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The purpose of collider physics is to test theoretical 
predictions experimentally in a controllable environment

Theory Experiment

Collider 
(Accelerator/Detector)

Interpretation

• QFT
• Lagrangian
• Models:

- SM
- SUSY
- E-Dim
- ...

• Measurement of 
properties 
physical objects

- momentum
- energy
- angles
- ...

• Assess systematic 
uncertainties

• Signal/Background

• Statistics
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High-energy colliders of the past, present and future (?)
Collider Site Initial State Energy Discovery / Target

SPEAR SLAC 4 GeV charm quark,     
tau lepton

PETRA DESY 38 GeV gluon

SppS CERN 600 GeV W, Z bosons

LEP CERN 210 GeV SM: elw and QCD 

SLC SLAC 90 GeV elw SM

HERA DESY 320 GeV quark/gluon 
structure of proton

Tevatron FNAL 2 TeV top quark

BaBar / Belle SLAC / KEK 10 GeV quark mix / CP 
violation

LHC CERN 7/8/14 TeV Higgs boson, elw. 
sb, New Physics

ILC > 200 GeV hi. res of elw sb / 
Higgs couplings

CLIC 3 - 5 TeV hi. res of elw sb / 
Higgs couplings

VLHC 200 TeV disc. multi-TeV 
physics
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Physics ratio for collider facilities
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production in 2-particle collisions:

fixed target: before after

root increase in M

- root    law: large energy loss in 
- dense target: large collision rate / luminosity
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collider target: before after

- linear    law: no energy loss 
- less dense bunches: small collision rates
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Collider characteristics
Energy:

Luminosity:

ranges from a few GeV to several TeV (LHC)

High Luminosity : N↑  collide many particles,    A↓  squeezed in small bunches

LHC 1.15 x 1011 protons, nb  = 2808    (  f↑ crossings at 25 ns intervals)  

Beams squeezed using strong 

large aperture quadrupoles

around the interaction points

from ~ 0.2 mm to

σx = σy = 17 µm

Rare new processes, like Higgs production can have very small cross section, 

like  1fb = 10-39cm2 .     LHC designed for very high Luminosity  L = 1034 cm-2s-1

Event rate for such rare processes :   ~ 1 new particle every 28h.

Instead pp σtot ≈ 0.1 barn  30 / crossing

< ! >
arc

= 80 m !IP = 0.5 m

20

Event rate for process with cross section σ

Luminosity from bunch 

crossings at frequency f = frev nb 

for Gaussian bunches with rms sizes  σx σy    A = 4 π σx σy 

n !

N1N2 f

A

Interaction

region

Bunch 1 Bunch 2

N1 N2Effective area Ameasures the rate of particles in colliding bunches
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number of particles in bunches

transverse bunch area

bunch collision rate
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observed rate for process with cross section 
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LHC (at moment):

circular vs linear collider:

LHC (targeted):

charged particles in circular motion: permanently accelerated towards 
center -> emitting photons as synchrotron light
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in 3 years

- large loss of energy [hypothetical TeV collider at LEP:            per turn]
- no-more sharp initial state energy
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Connecting Theory and experiment:
Scattering processes at hadron colliders

Master formula: 

General process at proton-proton collider
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where the partonic cross section is calculated by

[flux factor] x [phase space (LiPS)] [squared matrixelement]x
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Crucial pieces for the calculation of the hadronic cross section are the parton 
distribution functions       and the squared matrix element
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Connecting Theory and experiment:
Scattering processes at hadron colliders

General process at proton-proton collider
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where the partonic cross section is calculated by

[flux factor] x [phase space (LiPS)] [squared matrixelement]x
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Crucial pieces for the calculation of the hadronic cross section are the parton 
distribution functions       and the squared matrix element
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Master formula: 
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Pictorial description:

More detailed discussion of master formula
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More detailed discussion of master formula

A = (193)

f = (194)
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a = b = q/g (209)
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14

Partonic cross section    :     

Partons (e.g. quarks) of incoming hadrons (e.g. protons) interact at short 
distance (large momentum transfer). Example Drell-Yan process:

A = (193)
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14
calculable with perturbation theory in powers of
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⇥
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NLO contributions are important for precision

More detailed discussion of master formula

Figure 3: The CMS rapidity distribution of an on-shell Z boson at the LHC. The LO, NLO, and
NNLO results have been included. The bands indicate the variation of the renormalization and
factorization scales in the range MZ/2 ≤ µ ≤ 2MZ.

range used in the rest of the paper, µF = µR = µ and M/2 < µ < 2M , provides a good

guide to the perturbative uncertainty remaining from the terms beyond NNLO.

In Fig. 5 we present the rapidity distribution for on-shell Z production at Run II of

the Tevatron. The scale variation is unnaturally small at LO; it is 3% at central rapidities,

and varies from 0.1% to 5% from Y = 1 to Y = 2. This occurs because the direction of

the scale variation reverses within the range of µ considered, i.e., dσLO/dµ = 0 for a value

of µ which satisifes MZ/2 ≤ µ ≤ 2MZ . This value of µ depends upon rapidity, leading to

scale dependences which vary strongly with Y . The scale variation exhibits a more proper

behavior at NLO, starting at 3% at central rapidities and increasing to 5–6% at Y = 2.5.

At NNLO the scale dependence is drastically reduced, as at the LHC, and remains below

1% for all relevant rapidity values. The magnitude of the higher-order corrections is slightly

larger at the Tevatron than at the LHC. The NLO prediction is higher than the LO result

by nearly 45% at central rapidities; this shift decreases to 30% at Y = 1.5 and to 15% at

Y = 2.5. The NNLO corrections further increase the NLO prediction by 3–5% over the

rapidity range Y ≤ 2.

This remarkable stability of the rapidity distribution with respect to scale variation

cannot be attributed to the smallness of the NNLO QCD corrections to the partonic cross

– 29 –

Figure 3: The CMS rapidity distribution of an on-shell Z boson at the LHC. The LO, NLO, and
NNLO results have been included. The bands indicate the variation of the renormalization and
factorization scales in the range MZ/2 ≤ µ ≤ 2MZ.

range used in the rest of the paper, µF = µR = µ and M/2 < µ < 2M , provides a good

guide to the perturbative uncertainty remaining from the terms beyond NNLO.

In Fig. 5 we present the rapidity distribution for on-shell Z production at Run II of

the Tevatron. The scale variation is unnaturally small at LO; it is 3% at central rapidities,

and varies from 0.1% to 5% from Y = 1 to Y = 2. This occurs because the direction of

the scale variation reverses within the range of µ considered, i.e., dσLO/dµ = 0 for a value

of µ which satisifes MZ/2 ≤ µ ≤ 2MZ . This value of µ depends upon rapidity, leading to

scale dependences which vary strongly with Y . The scale variation exhibits a more proper

behavior at NLO, starting at 3% at central rapidities and increasing to 5–6% at Y = 2.5.

At NNLO the scale dependence is drastically reduced, as at the LHC, and remains below

1% for all relevant rapidity values. The magnitude of the higher-order corrections is slightly

larger at the Tevatron than at the LHC. The NLO prediction is higher than the LO result

by nearly 45% at central rapidities; this shift decreases to 30% at Y = 1.5 and to 15% at

Y = 2.5. The NNLO corrections further increase the NLO prediction by 3–5% over the

rapidity range Y ≤ 2.

This remarkable stability of the rapidity distribution with respect to scale variation

cannot be attributed to the smallness of the NNLO QCD corrections to the partonic cross

– 29 –

• NLO-K-factor is ratio between LO and NLO

• Higher-Order corrections important for phenomenology at colliders
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The NLO matrix element is 
formally        in pert. expansion:

↵s(Q
2

) ' ↵s(Q
2

1

)



1 + �
0

↵s(Q
2

1

) ln

Q2

1

Q2

+ · · ·
�

(266)

�LO
(Q2

) = ↵n
s (Q

2

)�(0) ⇠ ↵n
s (Q

2

1

)�(0)

+O(↵2

s) (267)

�LO
(Q2

) ⇠ ↵n
s (?)�

(0) (268)

↵n+1

s (269)
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Introduction QCD processes QCD radiation Jets

Higher-order corrections

Anatomy of HO calculations: Virtual and real corrections

NLO corrections: O(αs)
Virtual corrections = extra loops
Real corrections = extra legs

UV-divergences in virtual graphs → renormalization

But also: IR-divergences in real & virtual contributions
Must cancel each other, non-trivial to see:
N vs. N + 1 particle FS, divergence in PS vs. loop

F. Krauss IPPP

Phenomenology at collider experiments [Part 1: QCD]

γ, Z,W

q̄′

q

l

l̄′

p

p

g

virtual correction:

γ, Z,W
q̄′

q

l

l̄′

p

p
g

real correction:

UV divergences
soft/coll. divergences

soft divergences
collinear divergences

UV divergences: renormalization

all soft and coll. final state divergences:
(KLN theorem) cancel between virtual 

and real corrections

coll. initial state divergences:
absorbed in pdfs

More detailed discussion of master formula

X

a=q,q̄,g

Z

1

0

dx xfa/p(x,Q
2

0

) = 1 (281)

pp ! H +X ! �� +X (282)

pp ! H +X ! ZZ⇤
+X ! l+l�l0+l0� +X (283)

pp ! H +X ! WW ⇤
+X ! l+⌫̄l0�⌫0 +X (284)

� ⇥BR(mH = 125 GeV) ' 0.04 pb (285)

�R < 0.4 (286)

S/
p
B � 5.0 (287)

L = 6.4 · 1033cm�2

s

�1 (288)

|MB +MV +MR|2 = M2

B + 2Re(MBM⇤
V ) +M2

R +O(↵2

s) (289)
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Closer look at structure of radiative corrections:
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“soft singularity”
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# > 10 (327)

O(10

5 � 10

6

) (328)

0

+ (329)

0

� (330)

1

� (331)

1

+ (332)

mll < 50 GeV (333)

v̄B�
µ p/A � p/�
(pA � p�)2

�⌫uA✏⌫(p�)Jµ (334)

pA = (E, 0, 0, E) (335)

p� =

✓

zE, ~p?,
q

(zE)

2 � ~p2?

◆

(336)

(pA � p�)
2

= �2pAp� = �2zE2

 

1�
s

1� ~p2?
(zE)

2

!

(337)

M ! 1 (338)

z ! 0 (339)

|~p?| ! 0 (340)

23

“collinear singularity”
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• photons/gluons emitted at small angle unresolvable 
• photons/gluons emitted with small energy unobservable

Define energy scale Q:

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

24

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

24

- observe

- observe

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

24

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

24

factorization:

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

24

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

24

x process

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

d�
2!3

⇠ d⇧�

✓

z

p2?

◆

2

X

s

|M(e ! e�)|2 · |M
2!2

(ŝ = (1� z)s)|2d⇧
1

d⇧
2

1

2ŝ
(348)

24

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

d�
2!3

⇠ d⇧�

✓

z

p2?

◆

2

X

s

|M(e ! e�)|2 · |M
2!2

(ŝ = (1� z)s)|2d⇧
1

d⇧
2

1

2ŝ
(348)

4e2p2?
z(1� z)



1 + (1� z)2

z

�

(349)

24

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

d�
2!3

⇠ d⇧�

✓

z

p2?

◆

2

X

s

|M(e ! e�)|2 · |M
2!2

(ŝ = (1� z)s)|2d⇧
1

d⇧
2

1

2ŝ
(348)

4e2p2?
z(1� z)



1 + (1� z)2

z

�

(349)

d⇧� =

d3p�
(2⇡)3

1

2E�
=

p?dp?dz

8⇡2z
(350)

24

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

d�
2!3

⇠ d⇧�

✓

z

p2?

◆

2

X

s

|M(e ! e�)|2 · |M
2!2

(ŝ = (1� z)s)|2d⇧
1

d⇧
2

1

2ŝ
(348)

4e2p2?
z(1� z)



1 + (1� z)2

z

�

(349)

d⇧� =

d3p�
(2⇡)3

1

2E�
=

p?dp?dz

8⇡2z
(350)

d�LO
2!2

(ŝ) (351)

24

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + (1 or 0 logs) (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
(354)

d

dQ
(�

2!2

+ �
2!3

) = 0 (355)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(356)

pT , g < Q (357)

pT , g > Q (358)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (359)

�(X) + �(X + jet) = �LO(X)

⇣

1 + c
↵

⇡

⌘

(360)

pp ! Z + j (361)

Q ⇠ 10 GeV (362)

↵s

⇡
log

2

M2

Z

Q2

⇠ 1 (363)

(pA � p�)
2 ! 0 =) p/A � p/� '

X

s

us(pA � p�)ūs(pA � p�) (364)

25

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + (1 or 0 logs) (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
(354)

d

dQ
(�

2!2

+ �
2!3

) = 0 (355)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(356)

pT , g < Q (357)

pT , g > Q (358)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (359)

�(X) + �(X + jet) = �LO(X)

⇣

1 + c
↵

⇡

⌘

(360)

pp ! Z + j (361)

Q ⇠ 10 GeV (362)

↵s

⇡
log

2

M2

Z

Q2

⇠ 1 (363)

(pA � p�)
2 ! 0 =) p/A � p/� '

X

s

us(pA � p�)ūs(pA � p�) (364)

(pA � p�)
2 ' �p2?

z
(365)

25

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs�
⌫uA✏⌫(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

d�
2!3

⇠ d⇧�

✓

z

p2?

◆

2

X

s

|M(e ! e�)|2 · |M
2!2

(ŝ = (1� z)s)|2d⇧
1

d⇧
2

1

2ŝ
(348)

4e2p2?
z(1� z)



1 + (1� z)2

z

�

(349)

d⇧� =

d3p�
(2⇡)3

1

2E�
=

p?dp?dz

8⇡2z
(350)

d�LO
2!2

(ŝ) (351)

�
2!3

⇠
Z

1

z
min

dz

z

Z ⇠E

Q

p?dp?
8⇡2

(1� z)

✓

z

p2?

◆

2

4e2p2?
z(1� z)



1 + (1� z)2

z

�

�LO
2!2

(ŝ)

zmin =

Q

E
(352)

24

[Peskin, Schroeder]
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z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

d�
2!3

⇠ d⇧�

✓

z

p2?

◆

2

X

s

|M(e ! e�)|2 · |M
2!2

(ŝ = (1� z)s)|2d⇧
1

d⇧
2

1

2ŝ
(348)

4e2p2?
z(1� z)



1 + (1� z)2

z

�

(349)

d⇧� =

d3p�
(2⇡)3

1

2E�
=

p?dp?dz

8⇡2z
(350)

d�LO
2!2

(ŝ) (351)

�
2!3

⇠
Z

1

z
min

dz

z

Z ⇠E

Q

p?dpperp

8⇡2

(1� z)

✓

z

p2?

◆

2

4e2p2?
z(1� z)



1 + (1� z)2

z

�

�LO
2!2

(ŝ)

zmin =

Q

E
(352)

24

“Sudakov double log”

z ! 0 (339)

|~p?| ! 0 (340)

p? > Q (341)

p? < Q (342)

2 ! 3 (343)

2 ! 2 (344)

M ⇠ � z

p2?

X

s

[ūs(pA � p�)�
⌫uA✏µ(p�)] · M(pA � p� , pB ! p

1

, p
2

) (345)

e ! e� (346)

2 ! 2 (347)

d�
2!3

⇠ d⇧�

✓

z

p2?

◆

2

X

s

|M(e ! e�)|2 · |M
2!2

(ŝ = (1� z)s)|2d⇧
1

d⇧
2

1

2ŝ
(348)

4e2p2?
z(1� z)



1 + (1� z)2

z

�

(349)

d⇧� =

d3p�
(2⇡)3

1

2E�
=

p?dp?dz

8⇡2z
(350)

d�LO
2!2

(ŝ) (351)

�
2!3

⇠
Z

1

z
min

dz

z

Z ⇠E

Q

p?dp?
8⇡2

(1� z)

✓

z

p2?

◆

2

4e2p2?
z(1� z)



1 + (1� z)2

z

�

�LO
2!2

(ŝ)

zmin =

Q

E
(352)

24

In QCD:

For final state with invariant mass M(X)

exclusive: 

inclusive: 

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + (1 or 0 logs) (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
(354)

d

dQ
(�

2!2

+ �
2!3

) = 0 (355)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(356)

pT , g < Q (357)

pT , g > Q (358)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (359)

25

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + (1 or 0 logs) (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
(354)

d

dQ
(�

2!2

+ �
2!3

) = 0 (355)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(356)

pT , g < Q (357)

pT , g > Q (358)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (359)

�(X) + �(X + jet) = �LO(X)

⇣

1 + c
↵

⇡

⌘

(360)

25

(no uncanceled logs)

Example               :

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + (1 or 0 logs) (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
(354)

d

dQ
(�

2!2

+ �
2!3

) = 0 (355)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(356)

pT , g < Q (357)

pT , g > Q (358)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (359)

�(X) + �(X + jet) = �LO(X)

⇣

1 + c
↵

⇡

⌘

(360)

pp ! Z + j (361)

25

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + (1 or 0 logs) (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
(354)

d

dQ
(�

2!2

+ �
2!3

) = 0 (355)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(356)

pT , g < Q (357)

pT , g > Q (358)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (359)

�(X) + �(X + jet) = �LO(X)

⇣

1 + c
↵

⇡

⌘

(360)

pp ! Z + j (361)

↵s

⇡
log

2

M2

Z

Q2

⇠ 1 (362)

25

for

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + (1 or 0 logs) (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
(354)

d

dQ
(�

2!2

+ �
2!3

) = 0 (355)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(356)

pT , g < Q (357)

pT , g > Q (358)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (359)

�(X) + �(X + jet) = �LO(X)

⇣

1 + c
↵

⇡

⌘

(360)

pp ! Z + j (361)

Q ⇠ 10 GeV (362)

↵s

⇡
log

2

M2

Z

Q2

⇠ 1 (363)

25

Z prod. typically accompanied with 10 GeV jets

⇠ 2

⇡
log

2

p
s

Q
�LO
2!2

(s) + · · · (353)

�
2!2

=

Z

1

0

dz

z

Z Q

0

dp?
p?

(· · · )�LO
2!2

(ŝ) =

Z

1

0

dz
↵

2⇡



1 + (1� z)2

z

�

log

Q

me
�LO
2!2

(ŝ = s(1� z))

d

dQ
(�

2!2

+ �
2!3

) = 0 (354)

�
2!2+n� = �LO

2!2

⇣

1 + c
↵

⇡
+ · · ·

⌘

(355)

pT , g < Q (356)

pT , g > Q (357)

�(X + jet, pT,j > Q) ' ↵

⇡
log

2

M(X)

Q
�LO(X without jet) (358)

�(X) + �(X + jet) = �LO(X)

⇣

1 + c
↵

⇡

⌘

(359)

pp ! Z + j (360)

Q ⇠ 10 GeV (361)

↵s

⇡
log

2

M2

Z

Q2

⇠ 1 (362)

(pA � p�)
2 ! 0 =) p/A � p/� '

X

s

us(pA � p�)ūs(pA � p�) (363)

(pA � p�)
2 ' �p2?

z
(364)

R = (�1)

3(B�L)+2S (365)

25



(jet)>40GeV)
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 Njets (P*
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C
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ATLAS

# of Jets in pp -> Z -> e+e-/mu+mu-
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Factorization theorem of QCD
Partonic cross sections have collinear 
divergences associated with the hadronic initial 
state, which factor ize universally (i.e. 
independent of the process) from the hard 
scattering process and can be absorbed in the 
renormalized parton densities of the initial 
state. These renormalized parton densities are 
solutions of the  DGLAP equations.

More detailed discussion of master formula

Parton distribution functions (pdf)

A = B = p (208)

a = b = q/g (209)

�̂ (210)

�̂(qq̄ ! l+l�) (211)

fa/A(x1

, µ2

F ) (212)

15

A = B = p (208)

a = b = q/g (209)

�̂ (210)

�̂(qq̄ ! l+l�) (211)

fa/A(x1

, µ2

F ) (212)

fb/B(x2

, µ2

F ) (213)

15

A = B = p (208)

a = b = q/g (209)

�̂ (210)

�̂(qq̄ ! l+l�) (211)

fa/A(x1

, µ2

F ) (212)

fb/B(x2

, µ2

F ) (213)

x
1

= 2Ea/
p
S (214)

x
2

= 2Eb/
p
S (215)

15

A = B = p (208)

a = b = q/g (209)

�̂ (210)

�̂(qq̄ ! l+l�) (211)

fa/A(x1

, µ2

F ) (212)

fb/B(x2

, µ2

F ) (213)

x
1

= 2Ea/
p
S (214)

x
2

= 2Eb/
p
S (215)

15

and momentum fraction carried by incoming partons

A = B = p (208)

a = b = q/g (209)

�̂ (210)

�̂(qq̄ ! l+l�) (211)

fa/A(x1

, µ2

F ) (212)

fb/B(x2

, µ2

F ) (213)

x
1

= 2Ea/
p
S (214)

x
2

= 2Eb/
p
S (215)

µ2

F (216)

15

factorization scale (separates short- and long-distance physics)
pdfs experimentally extracted from deep-inelastic scattering

A = (193)

f = (194)

L� = (195)

� (196)

L = 10

34
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Large logarithm from collinear 
gluon emission:
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Similar contributions from other 
parton splittings
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Leading-order splitting functions
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Number- and momentum-sum rules (preserved by evolution)
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PDFs are universal

Fit from HERA, fixed-target 
experiments and Tevatron

DGLAP evolution gives PDFs at 
higher Q, e.g. for LHC

Potentially important source of 
theory uncertainty

DGLAP



parton distribution functions for gluon, up, down and strange
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From interaction to detection
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me Electron mass 0.511 MeV
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� Higgs self-coupling Unknown
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Proton

Proton

lepton quantum number mass
⌫l, l Le Lµ L⌧ Q m
⌫e 1 0 0 0 < 2.2 eV
e 1 0 0 -1 0.511 MeV
⌫µ 0 1 0 0 < 170 keV
µ 0 1 0 -1 105.66 MeV
⌫⌧ 0 0 1 0 < 15.5 MeV
⌧ 0 0 1 -1 1.776 GeV

lepton quantum number mass
q I I3 S C B T Q m
u 1/2 1/2 0 0 0 0 2/3 1.5� 3.1 MeV
d 1/2 �1/2 0 0 0 0 �1/3 4.1� 5.7 MeV
c 0 0 0 +1 0 0 2/3 1.18� 1.34 GeV
s 0 0 �1 0 0 0 �1/3 80� 130 MeV
t 0 0 0 0 0 +1 2/3 171.4� 175.3 GeV
b 0 0 0 0 �1 0 �1/3 4.01� 4.25 GeV

SU(3)C ⇥ SU(2)L ⇥ U(1)Y (1)

SU(3)C ⇥ U(1)Q (2)

e+e� (3)

pp̄ (4)

pp (5)

e�p (6)

L (7)

N1 (8)

N2 (9)

f (10)

�x�y (11)

� (12)

p2 = m2 (13)

LSM = Lkin, + LHiggs + LY ukawa (14)

Z (15)

µ+ (16)

1

Symbol Name Value
me Electron mass 0.511 MeV
mµ Muon mass 105.7 MeV
m⌧ Tau mass 1.78 GeV
mu Up quark mass 2 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.3 GeV
mb Bottom quark mass 4.2 GeV
mt Top quark mass 172.7 GeV
✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995
g1 U(1) gauge coupling 0.357
g2 SU(2) gauge coupling 0.652
g3 SU(3) gauge coupling 1.221
µ Higgs quadratic coupling Unknown
� Higgs self-coupling Unknown

µ� (17)

b (18)

b̄ (19)

g (20)

c (21)

c̄ (22)

d (23)

d̄ (24)

B0 (25)

2

Symbol Name Value
me Electron mass 0.511 MeV
mµ Muon mass 105.7 MeV
m⌧ Tau mass 1.78 GeV
mu Up quark mass 2 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.3 GeV
mb Bottom quark mass 4.2 GeV
mt Top quark mass 172.7 GeV
✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995
g1 U(1) gauge coupling 0.357
g2 SU(2) gauge coupling 0.652
g3 SU(3) gauge coupling 1.221
µ Higgs quadratic coupling Unknown
� Higgs self-coupling Unknown

µ� (17)

⌫µ (18)

b (19)

b̄ (20)

g (21)

c (22)

c̄ (23)

d (24)

d̄ (25)

B0 (26)

2

Symbol Name Value
me Electron mass 0.511 MeV
mµ Muon mass 105.7 MeV
m⌧ Tau mass 1.78 GeV
mu Up quark mass 2 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.3 GeV
mb Bottom quark mass 4.2 GeV
mt Top quark mass 172.7 GeV
✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995
g1 U(1) gauge coupling 0.357
g2 SU(2) gauge coupling 0.652
g3 SU(3) gauge coupling 1.221
µ Higgs quadratic coupling Unknown
� Higgs self-coupling Unknown

µ� (17)

⌫µ (18)

⇡� (19)

b (20)

b̄ (21)

g (22)

c (23)

c̄ (24)

d (25)

d̄ (26)

B0 (27)

2

Symbol Name Value
me Electron mass 0.511 MeV
mµ Muon mass 105.7 MeV
m⌧ Tau mass 1.78 GeV
mu Up quark mass 2 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.3 GeV
mb Bottom quark mass 4.2 GeV
mt Top quark mass 172.7 GeV
✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995
g1 U(1) gauge coupling 0.357
g2 SU(2) gauge coupling 0.652
g3 SU(3) gauge coupling 1.221
µ Higgs quadratic coupling Unknown
� Higgs self-coupling Unknown

µ� (17)

⌫µ (18)

⌫̄µ (19)

⇡� (20)

b (21)

b̄ (22)

g (23)

c (24)

c̄ (25)

d (26)

d̄ (27)

B0 (28)

2

...

Symbol Name Value
me Electron mass 0.511 MeV
mµ Muon mass 105.7 MeV
m⌧ Tau mass 1.78 GeV
mu Up quark mass 2 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.3 GeV
mb Bottom quark mass 4.2 GeV
mt Top quark mass 172.7 GeV
✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995
g1 U(1) gauge coupling 0.357
g2 SU(2) gauge coupling 0.652
g3 SU(3) gauge coupling 1.221
µ Higgs quadratic coupling Unknown
� Higgs self-coupling Unknown

µ� (17)

⌫µ (18)

⌫̄µ (19)

⇡� (20)

b (21)

b̄ (22)

g (23)

n (24)

c (25)

c̄ (26)

d (27)

d̄ (28)

B0 (29)

2

Symbol Name Value
me Electron mass 0.511 MeV
mµ Muon mass 105.7 MeV
m⌧ Tau mass 1.78 GeV
mu Up quark mass 2 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.3 GeV
mb Bottom quark mass 4.2 GeV
mt Top quark mass 172.7 GeV
✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995
g1 U(1) gauge coupling 0.357
g2 SU(2) gauge coupling 0.652
g3 SU(3) gauge coupling 1.221
µ Higgs quadratic coupling Unknown
� Higgs self-coupling Unknown

µ� (17)

⌫µ (18)

⌫̄µ (19)

⇡� (20)

b (21)

b̄ (22)

g (23)

n (24)

� (25)

c (26)

c̄ (27)

d (28)

d̄ (29)

B0 (30)

2

Symbol Name Value
me Electron mass 0.511 MeV
mµ Muon mass 105.7 MeV
m⌧ Tau mass 1.78 GeV
mu Up quark mass 2 MeV
md Down quark mass 4.4 MeV
ms Strange quark mass 87 MeV
mc Charm quark mass 1.3 GeV
mb Bottom quark mass 4.2 GeV
mt Top quark mass 172.7 GeV
✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995
g1 U(1) gauge coupling 0.357
g2 SU(2) gauge coupling 0.652
g3 SU(3) gauge coupling 1.221
µ Higgs quadratic coupling Unknown
� Higgs self-coupling Unknown

µ� (17)

⌫µ (18)

⌫̄µ (19)

⇡� (20)

b (21)

b̄ (22)

g (23)

n (24)

� (25)

c (26)

c̄ (27)

KL (28)

d (29)

2

e� (30)

d̄ (31)

B0 (32)

3

...

• Higgs boson generated in proton-proton collision with subsequent decay into Z bosons

e� (30)

d̄ (31)

B0 (32)

B�
c (33)

3

e� (30)

d̄ (31)

B0 (32)

B�
c (33)

H (34)

3

• Z bosons decay into quarks (e.g. bottom quarks) or leptons (e.g. long-lived muons)

• After bottom quarks radiate gluons a process called hadronization starts. During hadronization 
the coloured partons are regrouped in colour-singlet mesons (2 quarks) or baryons (3 quarks) 

• Most mesons/baryons are not stable and decay into long-lived hadrons or leptons before reaching 
the detector 31



http://www.atlas.ch/multimedia/html-nc/feature-episode2.htmlWatch also:

• Tracker: Immediately around the interaction point the inner tracker serves to identify the 
tracks of individual particles and match them to the vertices from which they originated. 
The curvature of charged particle tracks in the magnetic field allows their charge and 
momentum to be measured.

• Electromagnetic Calorimeter: The Electromagnetic Calorimeter (ECAL) is designed to 
measure with high accuracy the energies of photons, charged leptons and hadrons.

• Hadron Calorimeter:  The purpose of the Hadronic Calorimeter (HCAL) is both to measure 
the energy of individual hadrons produced in each event, and to be as near to hermetic 
around the interaction region as possible to allow events with missing energy to be identified.

• Return yoke with muon chambers: Its purpose is to identify muons and measure 
their momenta.

http://www.atlas.ch/multimedia/html-nc/feature-episode2.html
http://www.atlas.ch/multimedia/html-nc/feature-episode2.html
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Important phenomenological quantities

Rapidity:

Pseudo-Rapidity:

The 4-vector of a massless particles can be written using     ,     and    :

In an detector experiment, the direction along the beam axis is usually 
parametrized using the Rapidity or Pseudo-Rapidity
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The detectors are shaped like a cylinder.      symbolizes the azimuthal angle in 
this configuration.

The transverse momentum of a particle, if we align the beam axis 
with the z component, is simply:
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GF = SU(3)qL ⌦ SU(3)uR ⌦ SU(3)dR ⌦ SU(3)lL ⌦ SU(3)eR

70 GeV  mh  140 GeV

p = (pT cosh y, pT cos�, pT sin�, pT sinh y)
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