Q composed by quarks or antiquarks carrying: anti-
Cr s blue, anti-green, and anti-red color charges
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

This is a consequence of the fact that the only possible interaction vertices are:

quark quark

And that gluons do not carry flavour quantum numbers
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

57
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

A

up quark

gluon
Is this reaction

ooeds

possible?

up quark
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

A

up quark It is not possible
since:

gluon

2 2 4

up quark Q=== = =0
- =3ty E3 7

time
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

A
up anti-quark This reaction is
instead possible:
gluon
2 2
up quark Qin=§—§=0=Qﬁn
time
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

A
up anti-quark : .,
p anti-q This reaction is
instead possible:
gluon
: 5
:
: 0
I 0
2 2
up quark Qin=§—§ =0 = O,

by convention, in Feynman :

diagrams antiparticles are

indicated by an arrow with time

opposite sign as particles = seecssssssssssssssssssssssnnnnnnnnnnnnnnnnnnnn D>
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

M The strength of the strong force is not constant: it is more at low energies / large distances

(leading to quark confinement into hadrons) but less at high energies / low distances (where it
behaves like electromagnetism)
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Quantum Chromodynamics

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics (QCD)

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

M The strength of the strong force is not constant: it is more at low energies / large distances

(leading to quark confinement into hadrons) but less at high energies / low distances (where it
behaves like electromagnetism)

[MWhile quarks have fractional electric charge and baryon number, only hadrons with integer
electric charge and baryon number are physically allowed
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Scattering reactions in QCD

Let’s try to understand some strong-interacting scattering processes in terms of QCD

oxercis® '+ pon+at

Write the corresponding Feynman diagram using only quarks and gluons
70 = (u it) gt = (ud)

Note also how Q, B, S, C, ... are conserved in this reaction
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Scattering reactions in QCD

Let’s try to understand some strong-interacting scattering processes in terms of QCD

oxercis® '+ pon+at

( )

) 4

u u
p d|—  /d np
\_ uj kd

y,

CER Y

70 U d .
>

Y M)

Juan Rojo 63 Introduction to Elementary Particles, 14/01/2019



Quantum Electromagnetism (QED)

In QED there is a unique interaction vertex:

electron electron

photon

This fact implies the following important properties about the electromagnetic interaction:

[ Electric charge is always conserved because the photon does not carry electric charge
M Being electrically neutral, the photon cannot interact with itself

M Flavour is conserved by QED interactions: automatic conservation of leptonic and baryonic
numbers, as well as strangeness, charmness, and bottomness

[ Since the photon is exactly massless, electromagnetism is a long-range force
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Quantum Chromodynamics (QCD)

Let us summarise what we have learned about the quantum theory of the
strong interactions: Quantum Chromodynamics

M Flavour is always conserved by strong interactions: automatic conservation of leptonic and
baryonic numbers, as well as strangeness, charmness, and bottomness

M Gluons are charged under color so they can interact with themselves. They are however
electrically neutral to they don’t affect the electric charge in strongly interacting processes

M The strength of the strong force is not constant: it is more at low energies / large distances

(leading to quark confinement into hadrons) but less at high energies / low distances (where it
behaves like electromagnetism)

[MWhile quarks have fractional electric charge and baryon number, only hadrons with integer
electric charge and baryon number are physically allowed
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Scattering reactions in QCD

Let’s try to understand some strong-interacting scattering processes in terms of QCD

oxercis® '+ pon+at

Write the corresponding Feynman diagram using only quarks and gluons
70 = (u it) gt = (ud)

Note also how Q, B, S, C, ... are conserved in this reaction
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Scattering reactions in QCD

Let’s try to understand some strong-interacting scattering processes in terms of QCD

oxercis® '+ pon+at

( )

) 4

u u
p d|—  /d np
\_ uj kd

y,

CER Y

70 U d .
>

Y M)
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Scattering reactions in QCD

Let’s try to understand some strong-interacting scattering processes in terms of QCD

oxercis® pt = ot + a°

Write the corresponding Feynman diagram using only quarks and gluons

70 = (u it) gt = (uc?)

/0
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Scattering reactions in QCD

Let’s try to understand some strong-interacting scattering processes in terms of QCD

oxercis® pt = 7t + 7Y
(" )
u u
u
_J

~
o |
} )
o |
-

Note also how Q, B, S, C, ... are conserved in this reaction
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Drawing Feynman diagrams

[ If the scattering reaction involves composite particles (hadrons) first of all determine their
quark decomposition making sure all guantum numbers add up consistently

72
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Drawing Feynman diagrams

[ If the scattering reaction involves composite particles (hadrons) first of all determine their
quark decomposition making sure all guantum numbers add up consistently

M Then put at the left of the diagram the initial-state particles and at the right of the
diagram the final-state particles

/3
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Drawing Feynman diagrams

[ If the scattering reaction involves composite particles (hadrons) first of all determine their
quark decomposition making sure all guantum numbers add up consistently

M Then put at the left of the diagram the initial-state particles and at the right of the
diagram the final-state particles

[ Attempt to connect the initial and final state particles among them. Note that some
particles will not interact and will be just spectators in the reaction

74
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Drawing Feynman diagrams

[ If the scattering reaction involves composite particles (hadrons) first of all determine their
quark decomposition making sure all guantum numbers add up consistently

M Then put at the left of the diagram the initial-state particles and at the right of the
diagram the final-state particles

[ Attempt to connect the initial and final state particles among them. Note that some
particles will not interact and will be just spectators in the reaction

[MMake sure that all interaction vertices conserve the corresponding quantum
numbers: for example, if gluons or photons are conserved, then Q, B, S, C, b, ... should
be conserved
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The weak interaction
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The weak nuclear force

M Fermi (30s) explained beta-decay of nuclei by a four-body interaction between neutrons, protons,
electrons and neutrinos: the weak nuclear interaction

M Weak interaction also similar to electromagnetism, but with massive vector bosons, the W and Z
particles. Due to large masses (80 and 91 GeV) their interactions are point-like at low energies

Fermi picture of the weak interaction The weak interaction in the Standard Model

neutron
-~ §d >
5 d »>
2 u >
u B
d =4
o)
u S
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The weak nuclear force

M Fermi (30s) explained beta-decay of nuclei by a four-body interaction between neutrons, protons,
electrons and neutrinos: the weak nuclear interaction

M Weak interaction also similar to electromagnetism, but with massive vector bosons, the W and Z
particles. Due to large masses (80 and 91 GeV) their interactions are point-like at low energies

[ Evidence for Neutral Currents (73) followed by the discovery of the W and Z bosons at the CERN (83)

Neutral currents in neutrino scattering:
indirect evidence for the Z boson

I i1

g — u,d,c.s

/8
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Weak force vs electromagnetism

It is useful to enumerate the properties of the weak interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Weak interactions

1 A single type of electric charge exists: the [ All particles in the SM are carry a weak charge, and
only thing that varies is its sign and magnitude the specific values depend on the matter particle

[ Electromagnetism is transmitted by photons,
which are massless and charge-neutral

M The strength of the electromagnetic
interaction is always small: electromagnetism
looks the same at all energies/distances
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Weak force vs electromagnetism

It is useful to enumerate the properties of the weak interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Weak interactions

1 A single type of electric charge exists: the [ All particles in the SM are carry a weak charge, and
only thing that varies is its sign and magnitude the specific values depend on the matter particle

¥ Electromagnetism is transmitted by photons, [ The strong interaction is transmitted by the W
which are massless and charge-neutral and Z bosons, which are massive and charged

under the weak force

M The strength of the electromagnetic
Interaction is always small: electromagnetism

looks the same at all energies/distances My = 01.1876 GeV
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Weak force vs electromagnetism

It is useful to enumerate the properties of the weak interaction by comparing
them with those of the electromagnetic interactions

Electromagnetism Weak interactions

1 A single type of electric charge exists: the [ All particles in the SM are carry a weak charge, and
only thing that varies is its sign and magnitude the specific values depend on the matter particle

¥ Electromagnetism is transmitted by photons, [ The strong interaction is transmitted by the W
which are massless and charge-neutral and Z bosons, which are massive and charged

under the weak force

M The strength of the electromagnetic _ _ _
_ o _ M The weak interaction is always weak and
Interaction is always small: electromagnetism

_ _ confined to small scales (large value of my;2)
looks the same at all energies/distances

L Ar ~ oo (EM, QCD)
T~

Ar~ 1078 m (weak)
81
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Weak reactions

A central difference of scattering reactions involving the weak force as opposed to the
electromagnetic force is that the quark flavour qguantum numbers (strangeness,
charmness, and bottomness) are not necessarily conserved
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Weak reactions

A central difference of scattering reactions involving the weak force as opposed to the
electromagnetic force is that the quark flavour qguantum numbers (strangeness,
charmness, and bottomness) are not necessarily conserved

Let’s illustrate this with two reactions mediated by the weak force

K’ > ot + 1~

83

Juan Rojo Introduction to Elementary Particles, 15/01/2019



Weak reactions

A central difference of scattering reactions involving the weak force as opposed to the
electromagnetic force is that the quark flavour qguantum numbers (strangeness,
charmness, and bottomness) are not necessarily conserved

Let’s illustrate this with two reactions mediated by the weak force

K’ > ot + 1~

Compute the variation in strangeness in this reaction

84

Juan Rojo Introduction to Elementary Particles, 15/01/2019



Weak reactions

A central difference of scattering reactions involving the weak force as opposed to the
electromagnetic force is that the quark flavour qguantum numbers (strangeness,
charmness, and bottomness) are not necessarily conserved

Let’s illustrate this with two reactions mediated by the weak force

K’ > ot + 1~

(cd) — (sd) + e™ + 1,
S =0#S; =—1 — AS=—1
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The weak boson W

86
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The weak boson W

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the W bosons are:

M As opposed to the massless gluons and photons, the W boson is very massive,
around 80 times the proton mass

m, = 0
m, = 0
my+ = 80.385 GeV
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The weak boson W

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the W bosons are:

M As opposed to the massless gluons and photons, the W boson is very massive,
around 80 times the proton mass

M As in the case of the gluons (but not the photons), the W boson is charged under both
electric and weak charges, and therefore can interact with itself

WA W W w Y, Z

W \\Y W \\Y Y, Z

Note how all these interaction vertices satisfy electric charge conservation

Q,.=+1+(=1)=0= 04,
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The weak boson W

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the W bosons are:

M As opposed to the massless gluons and photons, the W boson is very massive,
around 80 times the proton mass

M As in the case of the gluons (but not the photons), the W boson is charged under both
electric and weak charges, and therefore can interact with itself

M When interacting with quarks, the W boson will change its charge by one unit and
therefore also its flavour (including possibly across generations)

W+ O =+ 14 (=1/3)=+2/3 = Q.

o
U
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The weak boson W

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the W bosons are:

M As opposed to the massless gluons and photons, the W boson is very massive,
around 80 times the proton mass

M As in the case of the gluons (but not the photons), the W boson is charged under both
electric and weak charges, and therefore can interact with itself

M When interacting with quarks, the W boson will change its charge by one unit and
therefore also its flavour (including possibly across generations)

_I_
W Q.=+1+(1/3)=+2/3 =005,

+
C
d Cinz()?écﬁnz_l_1
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The weak boson W

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the W bosons are:

M As opposed to the massless gluons and photons, the W boson is very massive,
around 80 times the proton mass

M As in the case of the gluons (but not the photons), the W boson is charged under both
electric and weak charges, and therefore can interact with itself

M When interacting with quarks, the W boson will change its charge by one unit and
therefore also its flavour (including possibly across generations)

M In weak interaction processes mediated by the W boson, the flavour quantum
numbers (strangeness, charmness, botomness) are not conserved quantities
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving quarks and W bosons will be:

u+W- =d, u+W —=s, d+WHT—=u, s+WT —=u,
u+Wt—=d, a+Wt—35, d+W —ua, 5+W —a,
Wt —su+d, WT—>u+s5, W —sd+u, W —s+u,
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving quarks and W bosons will be:

u+W- =d, u+W —=s, d+WHT—=u, s+WT —=u,
u+Wt—=d, a+Wt—35, d+W —ua, 5+W —a,
Wt —su+d, WT—>u+s5, W —sd+u, W —s+u,

[ Electric charge is always conserved
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving quarks and W bosons will be:

u+W-=d, u+W —=s, d+WHT—=u, s+WT —=u,
u4+Wt—>d, a+Wt—35, d+W —ua, 5+W —a,
Wt su+d, Wt—u+s5, W —d+uau, W —s+u,

[ Electric charge is always conserved

M You can always replace a given quark by the corresponding quark of a different
generation: for example a down antiquark by a strange antiquark
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving quarks and W bosons will be:

u+W- =d, u+W —=s, d+WHT—=u, s+WT —=u,
u+Wt—=d, a+Wt—35, d+W —ua, 5+W —a,
Wt —su+d, WT—>u+s5, W —sd+u, W —s+u,

1 Electric charge is always conserved

M You can always replace a given quark by the corresponding quark of a different
generation: for example a down antiquark by a strange antiquark

4 If a given reaction is allowed, the corresponding reaction involving the antiparticles is
also physically allowed

u+Wr—-s = u+W >3
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving leptons and W bosons will be:

et + W™ =0, e +Wr v, v.+WTm se . v, +WT et

Wt —se"+v.,, W —e 4., et +v.—-WT, e +v, W~
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving leptons and W bosons will be:

et + W™ =0, e +Wr v, v.+WTm se . v, +WT et

Wt —se"+v.,, W —e 4., et +v.—-WT, e +v, W~

1 Electric charge is always conserved
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving leptons and W bosons will be:

et + W™ =0, e +Wr v, v.+WTm se . v, +WT et

Wt —se"+v.,, W —e 4., et +v.—-WT, e +v, W~

1 Electric charge is always conserved

M Each interaction vertex involves a charged and a neutral lepton that belong to the
same lepton generation
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving leptons and W bosons will be:

et + W™ =0, e +Wr v, v.+WTm se . v, +WT et

Wt —se"+v.,, W —e 4., et +v.—-WT, e +v, W~

1 Electric charge is always conserved

M Each interaction vertex involves a charged and a neutral lepton that belong to the
same lepton generation

M You can always replace the two leptons of a given generation for the corresponding
two leptons of another generation

e+ W -0, => T+ W >0
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving leptons and W bosons will be:

et + W™ =0, e +Wr v, v.+WTm se . v, +WT et

Wt —se"+v.,, W —e 4., et +v.—-WT, e +v, W~

1 Electric charge is always conserved

M Each interaction vertex involves a charged and a neutral lepton that belong to the
same lepton generation

M You can always replace the two leptons of a given generation for the corresponding
two leptons of another generation

[ The individual leptonic quantum numbers are always conserved in weak reactions
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The weak boson W

Draw the Feynman diagram for the following process
+ + + _ ]
Tt = ut+ oy, = (u d )
Il
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The weak boson W

Draw the Feynman diagram for the following process
wt = ut + oy, 7r+=(uc7)

M We have a neutrino in the final state: the weak interaction must be involved
M Quarks and leptons only interact indirectly via either photons or W, Z bosons
M Since the electric charge is Q=+-1, then a positively charged W boson is involved

M We know what vertices are allowed involving quarks or leptons and a W boson
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The weak boson W

e)(efcise
Draw the Feynman diagram for the following process
wt = ut + oy, ﬂ+=(u67)

M u ut

W+
7T+

d
_ Vi

You can check that all relevant quantum numbers are conserved: L, B, Q, ...
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Heavy hadron decays
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W the flavour of the quarks will change

W+

105
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W/ the flavour of the quarks will change

W+

d

Moreover we can always replace a given quark by the
corresponding quark of a different generation
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W/ the flavour of the quarks will change

W+

b

Moreover we can always replace a given quark by the
corresponding quark of a different generation
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W/ the flavour of the quarks will change

W+

b

Moreover we can always replace a given quark by the
corresponding quark of a different generation

The weak interactions mediates transitions between
quarks of different generations
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Weak coupling between generations

The strength of the weak coupling is similar between quarks of the same generation
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Weak coupling between generations

The strength of the weak coupling is similar between quarks of the same generation

Ty 4 e S
i -

The strength of the weak coupling is smaller between quarks of different generation

%K; d = " 5 % b
/u/ U /M/

Weak coupling between gens 1 and 2 bigger than between gens 1 and 3
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Drawing Feynman diagrams

[ If the scattering reaction involves composite particles (hadrons) first of all determine their
quark decomposition making sure all guantum numbers add up consistently

M Then put at the left of the diagram the initial-state particles and at the right of the
diagram the final-state particles

[ Attempt to connect the initial and final state particles among them. Note that some
particles will not interact and will be just spectators in the reaction

[MMake sure that all interaction vertices conserve the corresponding quantum
numbers: for example, if gluons or photons are conserved, then Q, B, S, C, b, ... should
be conserved
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s Heavy hadron decays
exef

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - D~ +u* +v, B’=(db) D™ = (dc)

what is the corresponding Feynman diagram?
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Heavy hadron decays

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - D +u* +v, B’=(db) D =|(dc)

what is the corresponding Feynman diagram?

BY D~

d
b »
_|_
W+ 3
Pu
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Heavy hadron decays

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - 7=+ u* v, BY = (df?) T = (dﬁ)

what is the corresponding Feynman diagram?

| 14
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Heavy hadron decays

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - 7=+ u* v, BY = (dl_a) T = (dﬁ)

what is the corresponding Feynman diagram?

BY T

d
b »
_|_
W+ 3
Pu
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Heavy hadron decays

Which of the two reactions is
most likely to take place?

Juan Rojo
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Heavy hadron decays

Which of the two reactions is
most likely to take place?

The decay into a pion is more
suppressed, since the coupling
Wub (gens 1 and 3) is smaller than
the coupling Web (gens 1 and 2)
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< Heavy hadron decays

C

exef
Draw the Feynman diagram associated to this heavy hadron decay

D’ > 7=+ K + 7t =wWws)
SK—=+1,CK—=bK_=BK_=O

CDO=+1,SDO=bDO=BD()=O

| 18
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< Heavy hadron decays

C

exef
Draw the Feynman diagram associated to this heavy hadron decay

D’ > 7=+ K + 7t =wWws)
SK—=+1,CK—=bK_=BK_=O

CDO=+1,SDO=bDO=BD()=O
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Heavy hadron decays

Note that some reaction processes might look very different from the outside,
but their similarities become apparent at the Feynman diagram level

0 — +
B - D™ +pu" +vy,

BY - D™ + 7

How do these two decay models relate to each other?
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Heavy hadron decays

Note that some reaction processes might look very different from the outside,
but their similarities become apparent at the Feynman diagram level

0 — +
B - D™ +pu" +vy,

BY - D™ + 7

How do these two decay models relate to each other?

BY D~ BO D~
d ) ( d d ) ( d
b - - ) b . . c
<
3 muo” 3
% °

Juan Rojo 121 Introduction to Elementary Particles, 15/01/2019



Heavy hadron decays

Note that some reaction processes might look very different from the outside,
but their similarities become apparent at the Feynman diagram level

0 — +
B - D™ +pu" +vy,

BY - D™ + 7

How do these two decay models relate to each other?

BY D~ BO D~
d ) ( d d ) ( d
b > > ) b . - c
<
3 muo” %
% b

These two processes have a very similar probability to happen!
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The weak boson Z

123
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

m, =0
m, =0
my+ = 80.385 GeV
m, = 91.1876 GeV

| 24
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

M As in the case of the gluons (but not the photons), the Z boson is charged under the
weak charges, and therefore can interact with itself. It is electrically neutral so it
cannot interact via electromagnetism

W 70 A W Y,Z

W™ 70 A W~ Y. Z
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

M As in the case of the gluons (but not the photons), the Z boson is charged under the
weak charges, and therefore can interact with itself. It is electrically neutral so it
cannot interact via electromagnetism

M When interacting with quarks, the Z boson does not change the quark flavour
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

M As in the case of the gluons (but not the photons), the Z boson is charged under the
weak charges, and therefore can interact with itself. It is electrically neutral so it
cannot interact via electromagnetism

M When interacting with quarks, the Z boson does not change the quark flavour

M In weak interaction processes mediated by the Z boson, the flavour quantum
numbers (strangeness, charmness, botomness) are always conserved quantities
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The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

In diagrams involving quarks and charged leptons, and where the photon mediates
the interaction, one can replace the photon by a Zboson

ut +um - et + e
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The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

In diagrams involving quarks and charged leptons, and where the photon mediates
the interaction, one can replace the photon by a Zboson

pt+puT o> et + e
u e”

. e
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The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

In diagrams involving quarks and charged leptons, and where the photon mediates
the interaction, one can replace the photon by a Zboson

pt+puT o> et + e
u e”

Z()

. e

Juan Rojo 30 Introduction to Elementary Particles, 15/01/2019



The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

The Zboson also mediates processes involving neutrinos

pt+puT - v, + 0,

Z()

H Ve
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The weak boson Z

We can now summarise the weak interaction vertices involving the Zboson

with quarks
u+ia—->2% d+d->2° s+5->2° ...
u+272->u, d+272°->d, s+272° - s,...

V5S> u+a, Z°>d+d, Z°-> s+35,...
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The weak boson Z

We can now summarise the weak interaction vertices involving the Zboson

with quarks
u+ia—->2% d+d->2° s+5->2° ...

u+272->u, d+272°->d, s+272° - s,...

V5S> u+a, Z°>d+d, Z°-> s+35,...

with leptons

et +e 27 utr+u -2 v+, - 2% ..

e
e~ +2Z e, v,+Z2 >y, T+2° >t ...
7Y 5 em+et, ZV 5 7t + 7, Z0—>1/M+17,...

Any allowed reaction when particles are interchanged by antiparticles is also allowed
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction

M The weak interaction is a short range form due to the masses of the W and Zbosons

136

Juan Rojo Introduction to Elementary Particles, 15/01/2019



The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction

M The weak interaction is a short range form due to the masses of the W and Zbosons

M The strength of the weak interaction is larger between quarks of the same generation than
between quarks of different generation
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction

M The weak interaction is a short range form due to the masses of the W and Zbosons

M The strength of the weak interaction is larger between quarks of the same generation than
between quarks of different generation

M From the point of view of the interactions with leptons and charged quarks, the Z boson
behaves as it it was a heavy photon
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving quarks and W bosons will be:

u+W- =d, u+W —=s, d+WHT—=u, s+WT —=u,
u+Wt—=d, a+Wt—35, d+W —ua, 5+W —a,
Wt —su+d, WT—>u+s5, W —sd+u, W —s+u,

1 Electric charge is always conserved

M You can always replace a given quark by the corresponding quark of a different
generation: for example a down antiquark by a strange antiquark

4 If a given reaction is allowed, the corresponding reaction involving the antiparticles is
also physically allowed

u+Wr—-s = u+W >3
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The weak boson W

Taking into account these properties, some of the physically allowed
reactions involving leptons and W bosons will be:

et + W™ =0, e +Wr v, v.+WTm se . v, +WT et

Wt —se"+v.,, W —e 4., et +v.—-WT, e +v, W~

1 Electric charge is always conserved

M Each interaction vertex involves a charged and a neutral lepton that belong to the
same lepton generation

M You can always replace the two leptons of a given generation for the corresponding
two leptons of another generation

[ The individual leptonic quantum numbers are always conserved in weak reactions
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The weak boson W

Draw the Feynman diagram for the following process
+ + + _ ]
Tt = ut+ oy, = (u d )
14
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The weak boson W

Draw the Feynman diagram for the following process
wt = ut + oy, 7r+=(uc7)

M We have a neutrino in the final state: the weak interaction must be involved
M Quarks and leptons only interact indirectly via either photons or W, Z bosons
M Since the electric charge is Q=+-1, then a positively charged W boson is involved

M We know what vertices are allowed involving quarks or leptons and a W boson
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The weak boson W

e)(efcise
Draw the Feynman diagram for the following process
wt = ut + oy, ﬂ+=(u67)

M u ut

W+
7T+

d
_ Vi

You can check that all relevant quantum numbers are conserved: L, B, Q, ...
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Heavy hadron decays
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W the flavour of the quarks will change

W+
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W/ the flavour of the quarks will change

W+

d

Moreover we can always replace a given quark by the
corresponding quark of a different generation
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W/ the flavour of the quarks will change

W+

b

Moreover we can always replace a given quark by the
corresponding quark of a different generation
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Weak coupling between generations

We have seen that in processes mediated by the weak gauge
boson W/ the flavour of the quarks will change

W+

b

Moreover we can always replace a given quark by the
corresponding quark of a different generation

The weak interactions mediates transitions between
quarks of different generations
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Weak coupling between generations

The strength of the weak coupling is similar between quarks of the same generation
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Weak coupling between generations

The strength of the weak coupling is similar between quarks of the same generation

Tl 4 T,
e T

The strength of the weak coupling is smaller between quarks of different generation

T, d > ’ 5 ;;”VLV% b
e e

Weak coupling between gens 1 and 2 bigger than between gens 1 and 3

U U
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Drawing Feynman diagrams

[ If the scattering reaction involves composite particles (hadrons) first of all determine their
quark decomposition making sure all guantum numbers add up consistently

M Then put at the left of the diagram the initial-state particles and at the right of the
diagram the final-state particles

[ Attempt to connect the initial and final state particles among them. Note that some
particles will not interact and will be just spectators in the reaction

[MMake sure that all interaction vertices conserve the corresponding quantum
numbers: for example, if gluons or photons are conserved, then Q, B, S, C, b, ... should
be conserved
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s Heavy hadron decays
exef

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - D~ +u* +v, B’=(db) D™ = (dc)

what is the corresponding Feynman diagram?
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Heavy hadron decays

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - D +u* +v, B’=(db) D =|(dc)

what is the corresponding Feynman diagram?

BY D~

d
b »
_|_
W+ 3
Pu
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Heavy hadron decays

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - 7=+ u* v, BY = (df?) T = (dﬁ)

what is the corresponding Feynman diagram?
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Heavy hadron decays

This hierarchy of the weak couplings between quark generations is particularly
important in order to understand the decays of hadrons that contain heavy quarks

B - 7=+ u* v, BY = (dl_a) T = (dﬁ)

what is the corresponding Feynman diagram?

BY T

d
b »
_|_
W+ 3
Pu
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Heavy hadron decays

Which of the two reactions is
most likely to take place?

Juan Rojo
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Heavy hadron decays

Which of the two reactions is
most likely to take place?

The decay into a pion is more
suppressed, since the coupling
Wub (gens 1 and 3) is smaller than
the coupling Web (gens 1 and 2)

Juan Rojo
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Heavy hadron decays

Note that some reaction processes might look very different from the outside,
but their similarities become apparent at the Feynman diagram level

0 — +
B - D™ +pu" +vy,

BY - D™ + 7

How do these two decay models relate to each other?
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Heavy hadron decays

Note that some reaction processes might look very different from the outside,
but their similarities become apparent at the Feynman diagram level

0 — +
B - D™ +pu" +vy,

BY - D™ + 7

How do these two decay models relate to each other?

BY D~ BO D~
d ) ( d d ) ( d
b - - ) b . . c
<
3 muo” 3
% °
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Heavy hadron decays

Note that some reaction processes might look very different from the outside,
but their similarities become apparent at the Feynman diagram level

0 — +
B - D™ +pu" +vy,

BY - D™ + 7

How do these two decay models relate to each other?

BY D~ BO D~
d ) ( d d ) ( d
b > > ) b . - c
<
3 muo” %
% b

These two processes have a very similar probability to happen!
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The weak boson Z
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

m, =0
m, =0
my+ = 80.385 GeV
m, = 91.1876 GeV
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

M As in the case of the gluons (but not the photons), the Z boson is charged under the
weak charges, and therefore can interact with itself. It is electrically neutral so it
cannot interact via electromagnetism

W 70 A W Y,Z

W™ 70 A W~ Y. Z
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

M As in the case of the gluons (but not the photons), the Z boson is charged under the
weak charges, and therefore can interact with itself. It is electrically neutral so it
cannot interact via electromagnetism

M When interacting with quarks, the Z boson does not change the quark flavour
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The weak boson Z

The weak interactions are mediated by three massive bosons: W+, W+, 20

The main properties of the Zbosons are:

M As opposed to the massless gluons and photons, the Z boson is very massive,
around 91 times the proton mass (similar to W/ boson)

M As in the case of the gluons (but not the photons), the Z boson is charged under the
weak charges, and therefore can interact with itself. It is electrically neutral so it
cannot interact via electromagnetism

M When interacting with quarks, the Z boson does not change the quark flavour

M In weak interaction processes mediated by the Z boson, the flavour quantum
numbers (strangeness, charmness, botomness) are always conserved quantities
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The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

In diagrams involving quarks and charged leptons, and where the photon mediates
the interaction, one can replace the photon by a Zboson

ut +um - et + e
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The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

In diagrams involving quarks and charged leptons, and where the photon mediates
the interaction, one can replace the photon by a Zboson

pt+puT o> et + e
u e”

. e
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The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

In diagrams involving quarks and charged leptons, and where the photon mediates
the interaction, one can replace the photon by a Zboson

pt+puT o> et + e
u e”

Z()

. e
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The weak boson Z

In terms of its interactions, the weak boson Zis a kind of “"heavy photon”

The Zboson also mediates processes involving neutrinos

pt+puT - v, + 0,

Z()

H Ve
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The weak boson Z

We can now summarise the weak interaction vertices involving the Zboson

with quarks
u+ia—->2% d+d->2° s+5->2° ...
u+272->u, d+272°->d, s+272° - s,...

V5S> u+a, Z°>d+d, Z°-> s+35,...
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The weak boson Z

We can now summarise the weak interaction vertices involving the Zboson

with quarks
u+ia—->2% d+d->2° s+5->2° ...

u+272->u, d+272°->d, s+272° - s,...

V5S> u+a, Z°>d+d, Z°-> s+35,...

with leptons

et +e 27 utr+u -2 v+, - 2% ..

e
e~ +2Z e, v,+Z2 >y, T+2° >t ...
7Y 5 em+et, ZV 5 7t + 7, Z0—>1/M+17,...

Any allowed reaction when particles are interchanged by antiparticles is also allowed
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction

M The weak interaction is a short range form due to the masses of the W and Zbosons
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction

M The weak interaction is a short range form due to the masses of the W and Zbosons

M The strength of the weak interaction is larger between quarks of the same generation than
between quarks of different generation
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The weak Iinteractions

Let us summarise what we have learned about the weak interactions

[ Flavour is not necessarily conserved by the weak interactions: strangeness, charmness, and
bottomness can vary in reactions mediated by the W bosons (but not by the Zboson)

M The individual leptonic numbers, electric charge, and the baryonic number are conserved in
reactions mediated by the weak interaction

M The weak interaction is a short range form due to the masses of the W and Zbosons

M The strength of the weak interaction is larger between quarks of the same generation than
between quarks of different generation

M From the point of view of the interactions with leptons and charged quarks, the Z boson
behaves as it it was a heavy photon
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