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How do we make elementary particles ? F- =me plus am :

if you have enough energy
, anything that ← happen ,

WILL happen , unless forbidden by conservation laws

For example, collide electrons and positrons?
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If each bean has energy II , then the center -of-mass

energy is Ei we can creak particles with total mass

up to E Lwith total charge , lepton number, and baryon number 0) .

QM ( really QFT ) tells us the probability of making a
given set of final-state particles. In particle physics we
call this the matinee Mi→f , and next week we
will see how to calculate it for some specific
processes .

Cross-sections

parameterize interaction stream using something with units of area
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number of scattered particles
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IF we have two colliding beans with cross-sectional area A and length l
,

scattering rate = eII = nanBAllva-vr.to =L on



I
L is the luminosity and parametrizes the flux of incoming particles.

0 is the scattering cross section which parametrizes the interaction strength
.

na , npg are the number densities of particles A and B in the beans
.

Iva - vpd is the relative velocity of the two Gears. If the beans

are relativistic (vail, vp,≈l ), this factor is Ira
- v☐1=2 . Despite

appearances, this does not violate the velocity addition rule :

it's formally defined as the "
Moller velocity

" and ensures the

scattering rate is Lorentz- invariant with respect to boosts

along the beam axis . (see Peskin & Schroeder Sec. 4.5 if you're curious.)

Fermi 's Golden Rule relates 0 to Mi

1- {Misfit -11 12TH /ptp - Ép;)%→F =
(2Ea)(ZEB) /ra - vpsl ↑ \
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probabilities sum over final 4-momentum

from relativistic are squares conservation
normalization of of amplitude,

states: Lorentz-

initial and final invariant phase
states space

Note that 0 is not Lorentz - invariant
,
but transforms like

an area : Lorentz- inert
.
for boosts along beam axis

.
This is

the key observable predicted by QFT : "
effective area " of

beans of particles A and B, taking into account the fact

that some collisions are rarer than others .

Units : o is usually given in [SI prefix] ✗ barns
,
where

I barn = to-24cm
'

Luminosity is usually quoted in [ prefix × barns ] -11s
,
so for example

,

a process with 0=1 Fb = 10-15 barns at the LHC ([ ~ Ipb
_ '

is)

has a rate R=Lo= 10
-% . Intdlit> is Sadf.



How do we detect elementary particles? [
Two steps ! measure an energy and/or momentum and then

identify the particle by its mass and electric charge
.

Cross-sectional viewof the ATLAS defector :

total
→

number

of photons
proportional
to

particle→
enemy

\ strips of silicon : charged
particles deposit small amounts
of energy in each pixel,
can leave tracks
-

Entire detector is immersed in a magnetic field

(out of the page in inner region) : measure momentum and chose by
curvature radius
-

R ≈ 3m × Pt[GeI
Q IBI [T]

protons, muons
,
electrons distinguished by where the track stops.



Detector coordinates and kinematics : &

2

interaction point

Basically spherical coordinates, but instead of ⊖
,
use

pseudorapidit y =
- Intan E

µy ,,
Why this funny variable ? 2 record

reasons :

• particle production is roughly
uniform in

my
• behaves nicely under boosts
for massless particles
(Lorkoski 5. 3)

Hard to detect particles which
go very close to bean

direction (how do
you avoid the bean? )

.

As a result
,
often

use transverse now Pt = TpFÑ = Fpi .
Since all 3 components of spatial momentum must be conserved

,

can infer existence of invisible particles from imbalance in
pi.
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i [ must be an invisible
a particle w/pI > ◦



Iphase space
-

To compute cross sections
,

we need to sun over all final states

⇒ integrate over all f-momenta consistent w/ Poincaré
invariance

Translation invariance ⇒ 4-momentum conservation (Noether 's
Theorem )

For a process Pa + pp → p, + put - - - Pn
,

/dTh= /{¥
,
4%1%2-11 Npi-mi) 0-4:)) bait"' /paths - Ép;)

F- 1

The 2T's are conventionally attached to din but they do
matter - don't forget them !

This is manifestly Lorentz - invariant because the E-functions enforce
p-=Ñ for each final-state particle , and patpp - Ép; = 0

i =L( the zero 4-recto- is also Lorentz- invariant)
.

We can perform the p° integral for each i
, using

OCP
,

?-ni )= flip ;5 - pi- m;-) and

[( FCA ) = §¥g,,F(× - × :?) where ×? we roots off killed ↳ -0Cpi)

⇒ Rpi-ni)=zp¥rftp.?-ipiF-i)+dTp-i#-i-E ) )
⇒ Gdp?

ftp.?-mi4o-(pio)f(pi)--z%FCEi)w/Ei--TpF-ni--7fdTn--f{ ¥
, d¥¥¥aYF" /Patris - Épi )

p? = E ; no longer an
integration variable
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For 2-particle phase space , can do most of the L

integrals. LHW it. 3-particle phase space ? Consider the process
p , t pm→ Pst pp (relabeling to match Schwartz 5.1 )
in the cute -of-ness Frane where p, the = (Eon

,

J )
.

in
--
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Katrin-n- n - pal
use ftp.tp-p-p-g ) = 578 - PT -pI ) to do d're integral :
sets pipe - PT .

Then
,
write d3pz= p5dp,dr , wheredr is

the differential solid angle for Fg in spherical coordinates.
Collecting the 2h's and relabeling P3= Pf

f changed sign , fo- convenience:
ditz -- 1¥ drfdppPI TCEstey - Eon ) NN 're-x )

Ezer
were Ez -- Fini

, Ey -- Etf .

Change variables pf → *(pp )
= Ez (pp) t Eplpf ) - Ecm

main : ¥. .. it ;÷.÷E÷_r÷: ' me.
f-function enforces E

,
t Eg = Ecm

,
so

da
.

-

- Iad?!÷÷!¥÷r" -- stands '

often
- n
.
-nd

enforces 0Wwhere IFI t is the solution to Xlpf ) -- O energy threshold condition
( usually easier to use Lorentz dotproduct tricks) from earlier


