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e The Standard Model of Particle Physics: Overview
@ Kinematics
@ s channel and t channel
@ Cross section and total width
@ Description of an unstable particle
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The Standard Model of Particle Physics: Overview
on and tot:

ription of an unsf

The Course Philosophy

@ Emphasis of the course is on the phenomenology

@ We will discuss experimental aspects but more important is the
interpretation of measurements

@ In an ideal world: construct theory and apply it
@ Real (course) world: theory and application in parallel

@ Build the theory knowledge to put the experiments into
perspective

o Natural units: A =c =1 — hc = 197.3MeV - fm
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The Standard Model of Particle Physics: Overview

Matter = fermions (Spin-3
particles):

@ Electrons with two spin
orientations: L and R

Dirk Zerwas Particle Physics: The Standard Model



The Standard Model of Particle Physics: Overview

Matter = fermions (Spin-3
particles):

@ Electrons with two spin
orientations: L and R

@ Neutrinos (L) ( Ve )
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The Standard Model of Particle Physics: Overview

Matter = fermions (Spin-3
particles):
@ Electrons with two spin
orientations: L and R

7N

uL
d.

@ Neutrinos (L) ( Ve )
® Quarks Land R &
(proton=uud, Ur
neutron=udd) dr
er
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The Standard Model of Particle Physics: Overview

Matter = fermions (Spin-3
particles):
@ Electrons with two spin
orientations: L and R

N

a) (&) (&)

@ Neutrinos (L) ( Ve > ( Vi ) ( Vn )

@ Quarks L and R & HL L
(proton=uud, Ur Cr tr
neutron=udd) dr S br

@ Three families = €r IR TR
heavier copies of the
first family
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The Standard Model of Particle Physics: Overview

Interactions = bosons
(Spin—0 or —1 particles): ( U )
@ Electromagnetism:

Spin—1 massless Ve, Vi vn
(¢) (%) (%)

UR Cr tr
dr SR br
€r HR TR
v

Dirk Zerwas Particle Physics: The Standard Model



The Standard Model of Particle Physics: Overview

Interactions = bosons

(Spin-0 or —1 particles): ( UL ) ( G ) ( ! )
@ Electromagnetism: d 3 by
Spin—-1 massless Ve, Vit Un
@ Strong interaction e ML TL
(p=uud): Spin-1
massless Ur CR R
dr SR br
€r HR TR
~
g
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The Standard Model of Particle Physics: Overview

Interactions = bosons
(Spin—0 or —1 particles):
@ Electromagnetism:

N

uL
do

Spin—-1 massless Ve, Vit Un
@ Strong interaction ( e > ( ML ) ( TL )
(p=uud): Spin-1
massless SR CR E)R
@ Weak interaction: eg R TR
Spin-1 massive HR R
~y
g
W+, ze
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The Standard Model of Particle Physics: Overview

Interactions = bosons

(Spin-0 or —1 particles): ( UL ) ( G ) ( ! )
@ Electromagnetism: d 3 by
Spin—1 massless Ve, Vi vn
@ Strong interaction e ML TL
(p=uud): Spin-1
massless SR CR E)R
@ Weak interaction: eg R TR
Spin-1 massive HR R
@ Masses: Spin-0 v
massive g
W=, z°
H
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The Standard Model of Particle Physics: Overview

Properties: Electric Charge

dR SR bR

H
QH
OO OO PFPwkFwN
2
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The Standard Model of Particle Physics: Overview

Properties: Electric Charge

@ Fractional charges not 2
. 3 VR
observed in nature

@ Strong interaction:
uud, udd 0 Ve, Vi Vn
-1 e i TL

dR SR bR

H
QH
OO OO PFPwkFwN
2
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The Standard Model of Particle Physics: Overview

Properties: Color charge

@ Sum of colors (RGB) C L L t,
¢ (&) (2) (&)
® R+G+B=
(ggg=baryon) - < Ve ) < Vi ) < Vn )
@ Color+anti-color= - & HL 4
White (gg =meson) C Ur Cr ts
@ Gluon carries C dr SR br
color+anti-color — €r MR TR
@ 8 different gluons (not -~ ~
9 C+C’ g
- wt z°
— H
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The Standard Model of Particle Physics: Overview

Rule of thumb for interactions

Interaction | Carrier | Relative strength
Gravitation Graviton (G) 1040

Weak Weak Bosons (W+,Z°) | 107
Electromagnetic Photon () 102

Strong Gluon (g) 1

@ Forget about Gravitation in particle physics problems

@ The course and problem solving sessions will lead us to
understand how the model describes the interactions and their
strength.
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The Standard Model of Particle Physics: Overview

a= (Ea75§) :_'(p07plap2ap3) gNN = (15_17_17_1)

Ea-Ea — Pa:Pa = m; forp#v:g"=0
g"pup, = Mg
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The Standard Model of Particle Physics: Overview

a= (Ea75§) :_'(p07plap2ap3) gNN = (15_17_17_1)

Ea-Ea — Pa:Pa = m; forp#v:g"=0
g"pup, = Mg

Conservation of E and p

at+b=c+d

therefore
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Kinematics

The Standard Model of Particle Physics: Overview

a= (Ea75§) :_'(p07plap2ap3) gNN = (15_17_17_1)

Ea-Ea — Pa:Pa = m; forp#v:g"=0
g"pup, = Mg

Conservation of E and p Mandelstam Variables

atb=c+d atb—c+d
therefore s = (a+b)?
_ _ 2

a-c=d-b t=(@-¢)
u=(a—d)>?
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Kinematics
nnel and t chann
section and total
iption of an unstal

The Standard Model of Particle Physics: Overview

s+t+u

— 2 2 2 2
= m2+mZ+m2+mj
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Kinematics
| and t chanr
ction and total width
ption of an unstat article

The Standard Model of Particle Physics: Overview

S+t+u s = a?+b%+2-a-b

— 2 2 2 2
= m2+mZ+m2+mj
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Kinematics
and t chan
ection and total th
ription of an u ble parti

The Standard Model of Particle Physics: Overview

S+t+u s = a?+b%+2-a-b

= m2+mi+m2+m3 = m2+m:+2(Ea-Ep— PaPb)
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Kinematics
s channel and t channel
ion and total
ription of an un

The Standard Model of Particle Physics: Overview

S+t+u s = a?+b%+2-a-b

= m2+mi+m2+m3 = m2+m:+2(Ea-Ep— PaPb)

@ High energy approx
(E>m~0,E=|p|)
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nnel and t channel
s section and total width
Description of an unstable particle

The Standard Model of Particle Physics: Overview

s+t+u s = a’+b?+2-a-b
= m2+mi+m2+m3 = m2+m:+2(Ea-Ep— PaPb)
= 0 = 2(Ea-Ep —Pa-Po)

@ High energy approx
(E>m~0,E=|p|)

t = _Z(Ea'Ec_ﬁa'ﬁc)
u = *Z(Ea'Edfﬁa'ﬁd)
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Kinematics
nnel and t channel
and total width
ription of an unstable particle

The Standard Model of Particle Physics: Overview

s+t+u s = a’+b?+2-a-b
= m2+mi+m2+m3 = m2+m:+2(Ea-Ep— PaPb)
= 0 = 2(Ea-Ep —Pa-Po)

@ High energy approx
(E>m~0,E=|p|)

@ CM-frame (py = —pp)
t = _2(Ea = ﬁa : 60)
u = *Z(Ea'Ed *5a'5d)
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The Standard Model of Particle Physics: Overview

s+t+u s = a’+b?+2-a-b
= m2+mi+m2+m3 = m2+m:+2(Ea-Ep— PaPb)
= 0 = 2(Ea-Ep —Pa-Po)

. = 2(Ea-Ea+Pa-pa)
@ High energy approx
(E>m~0,E=|p|)

@ CM-frame (py = —pp)
t = —2(Ea-Ec—Pa-Pc)
u = —2(Ea-Eg—Pa-Pa)
= —2(Ea-Ec+Pa-Pec)
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el and t channel
tion and total width
of an unstable particle

S+t+u s = a’+b%*+2-a-b
= m2+mi+m2+m3 = mZ+m2+2(Ea-Ep—Pa-Pb)
= 0 = 2(Ea-Ep—Pa-Pb)

. = 2(Ea-Ea+Pa-pa)
@ High energy approx
(E>m~0,E=|p|)

@ CM-frame (Py = —pPb)
°—>Ea:Eb:Ec: t = —2(Ea'EC_6a'6c)
Ed - \[(S)/z u = *Z(Ea . Ed - 5.3 : 5(1)

= _Z(Ea -Ec + 5a : 50)
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el and t channel
tion and total width
of an unstable particle

s+t+u s = a?+b?+2-a-b
= m2+m2+m2+mj = mZ+mj+2(Ea-Ep— Pa-Pb)
_ 0 = 2(Ea-Ep—Pa-Pb)

. = 2(Ea- Ea+pa'pa)
@ High energy approx

N _ 2 2
(E>m~0,E=|p|) = 2B +E)
@ CM-frame (Py = —pPb)
°—>Ea:Eb:Ec: t = —2(Ea'EC_6a'6c)
= s)/2 Lo
d \[( )/ u = —2(Ea-Eq—pa-pg)

= _Z(Ea -Ec + 5a : 50)
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el and t channel
tion and total width
of an unstable particle

s+t+u s = a’+b?+2-a-b
= m2+mi+m2+m3 = m2+m:+2(Ea-Ep— PaPb)
= 0 = 2(Ea-Ep —Pa-Po)

. = 2(Ea-Ea+Pa-pa)
@ High energy approx

(E>m~0,E =|p) = 2B +E)
@ CM-frame (Pa = —pp) = 4EZ
°—>Ea:Eb:Ec: t = —2(Ea'EC_6a'6c)
Eq = s)/2 L
d \[( )/ u = —2(Ea-Eq—pa-pg)

= _Z(Ea -Ec + 5a : 50)
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Kinematics
and t chanr
ction and total
ption of an unstat

The Standard Model of Particle Physics: Overview

t+U = 72(2‘E3’Ec)

2 particle reaction — 2 independent variables!
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Kinematics
and t chal
ection and total
ription of an un

The Standard Model of Particle Physics: Overview

t+U = 72(2‘E3’Ec)
— _2(2-Ea-Ea)

2 particle reaction — 2 independent variables!

Dirk Zerwas Particle Physics: The Standard Model



Kinematics
and t chal
ection and total
ription of an un

The Standard Model of Particle Physics: Overview

t+U = 72(2‘E3’Ec)
— _2(2-Ea-Ea)
S+t+u = 4'Ea'Ea_4'Ea'Ea

2 particle reaction — 2 independent variables!
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Kinematics
and t chal
ection and total
ription of an un

The Standard Model of Particle Physics: Overview

t+U = 72(2‘E3’Ec)
— _2(2-Ea-Ea)
S+t+u = 4'Ea'Ea_4'Ea'Ea

2 particle reaction — 2 independent variables!
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Kinematics
and t chanr

The Standard Model of Particle Physics: Overview
ction and total
ption of an unstat

Crossing relationship

a+b—c+d
s =(a+b)?
t=(a—c)?
u=(a—d)?
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The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d
s=(a+b)? |s' =(a+c)?

t=(a—-c)> |t =(a—b)?
u=(a—d)? |u =(a—-d)?
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Kinematics

The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d

s=(a+b)? |s'=(a+c)? =(a-c)
t=(a—c)? |t'=(a—b)2 =(a+h)?
u=(a—-d)3? |u =(@-d? =(a—d)?
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Kinematics

The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d

s=(a+b)? |s'=(a+c)® =(a—c)? =t
t=(a—c)? |t'=(a—b)2 =(a+hb)? =s
u=(a—-d)? |u=(a-d? =(a-d? =u
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Kinematics

The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d

s=(a+b)? |s'=(a+c)® =(a—c)? =t
t=(a—c)? |t'=(a—b)2 =(a+hb)? =s
u=(a—-d)? |u=(a-d? =(a-d? =u

@ Calculate a process as function of s,t,u
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Kinematics

The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d

s=(a+b)? |s'=(a+c)® =(a—c)? =t
t=(a—c)? |t'=(a—b)2 =(a+hb)? =s
u=(a—-d)? |u=(a-d? =(a-d? =u

@ Calculate a process as function of s,t,u
@ Derive crossed processbys —t,t - s,u—u
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Kinematics

The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d

s=(a+b)? |s'=(a+c)® =(a-c)? =t
t=(a—c)? |t'=(a—b)2 =(a+hb)? =s
u=(a—-d)? |u=(a-d? =(a-d? =u

@ Calculate a process as function of s,t,u
@ Derive crossed processbys —t,t - s,u—u

@ We can express one process in the kinematic variables of
another process (Xcheck)
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Kinematics

The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d

s=(a+b)? |s'=(a+c)® =(a-c)? =t
t=(a—c)? |t'=(a—b)2 =(a+hb)? =s
u=(a—-d)? |u=(a-d? =(a-d? =u

@ Calculate a process as function of s,t,u
@ Derive crossed processbys —t,t - s,u—u

@ We can express one process in the kinematic variables of
another process (Xcheck)

@ Rigorous derivation s — —t
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Kinematics

The Standard Model of Particle Physics: Overview

Crossing relationship

a+b—-c+d|a+c—b+d

s=(a+b)? |s'=(a+c)® =(a-c)? =t
t=(a—c)? |t'=(a—b)2 =(a+hb)? =s
u=(a—-d)? |u=(a-d? =(a-d? =u

@ Calculate a process as function of s,t,u
@ Derive crossed processbys —t,t - s,u—u

@ We can express one process in the kinematic variables of
another process (Xcheck)

@ Rigorous derivation s — —t
Kinematics and Crossing and the - in Problem Solving
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s channel and t channel
ion and total

The Standard Model of Particle Physics: Overview

s—channel: annihiliation t—channel: scattering
eh+e =y - putpu e +tA—e +A
-
A
L
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[OEYE
s channel and t channel
ion and total

The Standard Model of Particle Physics: Overview

s—channel: annihiliation t—channel: scattering
eh+e =y - putpu e +tA—e +A
-
A
L

(CM) = (Ee +Eer)
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The Standard Model of Particle Physics: Overview

Kinematics
s channel and t channel

s—channel: annihiliation

e +e -y —putu

(CM) = (Ee +Eer)

the photon is massive (virtual)
time-like

t—channel: scattering

e +tA—-e +A
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The Standard Model of Particle Physics: Overview

Kinematics
s channel and t channel

s—channel: annihiliation

e +e -y —putu

(CM) = (Ee +Eer)

the photon is massive (virtual)
time-like

t—channel: scattering

e +tA—-e +A

e
A

.-

peI* = g, + pe;
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Kinematics
s channel and t channel

The Standard Model of Particle Physics: Overview

s—channel: annihiliation t—channel: scattering
eh+e =y - putpu e +tA—e +A
-
A
L
peI* = 04 + pe;
2
2 t - %
(CM) = (Ee +Eo)
> 0

the photon is massive (virtual)
time-like
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Kinematics
s channel and t channel

The Standard Model of Particle Physics: Overview

s—channel: annihiliation t—channel: scattering
eh+e =y - putpu e +tA—e +A
-
A
L
peI* = 04 + pe;
t = g
(CM) = (Ee +Eet)? = mZ+mi—2-p, p.
> 0 '

the photon is massive (virtual)
time-like
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The Standard Model of Particle Physics: Overview

Kinematics
s channel and t channel

s—channel: annihiliation

e +e -y —putu

(CM) = (Ee +Eer)

the photon is massive (virtual)
time-like

t—channel: scattering

e +tA—-e +A

e
A

.-
peI* = qV+pe0*
t = g

= mg+mg*2'per pe;
—2(EiEo — [pi[|Po] cos 0)
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The Standard Model of Particle Physics: Overview

Kinematics
s channel and t channel

s—channel: annihiliation

e +e -y —putu

(CM) = (Ee +Eer)

the photon is massive (virtual)
time-like

t—channel: scattering

e +tA—-e +A

e
A

.-
peI* = qV+pe0*
t = g

= mg+mg*2'per pe;
—2(EiEo — |pi|[Po cos 6)
—2E{Eq(1 — cos )

Qo
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The Standard Model of Particle Physics: Overview

Kiner CS
s channel and t channel
ction and tot:
ription

s—channel: annihiliation

e +e -y —putu

(CM) = (Ee +Eer)

the photon is massive (virtual)
time-like

t—channel: scattering

e +tA—-e +A

e
A

.-
peI* = qV+pe0*
t = g

= mg+mg*2'per pe;
—2(EiEo — |pi|[Po cos 6)
—2E{Eq(1 — cos )

0

IN QR

the photon is massive space-like
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S G el and t channel
Cross section and total width
Description of an unstable particle

The Standard Model of Particle Physics: Overview

Cross Section

@ The cross section o is the ratio of the transition rate and the flux
of incoming particles.

@ Its unit is cn?
@ 1b = 10~2*cn? (puts barn in perspective, doesn't it?)

Two ingredients:

@ the interaction transforming initial state |i) to a final state (f| of m
particles with four-vectors p;

do = IM|?
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The Standard Model of Particle Physics: Overview

Cross Section

@ The cross section o is the ratio of the transition rate and the flux
of incoming particles.

@ Its unit is cn?
@ 1b = 10~2*cn? (puts barn in perspective, doesn't it?)

Two ingredients:

@ the interaction transforming initial state |i) to a final state (f| of m
particles with four-vectors p;

@ kinematics (including Lorentz-Invariant phase space element)

1 m d3p(
do = i 2:V45(0" + . b )
g 2S5 E (27T)32Ei/0( w)*3(p1 + .- + Pm — P1 — P2)| M|

with (originating from flux) S1» = /(s — (M1 + My)2)(s — (M1 — M,)2)
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The Standard Model of Particle Physics: Overview

Total Width or Decay Rate
@ Total width is the inverse of the lifetime of the particle
@ unit: energy, e.g., GeV.
@ Closely related, but not identical to the cross section

m d3p
2E H 27T 32IE/() pl + + pm pl)‘M|2

For the decay of an unpolarized particle of mass M into two particles
(in the CM frame p; = —p5):

1 |pi

dr =352 w2

|M|2dQ

where Q is the solid angle with dQ = d¢dcos 6
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The Standard Model of Particle Physics: Overview

Cross section and total width for a final state with 2 particles

Cross section 2 — 2 reaction with four massless particles:

_ 1 MP
T 6472 s

do aq
Width of a massive particle (/s = M) decaying to two massless
particles in the final state |p;| = v/s/2:

1 M2

r =
d 6472 /s

dQ

Study of the phase space in Problem Solving with applications to
2-body and 3-body reactions.
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Kinematic

and t chanr
Crc ction and total width
Description of an unstable particle

The Standard Model of Particle Physics: Overview

@ Particles: plane waves
(X, 1) ~ exp —imot

The Standard
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Kinematic
and t chanr
Crc ction and total width

The Standard Model of Particle Physics: Overview

Description of an unstable particle

@ Particles: plane waves
(X, 1) ~ exp —imot
@ Mg — Mgy — |F/2
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Kinematic

The Standard Model of Particle Physics: Overview

and t chanr
ction and total width
Description of an unstable particle

Crc

@ Particles: plane waves
(X, 1) ~ exp —imot
@ Mg — Mgy — |F/2

N(t)
r

No - exp —t/7
1/r

Dirk Zerwas Particle Physic:
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The Standard Model of Particle Physics: Overview

Description of an unstable particle

@ Particles: plane waves
(X, 1) ~ exp —imot
@ Mg — Mgy — |F/2

N(t) = No-exp—t/r
r 1/r
Fourrier transform to momentum
space:
1
A w2
‘A|2 ~ 1
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The Standard Model of Particle Physics: Overview

nnel and t chanr
on and tot: )
of an unstable particle

@ Particles: plane waves
(X, 1) ~ exp —imot
@ Mg — Mgy — |F/2

N(t) = No-exp—t/r
r 1/r
Fourrier transform to momentum
space:
1
A w2
‘A‘Z ~ 1

I: full width half maximum

Similarity to classical mechanics:
resonance
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The Standard Model of Particle Physics: Overview

@ Particles: plane waves
(X, t) ~ exp —imot

@ my—mgp—il/2
N(t) =

No - exp —t/7
r =

1/r

Fourrier transform to momentum
space:

A ~

1
(m—mg)+il/2
‘A‘2 ~ 1

(m—mg)2+r2/4

I: full width half maximum

Similarity to classical mechanics:
resonance

Kinematics
nnel and t channel

on and total width
of an unstable particle

—_ T T T T T
E .
2 40
B
= ALEPH
=] DELPHI
L3
30k OPAL
20

measurements (error bars /
o M S S £ Y/

10 | otromfit /
..... QED corrected
——
| \ . i .
86 88 90 92 94
E.m [GeV]

lifetime too short to be measured
directly: measure mass via decay
products qq

cross section measurement
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The Standard Model of Particle Physics: Overview

on and tot: )
of an unstable particle

@ Particles: plane waves Example pp — H — vy (EW 2013)

(X, t) ~ exp —imot o -
@ mo — mo —il/2 ; F o B
N(t) = No-exp-t/r - o 3
r = 1/r i e E
Fourrier transform to momentum : - | J\
. T bty ot 43
space: P S A AL
E * e = = o m’mw[Ge ¢
1 .
A~ EomTT2 Beware: the width here has
2 1 3 ]
|Al¢ ~ (CETS e nothing to_do with ' ~ 5I\/_IeV_!
The experimental resolution is the
I": full width half maximum origin (error propagation):
Similarity to classical mechanics:
resonance my = (p1Y +p27)?
V/2EJE] (1 — cos®)
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The Standard Model of Particle Physics: Overview

an unstable particle

Suppose that we have two (and exactly two) possible decays for the
particle a:

a — b+c

a — d+e

then:
= rbc + rde

If a particle of a given mass can decay to more final states than
another one with the same mass, it will have a shorter lifetime

Branching ratio

The branching ratio: Of N decays of particle a, a fraction B will be the
final state with the particles b and c. Iy is a partial width of particle a.

Remember: for the calculation I ALL final states (partial widths) have
to be considered.
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nnel and t chanr
on and tot: )
of an unstable particle

The Standard Model of Particle Physics: Overview

What do we know?

@ Names of particles

@ Kinematic description of interactions

@ Defintion of cross section and decay width
What is next?

@ Electromagnetic interactions (QED)

@ Strong interaction (QCD)

@ Electroweak interactions
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