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Lecture 2

Collider kinematics

QCD Lagrangian



Kinematical variables at hadhon colliders

The variables that we use ate
suggested / constrained by the geometry
of the machine /detectors

pp beams collide head - on at the
center of cylindrical detectors
(except LHCS

,
beam on fixed target

in order to boost the collision

frame and have longer decay lengths)

T.EE5 É

- we detect particles on the surface of
a cylinder

- we cannot look down the beam

pipe ,
so we privilege " transverse"

quantities



We start by defining a polar
angle 0

F-
#

P

and an azimuthal angle of

4

We often measure transverse energy

E- ± E-sin @

or a transverse momentum /ÑI
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jet
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later



We write the momenta of the

incoming protons as

Pa = ¥ ( 1
,
o
,
o
, 1) PB= ¥4,994

and of course (Pat ppj-zpa.jp = s
centre- of-
mass

energy
squared .

We also anticipate that what collides
are constituents of the photons
with momenta

Pa = ×
, PA B. = ✗ZPB

so the an energy of the collision is in fact

ri-F.PE. =FÉÉ=FE

An outgoing momentum pm can

be written as

p^= (E, IF /since cosy ,lp-lsiuosiuylpla.sc/-.....Py=Pz
with e-

'

= pit Pi + m2



We introduce

Transverse mass my =TÉtmÑ
and

Rapidity y
= { log

⇐ +RE
- Pz

and also s=EhgI÷Y¥¥p¥=E↳s¥¥.
= f- log

E-+ Pz
in;
- hog

One can show that one can

rewrite

PM __ Cntcoshg , Easy, Ptsincgmtsihhy)
e- I

[see explicit calculation in next page]
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Also
,

e
"

=É+÷+= i
= CÉp÷

=D es = ¥÷p
,

=p e-
•
= %-

=D MT e
"
= Et Pt MT e

"
= Et Pt

mtés = E- P+ /+ urtés = E-Palm
, ( est e-b) = ZE miles- e-b) = Zpy

¥
E-- in
,e" B- = e÷→

- mtcoshy = lntsinhy ⑤



why rapidity ?
When ×

,
=/ Xz

,
the centre of mass

of the collision is booked with

respect to the centre of mass

of the pp system .

Rapidity has the property that it
transforms additively under a
boost :

y
'
= ytw

=D Oy = S, -92=051 invariant



Proof

Boost in positive 2- direction of
'
frame

Lorentz transformation

(
E
'

Pz
' / = (

& -132
-por r / (E)B-{

Pt
'
= PT

and one can Henrik the Lorentz
transf

.
as

✗ = coshw

tp
-
- Sinha (t=¥pz)

=D E
'

= RE - ptpz =

=@shut E- (siuhufpz
=@shufmtcoshg - fsiuhufuysinhg
= mtfoshwaoshg - sinhwsinhy )
=m+ash(g - w)

and pf=mt(sinhycoshw - coshysiuhw)
=uysinh(y - w )



=D the boosted momentum

pm '=(mtcoshfy-4 , ÑT , ufsinhfg-4)
corresponds, as said,

to a rapidity
y
- w

.

Rapidity is useful because we can use

it to rewrite the losentt - invariant

phase space

d"p8t(p'- my = 1¥ = tzdifidydy

One can show that
,
in the C. a. frame of

a collision
,

⑨am )ua . = hog (E)
For the LHC

,
05=14 Ter

,

and 1 Ger

particle ( typical hddhohl
,
( Tcu) nae - 9

In practice , less , because not all the energy
of the machine goes

into the collision



Pseudorapidity y
For a massless particle, in =D, we here

in
,-
= Fifi = PT and E- 151

=D E = Ptcoshy and Pz = Ptsinhy
=D E- + Pz = PT (coshytsinhy)= Ptéd

This means that
,
for mao

,

g- hog =

IPYFK.lt?!Iso--logs+I-s0=hgltaosoF-aso
It SO

=bs☒so,ÉT
= log _¥= log 2•sF

Zsiuoz

= - hogtg%=y



Pseudorapidity is a purely geometrical
variable

.

It has no special boost property,
but it can be used to locate

particles on the detector cylinder .

"central events
" (12--0) correspond

to ye o ( i. e. D= Is = go)

" Forward events "

have large y
(at the LHC the main components
of a detector typically go until

y = 2-3 ,
i. e. D= 5° -15°)



When E-→ em
,
one can use pseudorap .

(easily pinpointed in the detector )
to approximate the rapidity of a
particle , ye y , while the measurement
of y requires the knowledge of
both E and Pz

For massive particles
,

then is a Jacobian

between rapidity and pseudorapidity
distributions

IF = 1- mF¥i ÷

- ¥y
¥



QCD

With
a better drawing (from Gavin

Salam ) we depict the QCD shells

as
C

final
state

hard

interaction
initial
state

we shall describe QCD tools and

techniques to address these
three stages (which are not

fully independent/ independently
defined /
Note however that we shall concentrate
on the perturbative parts of
the description

→ won't talk about underlying
event or hadNuits Eon



“We are driven to the conclusion that the Hamiltonian method for 
strong interactions is dead and must be buried, although of course 
with deserved honor”

“The correct theory [of strong interactions] will not be found 
in the next hundred years”

Also note that the fact that
we can calculate anything at
all in strong interactions should
not be underestimated !

In the 150s /
'

60s :

Lev Landau

Freeman Dyson

The fact that today we have QCD

and can calculated at least some
selected observables with an 06%1
accuracy is nothing short of
a huge achieved in HEP



what is QCD ?

It is a non-abelian local gauge theory,
with Walter fermions in the
fundamental teptesentatiou of the
SUCH hour

.

group ( the quarks )
and eight gauge fields [ the

gluons ) in the adjoint teptesentation

The lagrangian is invariant under
the 6cal gauge transformations

4s → 4a=ei°%)tÉb 4g
Ait- Ait'g+t(qo%HÉ+i[E,t☐)o%1Aj
The tab matrices are the 8 generators
of the fundamental representation of the su(3) group

→
index of the adjoint

will try to representation, 1 . --8
use upper case

for adj . rep . t
and lowercase indices of the fundaments /
for fund . up . teptetentatioh , I - . - 3



The group is defined by the Lie

algebra of its generators :

⇐A ,tB]=ifÉ
↳ structure
constants

the (conventional ) normalisation of
the generators is such that

Tr(tAtB)=tzfAB=TpgAB

=D Et = -1¥
This also fixes theft" (or vice versa )



The QCD Lagrangian is
similar to QED

,
but with crucial

differences

L
*☐

= I(iX- m) 4- ÷FµF
"
- EIKAmy

with Eno =@to - IF

Laci>⇒ I:(it -milk. - I,IiF
""-f¥gEkA%É4iflavours

with Ii = IAI -qtr + gfctBAJA?
and f-

A"
are the structure constants

of the Lie group defined by the
commutation rules of its generators

Note that the generator matrix tab acts
onto the colour indices of a fermion :

É%= E)abhi = (: : : ) ( ! )
& I

colour B

index flavour
index



What are the differences with QED ?

Expanding the QCD lagrangian we get


