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¥         and          colliders are discovery machines

Hadronic collisions

pp̄ pp

Accelerator SppS TEVATRON LHC

Energy 200Ö900GeV 1.96TeV 13TeV

Discovery W/Z,Jets top Higgs

¥ QCD is ubiquitous in hadronic collisions (many tests) and

¥ essential to establish signal and background rates
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Variables
beam 1 beam 2✓

kk!

kk

!

¥ Transverse plane: plane orthogonal to the beams

¥ Azimuthal angle    : azimuth around the beam direction

¥ Transverse momentum: projection of momentum on the transverse plane

¥ Transverse energy: 

¥ Transverse mass:

¥ Rapidity:                                  Under boost:                     For massless particles:

¥ Pseudorapidity:
                                                            
                               same as rapidity for massless particles

!
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¥not computable in QCD, although this behaviour is consistent with QCD if 
we consider quark quark scattering down to a minimum Q2
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1. average charged multiplicity at the LHC ~ 80, with huge ßuctuations, grows (a bit 
more then) logarithmically with energy

2. transverse momentum distribution ~                                  with                           
growing slowly with energy

3. rapidity distribution rather ßat: 5~6 particles per unit of                                  
central rapidity
                  for

Collisions are almost all soft (Minimum Bias) 

exp

!
�a

"
m2

+ k2?

#
hk?i ⇡ 600MeV

ymin ymax
|y

max

| ⇡ 9 m = 1GeV, ECM = 13TeV

4. these features are not predictable in QCD, but compatible with QCD

➡ just start from heavy quark pair production (m >> ! ) 

➡ similar rapidity dist. with a smaller range that increases reducing the heavy quark mass

➡ typical         of the order of the mass of the produced objecthk?i
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The generated events are processed through the GEANT 4 [23] based ATLAS detector

simulation program [24]. In addition to simulating the detector, GEANT 4 also handles

the decays of particles whose mean decay length is longer than 10 mm. Having been fully

simulated, MC events are then reconstructed and analysed in the same manner as the data.

5 Data samples and event selection

This study uses the same selection criteria as the charged-particle multiplicity analysis

carried out at
!
s = 900GeV and 7TeV [25]. In total, approximately 7 µb! 1 of 900GeV

data and 190 µb! 1 of 7TeV data are analysed. The events were collected during 2009

and 2010 using low instantaneous luminosity proton beams such that the mean number of

interactions per bunch crossing was around 0.01. Only events in which the inner detector

was fully operational and the solenoidal magnet was on are used.

Tracks are selected for analysis if they have:

• p
T

> 100MeV,

• |! | < 2.5,

• at least 1 hit in the innermost layer of the pixel detector,

• at least 1 hit in any of the layers of the pixel detector,

• at least 2, 4 or 6 hits in the SCT for tracks with p
T

> 100, 200 and 300MeV,

respectively,

• a transverse impact parameter with respect to the primary vertex, dPV
0

, of |dPV
0

| <
1.5 mm,

• a longitudinal impact parameter with respect to the primary vertex, zPV
0

, of

|zPV
0

sin " | < 1.5 mm (where " is the angle between the track and the z-axis),

• a track-fit #2 probability of at least 0.01 for those tracks with p
T

> 10GeV (to

remove tracks with mis-measured p
T

due to misalignment or interactions within the

detector material).

To reduce the contribution from background events (such as beam-halo, beam-gas

interactions and cosmic rays) and non-primary tracks, events are required:

• to have been triggered by the single-arm trigger,

• to contain at least one primary vertex. Primary vertices are required to be associated

with at least two tracks with p
T

> 100MeV with a transverse impact parameter with

respect to the beam spot4 of
��dBS

0

�� < 4 mm,

• not to have a second interaction vertex associated to more than four tracks (to remove

events with more than one proton-proton interaction in a single bunch crossing),

4The beam spot is defined as the centre of the luminous region in which the proton beams interact.
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Figure 4. Corrected R(�⌘,��) two-particle correlation functions for (a) data and (b) the
AMBT2B Monte Carlo tune, at

p
s = 900GeV.

8.1 Projections in �⌘ and ��

In all of the following figures, the solid markers correspond to the corrected data values,

the error bars are statistical only (after correcting for track detection ine�ciency) and the

solid bands correspond to the total uncertainty in the bin, which is obtained by adding in

quadrature the statistical and systematic uncertainties described in section 7. The data

distributions are compared to di↵erent Monte Carlo tunes. In general, none of the models

reproduce the strength of the correlations seen in data. Some approximate the shape of

the distributions more closely than others, but for all distributions herwig++ is the most

discrepant with the data.

The corrected pseudorapidity correlation distributions are shown in figure 6 and were

obtained by integrating separately the foreground and background functions over �� be-

tween 0 and ⇡. The AMBT2B and Perugia 2011 tunes of pythia 6 together with tune 4C

of pythia 8 show the best agreement with the data distributions for events with n
ch

� 2

at both collision energies. For the sample of events satisfying n
ch

� 20 the AMBT2B tune

shows the closest agreement to the data over the entire �⌘ range, although the agreement

cannot be considered satisfactory.

In order to separate the ⌘ correlations on the near side (�� ' 0) from those on the

away side (�� ' ⇡), the pseudorapidity correlation function was also calculated by inte-

grating the foreground and background functions over �� within the more limited ranges

of
�
0 : ⇡

2

�
(near side) and

�
⇡

2

: ⇡
�
(away side). Figure 7 shows that, when only the near

side is included, the peak at (0, 0) becomes narrower, higher and more pronounced, which

indicates a stronger correlation between nearby particles. Tune 4C of pythia 8 provides

the best description of the data across the entire �⌘ range for the n
ch

� 2 event samples at

both energies, while the AMBT2B tune provides the most reasonable description of events

for which n
ch

� 20.
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Figure 5. Corrected R(�⌘,��) two-particle correlation functions at
p
s = 7TeV for nch � 2 (a)

data and (b) Monte Carlo (AMBT2B), and for nch � 20 (c) data and (d) Monte Carlo (AMBT2B).
These plots are symmetric around �⌘ = 0 by construction.

The ⌘ correlations on the away side are shown in figure 8, and here most of the tunes

(with the exception of herwig++) display a better agreement with data. The Perugia 2011

tune shows a particularly good agreement with data across the �⌘ range at both collision

energies.

The dependence of the correlation function on the azimuthal separation can similarly

be studied by integrating the foreground and background over �⌘ for two di↵erent ranges:

(0:2) (short-range correlations) and (2:5) (long-range correlations). The short-range cor-

relation functions, shown in figure 9, contain two peaks. The first peak is at �� = 0

and becomes more pronounced if either the collision energy or the particle multiplicity is

increased. The second peak is at �� = ⇡ and has a height that is approximately indepen-

– 15 –

1.emergence of jet like structure 
at Δη=Δφ=0
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The generated events are processed through the GEANT 4 [23] based ATLAS detector

simulation program [24]. In addition to simulating the detector, GEANT 4 also handles

the decays of particles whose mean decay length is longer than 10 mm. Having been fully

simulated, MC events are then reconstructed and analysed in the same manner as the data.

5 Data samples and event selection

This study uses the same selection criteria as the charged-particle multiplicity analysis

carried out at
!
s = 900GeV and 7TeV [25]. In total, approximately 7 µb! 1 of 900GeV

data and 190 µb! 1 of 7TeV data are analysed. The events were collected during 2009

and 2010 using low instantaneous luminosity proton beams such that the mean number of

interactions per bunch crossing was around 0.01. Only events in which the inner detector

was fully operational and the solenoidal magnet was on are used.

Tracks are selected for analysis if they have:

• p
T

> 100MeV,

• |! | < 2.5,

• at least 1 hit in the innermost layer of the pixel detector,

• at least 1 hit in any of the layers of the pixel detector,

• at least 2, 4 or 6 hits in the SCT for tracks with p
T

> 100, 200 and 300MeV,

respectively,

• a transverse impact parameter with respect to the primary vertex, dPV
0

, of |dPV
0

| <
1.5 mm,

• a longitudinal impact parameter with respect to the primary vertex, zPV
0

, of

|zPV
0

sin " | < 1.5 mm (where " is the angle between the track and the z-axis),

• a track-fit #2 probability of at least 0.01 for those tracks with p
T

> 10GeV (to

remove tracks with mis-measured p
T

due to misalignment or interactions within the

detector material).

To reduce the contribution from background events (such as beam-halo, beam-gas

interactions and cosmic rays) and non-primary tracks, events are required:

• to have been triggered by the single-arm trigger,

• to contain at least one primary vertex. Primary vertices are required to be associated

with at least two tracks with p
T

> 100MeV with a transverse impact parameter with

respect to the beam spot4 of
��dBS

0

�� < 4 mm,

• not to have a second interaction vertex associated to more than four tracks (to remove

events with more than one proton-proton interaction in a single bunch crossing),

4The beam spot is defined as the centre of the luminous region in which the proton beams interact.
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In all of the following figures, the solid markers correspond to the corrected data values,

the error bars are statistical only (after correcting for track detection ine�ciency) and the

solid bands correspond to the total uncertainty in the bin, which is obtained by adding in

quadrature the statistical and systematic uncertainties described in section 7. The data

distributions are compared to di↵erent Monte Carlo tunes. In general, none of the models

reproduce the strength of the correlations seen in data. Some approximate the shape of

the distributions more closely than others, but for all distributions herwig++ is the most

discrepant with the data.

The corrected pseudorapidity correlation distributions are shown in figure 6 and were

obtained by integrating separately the foreground and background functions over �� be-

tween 0 and ⇡. The AMBT2B and Perugia 2011 tunes of pythia 6 together with tune 4C

of pythia 8 show the best agreement with the data distributions for events with n
ch

� 2

at both collision energies. For the sample of events satisfying n
ch

� 20 the AMBT2B tune

shows the closest agreement to the data over the entire �⌘ range, although the agreement

cannot be considered satisfactory.

In order to separate the ⌘ correlations on the near side (�� ' 0) from those on the

away side (�� ' ⇡), the pseudorapidity correlation function was also calculated by inte-

grating the foreground and background functions over �� within the more limited ranges
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(near side) and
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(away side). Figure 7 shows that, when only the near

side is included, the peak at (0, 0) becomes narrower, higher and more pronounced, which

indicates a stronger correlation between nearby particles. Tune 4C of pythia 8 provides

the best description of the data across the entire �⌘ range for the n
ch

� 2 event samples at

both energies, while the AMBT2B tune provides the most reasonable description of events

for which n
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Figure 5. Corrected R(�⌘,��) two-particle correlation functions at
p
s = 7TeV for nch � 2 (a)

data and (b) Monte Carlo (AMBT2B), and for nch � 20 (c) data and (d) Monte Carlo (AMBT2B).
These plots are symmetric around �⌘ = 0 by construction.

The ⌘ correlations on the away side are shown in figure 8, and here most of the tunes

(with the exception of herwig++) display a better agreement with data. The Perugia 2011

tune shows a particularly good agreement with data across the �⌘ range at both collision

energies.

The dependence of the correlation function on the azimuthal separation can similarly

be studied by integrating the foreground and background over �⌘ for two di↵erent ranges:

(0:2) (short-range correlations) and (2:5) (long-range correlations). The short-range cor-

relation functions, shown in figure 9, contain two peaks. The first peak is at �� = 0

and becomes more pronounced if either the collision energy or the particle multiplicity is

increased. The second peak is at �� = ⇡ and has a height that is approximately indepen-
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1.emergence of jet like structure 
at Δη=Δφ=0

2.emergence of recoil of one 
particle against the other:   
back to back jet like structure 
at Δη=π for all Δφ
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was fully operational and the solenoidal magnet was on are used.
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the error bars are statistical only (after correcting for track detection ine�ciency) and the

solid bands correspond to the total uncertainty in the bin, which is obtained by adding in

quadrature the statistical and systematic uncertainties described in section 7. The data

distributions are compared to di↵erent Monte Carlo tunes. In general, none of the models

reproduce the strength of the correlations seen in data. Some approximate the shape of

the distributions more closely than others, but for all distributions herwig++ is the most

discrepant with the data.
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� 2 event samples at
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The ⌘ correlations on the away side are shown in figure 8, and here most of the tunes

(with the exception of herwig++) display a better agreement with data. The Perugia 2011

tune shows a particularly good agreement with data across the �⌘ range at both collision

energies.

The dependence of the correlation function on the azimuthal separation can similarly

be studied by integrating the foreground and background over �⌘ for two di↵erent ranges:

(0:2) (short-range correlations) and (2:5) (long-range correlations). The short-range cor-

relation functions, shown in figure 9, contain two peaks. The first peak is at �� = 0

and becomes more pronounced if either the collision energy or the particle multiplicity is

increased. The second peak is at �� = ⇡ and has a height that is approximately indepen-

– 15 –

1.emergence of jet like structure 
at Δη=Δφ=0

2.emergence of recoil of one 
particle against the other:   
back to back jet like structure 
at Δη=π for all Δφ

3.decay of resonances or other 
colour structures: width of Δη 
of about 2 and for all Δφ

¥1. 2. and 3. are not well reproduced 
by simulations programs and more 
investigation is needed here 
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¥ Very different situation with respect to e+e- where almost all events are back to back

¥ we expect something similar, although now the higher the energy of the jets, the 
smaller fraction of events

¥ to identify jets something has to be done to distinguish them from the ßuctuation of 
the minimum bias

¥ indeed, trigger is crucial to make discoveries!

About Jets

9



¥ discovery the Z at UA2 (      @ 630GeV)

¥ 1 year has about 

➡ to have 1 Z decaying to charged lepton per year you need of 1 proton 
collision per second, but you need more, O(1000)! so you need to register 
of the order of few thousands per second

¥ in general one store events characterised by an high transverse momentum transfer, 
that is the signal of a short distance interaction

Trigger

pp̄

3 · 107s

�(Z)

�TOT
·Br(Z ! l+l�) ⇡

1
3

!
1

300GeV

"2

!
1

300MeV

"2 · 0.1 ⇡ 1

3
10�7
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Discovery of jets in hadronic collisions
¥one could think to trigger events on the base of the presence of very high energetic 

particles in an event, but thatÕs not a very good idea

¥minimum bias event can give very high energetic particles at small angles

¥better to use a Òtransverse energy triggerÓ (energy suppressed by the angle)

¥but, still counting charged (~25) as well neutral hadrons, minimum bias events at UA2 
had:

!ET " # 50 · 500MeV # 25GeV

beam 1 beam 2✓

k

ET =
X

i

Ei
T sin ✓i
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¥ to stay away from minimum bias events: look at events with 

Discovery of jets in hadronic collisions: UA1/2
ET > 70GeV
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¥ to stay away from minimum bias events: look at events with 

¥all events are jet like!
¥most events have 2 jets
¥ jets are a property of nature!

Discovery of jets in hadronic collisions: UA1/2
ET > 70GeV

-3

-2

-1

0

1

2
3

-90

0

90

180

270

"
#180 o
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¥ DeÞne a jet trigger: require clusters of energy in the calorimeter with some criteria

¥ Jet proÞle:

Discovery of jets in hadronic collisions: UA1/2

-2         -1          0          1          2   

103 

102 

101 

1

$/2   

103 

102 

101 

1

1
N

dE
d! ! 1

N

dE

d��

��
�⌘

! ! , ! " ! 0.2, 0.3with                               for 40GeV Jets
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¥ we start from the improved parton model for the single inclusive jet  diff. cross section

¥ predictions:
➡ starting from parton densities measured in DIS

Back to theory

different ßavours same ßavours quark-gluon gluon-gluon

15

d

2
�

dydp

2
?

=
X

i,j,k

Z
dx1dx2fi (x1, µ)fj (x2, µ)

d
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dydp

2
?



¥ next: the improved parton formula model for the 2 jet differential cross section

¥ from the deÞnitions of rapidity and transverse momentum we have that measuring y1,  
y2 and pt Þx the values of x1 and x2 

¥ small 

Back to theory

d3
�

dy1dy1dp2
!

=
1

16⇡S2

!

i,j,k,l

f i (x1, µ)
x1

f j (x2, µ)
x2

¯! |M i,j,k,l |2 1

1 + �kl

different ßavours same ßavours quark-gluon gluon-gluon
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y0 =

y1 + y2

2

=

1

2

log

x1

x2
xT =

2 pT!
s

y⇤ =
y1 � y2

2

x1 = xT ey0 coshy⇤ x2 = xT e�y0 coshy⇤

y0 ! x1 ⇠ x2



¥ next: the improved parton formula model for the 2 jet differential cross section

¥ from the deÞnitions of rapidity and transverse momentum we have that measuring y1,  
y2 and pt Þx the values of x1 and x2

¥ use parton densities extracted from DIS measurements

¥ predictions:
➡ jets are back to back in azimuth
➡ at Þxed x1 and x2 (pt dependence or) the angular distribution of jets in jets CM frame

Back to theory

d3
�

dy1dy1dp2
!

=
1

16⇡S2

!

i,j,k,l

f i (x1, µ)
x1

f j (x2, µ)
x2

¯! |M i,j,k,l |2 1

1 + �kl

different ßavours same ßavours quark-gluon gluon-gluon
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Theory vs Experiment
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¥ polar angular prediction (approximately) independent upon structure functions

                                              :                           :

                                              :                           :

¥ can be used to asses the relevance of gluons

Back to theory

�gg!gg�qg!qg�qq!qq

3⇥ 33⇥ 4

3
4

3
!

4

3

CA = 3

F (x) = fg(x) +
4
9

X

q

[fq(x) + fq̄(x)]

19

CF =
4

3

CF =
4

3

CF =
4

3

CA = 3

CA = 3

d

3!
dx1dx2d cos"

=
F (x1)
x1

F (x2)
x2

dö! gg!gg

d cos"



Theory vs Experiment
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¥cross section normalisation

¥unphysical scale dependence

¥jet radius dependence

¥more detailed comparison 
of differential distributions

Higher order calculation

21

Require higher order corrections

¥not all measurements can be compared to theory

¥QCD perturbation theory can provide predictions 
only for InfraRed and Collinear safe variables

¥Care must be given for theoretically viable jet 
deÞnitionsÉ

However



¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2
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¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2
how to Þx the jet axis?
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¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2

1. Highest ET seed-algorithm

A. select the highest ET particle
B. build the cone and remove the particles
C. restart from A.
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¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2

1. Highest ET seed-algorithm

A. select the highest ET particle
B. build the cone and remove the particles
C. restart from A.

#

 ET 
1

23

#

 ET 

23

¥ jet number is a Collinear unsafe observable: sensitive to a collinear splitting

1

ET1 > ET2 > ET3

d21, d31 < R

ET1

2
< E T2
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¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2

2. Iterative cone algorithm

A. all particles above a certain threshold are seeds
B. combine all the particles in a cone to deÞne a new 

proto-jet axis

check the particles in the new cone, if they are the 
same a potto-jet has been formed (stable cone

C. if proto-jet have small (large) overlap split (merge) 
them in some way (technical parameters)

! c =

!
i ! cone ETi ! i!
j ! cone ETj

! c =
P

i ! cone

ETi ! iP
j ! cone

ETj
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¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2

2. Iterative cone algorithm

A. all particles above a certain threshold are seeds
B. combine all the particles in a cone to deÞne a new 

proto-jet axis

check the particles in the new cone, if they are the 
same a proto-jet has been formed (stable cone)

C. if proto-jet have small (large) overlap split (merge) 
them in some way (technical parameters)

#

 ET 

21

#

 ET 

21

¥ jet number is collinear safe but is an InfraRed unsafe observable: sensitive to soft emissions

R < R 12 < 2R

! c =

!
i ! cone ETi ! i!
j ! cone ETj

! c =
P

i ! cone

ETi ! iP
j ! cone

ETj

!

27

how to Þx the jet axis?



¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2

3. Mid point algorithm

A. Find stable cones
B. Add mid point among them as new seeds

¥ the problem is not really solved, it present again at higher multiplicity of the theory 
computation

28

how to Þx the jet axis?



¥cone algorithm: draw a cone and collect all the particles contained

Jet algorithm

"

#

{
R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2

4. Seedless cone algorithm

A. Consider a subset of particles
B. Combine momenta and search for a stable cone
C. Make it for all the subsets
D. Use split-merge

¥ solution of the problem: fully IR/C safe deÞnition although:

➡ quite unpractical!

➡ Dark towers: it happen that single particles with sufÞciently high energy 
are not assigned to any jet
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¥clustering algorithm: sequential recombination

Jet algorithm

R2
ij = (⌘i � ⌘j)

2 + (�i � �j)
2

 compute distance among them

¥ fully exhaustive and unambiguous, fast, no dark towers

                                                             p = 1  : kt-alg 
                                                             p = 0  : C/A-alg
                                                             p = -1 : anti-kt-alg

➡R acts as the radius for the cone algorithm

➡ with anti-kt jet contours are better deÞned (sharp boundary), it is less sensitive to the 
detailed structure of the soft component of the event: standard at LHC

 compute distance from the beam

8 {i, j}

8 {i}

di,j

diB

A. 

B.  if the smaller is                   combine i and j 

if the smaller is                   i is promoted to Jet  

di,j

diB

=!

=!

pij = pi + pj=!

✓ in the collinear limit

✓ soft radiation or assigned to a jet 
or form a jet by itself, but a jet 
below any measurable threshold

Rij ! 0
dij = min

�
(pTi )

p, (pTj )p R2
ij

R2

‣ IR/C safety‣ distances ‣ p parameter

diB = (pTi )
p
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¥known since a while

NLO computation
[R.K.Ellis, Sexton (1985)]

[Aversa, Chiappetta, Greco, Guillet (1989)]
[S.Ellis, Kunszt, Soper (1990)]

LO:                        NLO:

gg

qg

qq

O
!
↵2
S

"
O

!
↵3
S

"
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Figure 6: Inclusive jet double-differential cross section as a function of jetpT in different regions of|y|
for jets identiÞed using the anti-kt algorithm withR = 0.4. For convenience, the cross sections are multi-
plied by the factors indicated in the legend. The data are compared to NLO pQCD calculations to which
non-perturbative corrections have been applied. The error bars indicate the statistical uncertainty on the
measurement, and the dark-shaded band indicates the quadratic sum of the experimental systematic un-
certainties, dominated by the jet energy scale uncertainty. There is an additional overall uncertainty of
3.4% due to the luminosity measurement that is not shown. The theory uncertainty (light-shaded band)
shown is the quadratic sum of uncertainties from the choice of renormalisation and factorisation scales,
parton distribution functions,! s(MZ), and the modeling of non-perturbative effects, as described in the
text.
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Figure 7: Inclusive jet double-differential cross section as a function of jet pT in different regions of
|y| for jets identified using the anti-kt algorithm with R = 0.6. For convenience, the cross sections are
multiplied by the factors indicated in the legend. The data are compared to NLO pQCD calculations to
which non-perturbative corrections have been applied. The theoretical and experimental uncertainties
indicated are calculated as described in Fig. 6.
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Inclusive jet cross section at the LHC

¥ double differential
¥ R dependence
¥ normalisation error in the prediction from scale variations, pdf and strong coupling
¥ non perturbative corrections estimation: using MC generators to evaluate the ratio of cross 

sections with and without hadronisation and underlying event, and multiplying bin-by-bin the NLO 
parton-level cross sections by this ratio. Its uncertainty is estimated as the maximum spread of the 
correction factors obtained from different Monte Carlo tools.
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Figure 8: Inclusive jet double-differential cross section as a function of jet pT in different regions of |y|
for jets identified using the anti-kt algorithm with R= 0.4. The ratio of the data to the theoretical predic-
tion is shown, and the total systematic uncertainties on the theory and measurement are indicated. The
theoretical and experimental uncertainties are calculated as described in Fig. 6. Statistically insignificant
data points at large pT are omitted in the ratio.
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Figure 10: Inclusive jet double-differential cross section as a function of jetpT in different regions of
|y| for jets identiÞed using the anti-kt algorithm withR = 0.6. The ratio of the data to the theoretical
prediction is shown, and the total systematic uncertainties on the theory and measurement are indicated.
The theoretical and experimental uncertainties are calculated as described in Fig.6.
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Inclusive jet cross section at the LHC

¥ pQCD+NP correction and EXP uncertainties of similar size



Theory prediction for high pt jets 

[Currie, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Pires 2017] 

with differential NNLO computation

34

¥ Leading colour

LO:                      NLO:                      NNLO:

gg

qg

qq

O
!
↵2
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"
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!
↵3
S

"
O(↵4

S)
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¥ scale choice

Theory prediction for high pt jets 

[Currie, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Pires 2017] 

µ = mjj

µ = !pT " =
1

2
(pT1 + pT2)

pT1 > 100GeV pT2 > 50GeV

with differential NNLO computation

35

¥ Leading colour
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FIG. 1: Ratio of theory predictions to data for 0.0 < |y! | < 0.5 (left) and 1.5 < |y! | < 2.0 (right) for the scale choices µ = mjj

(top) and µ = !pT " (bottom) at LO (green), NLO (blue) and NNLO (red). Scale bands represent variation of the cross section
by varying the scales independently by factors of 2 and 0.5.

was done for dijet studies at the D¯ experiment [20], or
the triply di ! erential distribution in pT1 , y

1

and y
2

(or
alternatively, average jet pT , |y⇤| and |øy|) [21, 22], which
would provide more speciÞc information on thex-values
probed.

The data sample we compare to is the ATLAS 7 TeV
4.5 fb�1 2011 data [19]. This constitutes the recording
of all events with at least two jets reconstructed in the
rapidity range |y| < 3.0 using the anti-kt algorithm with
R=0.4 such that the leading and subleading jets satisfy
a minimum pT cut of 100 GeV and 50 GeV respectively.

As detailed in [15], we include the leading colour
NNLO corrections in all partonic sub-processes. The cal-
culation is performed in the NNLOJET framework, which
employs the antenna subtraction method [24, 25] to re-
move all unphysical infrared singularities from the matrix
elements [26Ð28]. We use the MMHT2014 NNLO parton
distribution functions [30] with ↵s(M Z ) = 0 .118 for all
predictions at LO, NLO and NNLO to emphasize the role
of the perturbative corrections at each successive order.

At any given Þxed order in perturbation theory, the
predictions retain some dependence on the unphysical
renormalization and factorization scales. The natural
physical scale for dijet production is the dijet invariant
mass, µ = mjj , which has not been widely used in di-
jet studies to date. Another scale, which was used at
D¯ [20] and is currently used by CMS [18] is the average
pT of the two leading jets, µ = !pT " = 1

2

(pT1 + pT2 ).
In Fig. 1 we show the predictions at LO, NLO and

NNLO for these two scale choices at small and large|y⇤|.
For small |y⇤|, both scale choices provide reasonable pre-
dictions with largely overlapping scale bands, reduced
scale variation at each perturbative order, convergence of
the perturbative series and good description of the data.
For the larger |y⇤| bin we see signiÞcant di! erences in the
behaviour of the predictions for the two scales. For the
µ = mjj scale choice, the behaviour is qualitatively sim-
ilar to what is seen at small |y⇤|; in contrast, the NLO
prediction with µ = !pT " falls well away from the LO

prediction and is even outside the LO scale band. For
this scale choice, the NLO contribution induces a large
negative correction, which brings the central value in line
with the data but with a residual scale uncertainty of up
to 100%. Indeed for|y⇤| > 2.0 the scale band forµ = !pT "
widens further and even includes negative values of the
cross section. These issues are resolved by the inclusion of
the NNLO contribution such that the NNLO prediction
is positive across the entire phase space and provides a
good description of the data. With the issue of unphysi-
cal predictions resolved, we are free to make a scale choice
based upon more reÞned qualities such as perturbative
convergence and residual scale variation. On this basis
we choose the theoretical scaleµ = mjj and present de-
tailed results using this scale choice throughout the rest
of this letter.

In Fig. 2 we present the absolute cross section as a
function of mjj for each |y⇤| bin, compared to NNLO-
accurate theory. We observe excellent agreement with
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FIG. 2: The dijet cross section as a function of invariant
mass, mjj , for the six bins of |y! |, compared to ATLAS 7 TeV
4.5 fb" 1 data.

2

 (GeV)jjm

310

ra
tio

 to
 d

at
a

0.5

1

1.5

210×5 310×2 310×3 310×5

〉
T

p〈=µ
 (GeV)jjm

310

ra
tio

 to
 d

at
a

0.5

1

1.5

 jets, R=0.4, 0.0 < |y*| < 0.5TATLAS 7 TeV, anti-kNNLOJET

jj
=mµ

  LO
 NLO
 NNLO

 (GeV)jjm

310

ra
tio

 to
 d

at
a

0.5

1

1.5

210!5 310!2 310!3 310!5

"
T

p#=µ
 (GeV)jjm

310

ra
tio

 to
 d

at
a

0.5

1

1.5

 jets, R=0.4, 1.5 < |y*| < 2.0
T

ATLAS 7 TeV, anti-kNNLOJET

jj
=mµ

  LO
 NLO
 NNLO

FIG. 1: Ratio of theory predictions to data for 0.0 < |y! | < 0.5 (left) and 1.5 < |y! | < 2.0 (right) for the scale choices µ = mjj

(top) and µ = !pT " (bottom) at LO (green), NLO (blue) and NNLO (red). Scale bands represent variation of the cross section
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was done for dijet studies at the D¯ experiment [20], or
the triply di ! erential distribution in pT1 , y

1

and y
2

(or
alternatively, average jet pT , |y⇤| and |øy|) [21, 22], which
would provide more speciÞc information on thex-values
probed.

The data sample we compare to is the ATLAS 7 TeV
4.5 fb�1 2011 data [19]. This constitutes the recording
of all events with at least two jets reconstructed in the
rapidity range |y| < 3.0 using the anti-kt algorithm with
R=0.4 such that the leading and subleading jets satisfy
a minimum pT cut of 100 GeV and 50 GeV respectively.

As detailed in [15], we include the leading colour
NNLO corrections in all partonic sub-processes. The cal-
culation is performed in the NNLOJET framework, which
employs the antenna subtraction method [24, 25] to re-
move all unphysical infrared singularities from the matrix
elements [26Ð28]. We use the MMHT2014 NNLO parton
distribution functions [30] with ↵s(M Z ) = 0 .118 for all
predictions at LO, NLO and NNLO to emphasize the role
of the perturbative corrections at each successive order.

At any given Þxed order in perturbation theory, the
predictions retain some dependence on the unphysical
renormalization and factorization scales. The natural
physical scale for dijet production is the dijet invariant
mass, µ = mjj , which has not been widely used in di-
jet studies to date. Another scale, which was used at
D¯ [20] and is currently used by CMS [18] is the average
pT of the two leading jets, µ = !pT " = 1

2

(pT1 + pT2 ).
In Fig. 1 we show the predictions at LO, NLO and

NNLO for these two scale choices at small and large|y⇤|.
For small |y⇤|, both scale choices provide reasonable pre-
dictions with largely overlapping scale bands, reduced
scale variation at each perturbative order, convergence of
the perturbative series and good description of the data.
For the larger |y⇤| bin we see signiÞcant di! erences in the
behaviour of the predictions for the two scales. For the
µ = mjj scale choice, the behaviour is qualitatively sim-
ilar to what is seen at small |y⇤|; in contrast, the NLO
prediction with µ = !pT " falls well away from the LO

prediction and is even outside the LO scale band. For
this scale choice, the NLO contribution induces a large
negative correction, which brings the central value in line
with the data but with a residual scale uncertainty of up
to 100%. Indeed for|y⇤| > 2.0 the scale band forµ = !pT "
widens further and even includes negative values of the
cross section. These issues are resolved by the inclusion of
the NNLO contribution such that the NNLO prediction
is positive across the entire phase space and provides a
good description of the data. With the issue of unphysi-
cal predictions resolved, we are free to make a scale choice
based upon more reÞned qualities such as perturbative
convergence and residual scale variation. On this basis
we choose the theoretical scaleµ = mjj and present de-
tailed results using this scale choice throughout the rest
of this letter.

In Fig. 2 we present the absolute cross section as a
function of mjj for each |y⇤| bin, compared to NNLO-
accurate theory. We observe excellent agreement with
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FIG. 2: The dijet cross section as a function of invariant
mass, mjj , for the six bins of |y! |, compared to ATLAS 7 TeV
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Shows a slightly better 
convergence for smaller 
and larger y* values



¥ scale dependence

¥ ßatter and thiner from one order to the next
¥ non overlapping (left plot) signal accidental cancellations of scale dependence (higer 

order or larger scale variation needed)

Theory prediction
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FIG. 5: The cross section evaluated in three bins as a function of µR/m jj : 370 GeV < m jj < 440 GeV, 0.0 < |y⇤| < 0.5 (left);
850 GeV < m jj < 950 GeV, 1.5 < |y⇤| < 2.0 (centre); 2120 GeV < m jj < 2550 GeV, 2.5 < |y⇤| < 3.0 (right). The variation
of the cross section, for ÞxedµF /m jj , from the central value is shown as solid lines, computed from the renormalization group
equation, for LO (green), NLO (blue) and NNLO (red). The thickness of the bands shows the variation due to factorization
scale, with boundaries given by µF /m jj = 0 .5 (dashed) and µF /m jj = 2 .0 (dotted). The points show the NNLO JET result
evaluated at µR/m jj = µF /m jj = { 0.5, 1, 2} .

bands do not overlap. For ÞxedµF it is clear that the
central scale choiceµR = mjj lies close to the extremum
of the NLO curve; and the predictions for upper and
lower variations of µF cross each other in the vicinity
of this central scale. As a consequence, the NLO scale
variation both in µR and µF is accidentally minimized.
The shape of the NLO curve also ensures that the scale
variation is asymmetric, which can be seen in the corre-
sponding bin in Fig. 4. Notwithstanding the variation in
the range 0.5 < µR/mjj < 2, the NNLO curve is clearly
ßatter and displays less variation than the NLO curve
over the full range shown in the left pane of Fig. 5. This
suggests that the non-overlapping NLO and NNLO scale
bands in this bin is due to the NLO band underestimat-
ing the theoretical uncertainty whereas the NNLO band
provides a more reliable estimate. The centre and right
panes of Fig. 5 show the same quantities in bins of larger
mjj and |y⇤| and we see that in these bins the central
scale choiceµR = mjj does not lie near the extremum of
the NLO curve, and far away from a crossover point, so
we obtain a more reliable NLO scale variation. We see
that the NNLO curves are once again ßatter and so we
obtain a signiÞcant reduction in the scale variation with
overlapping NLO and NNLO scale bands.

In summary, we have presented the Þrst calculation of
dijet production doubly di ↵erential in mjj and |y⇤| at
NNLO and compared to the available ATLAS data. We
Þnd that the ambiguities and pathologies of the theory
prediction for certain scale choices at NLO, in particu-
lar the µ = hpT i scale choice, are removed by including
the NNLO contribution. We Þnd that the scale choice
µ = mjj provides a nicely convergent perturbative series
with signiÞcant reduction in scale variation at each order
in perturbation theory. In particular, the NNLO scale
uncertainty is smaller than the experimental uncertainty
for this observable. Overall we observe small NNLO ef-
fects which are reasonably ßat inmjj and excellent agree-
ment with the data, with the only exception being at low

mjj and low |y⇤| where the moderate NNLO correction
improves the description of the data. In this region the
NLO and NNLO scale bands do not overlap but this can
be accounted for by the NLO scale band underestimating
the perturbative theory uncertainty; whereas we expect
the NNLO scale band does provide a reliable estimate.

It is clear from considering the theoretical uncertainty
arising from the parameterization of the scale choice, and
the scale variation about that central scale, that we ob-
tain a reliable theoretical prediction for dijet production
for the Þrst time at NNLO. In doing so, the calculation
reported here clears the way for previously unavailable
phenomenological studies using dijet data.
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FIG. 1: Ratio of theory predictions to data for 0 .0 < |y! | < 0.5 (left) and 1 .5 < |y! | < 2.0 (right) for the scale choices µ = mjj

(top) and µ = hpT i (bottom) at LO (green), NLO (blue) and NNLO (red). Scale bands represent variation of the cross section
by varying the scales independently by factors of 2 and 0.5.

was done for dijet studies at the DØ experiment [20], or
the triply di! erential distribution in pT1 , y1 and y2 (or
alternatively, average jet pT , |y! | and |ȳ|) [21, 22], which
would provide more specific information on the x-values
probed.

The data sample we compare to is the ATLAS 7 TeV
4.5 fb" 1 2011 data [19]. This constitutes the recording
of all events with at least two jets reconstructed in the
rapidity range |y| < 3.0 using the anti-kt algorithm with
R=0.4 such that the leading and subleading jets satisfy
a minimum pT cut of 100 GeV and 50 GeV respectively.

As detailed in [15], we include the leading colour
NNLO corrections in all partonic sub-processes. The cal-
culation is performed in the NNLOJET framework, which
employs the antenna subtraction method [24, 25] to re-
move all unphysical infrared singularities from the matrix
elements [26–28]. We use the MMHT2014 NNLO parton
distribution functions [30] with ! s(MZ ) = 0.118 for all
predictions at LO, NLO and NNLO to emphasize the role
of the perturbative corrections at each successive order.

At any given fixed order in perturbation theory, the
predictions retain some dependence on the unphysical
renormalization and factorization scales. The natural
physical scale for dijet production is the dijet invariant
mass, µ = mjj , which has not been widely used in di-
jet studies to date. Another scale, which was used at
DØ [20] and is currently used by CMS [18] is the average
pT of the two leading jets, µ = !pT " = 1

2 (pT1 + pT2 ).

In Fig. 1 we show the predictions at LO, NLO and
NNLO for these two scale choices at small and large |y! |.
For small |y! |, both scale choices provide reasonable pre-
dictions with largely overlapping scale bands, reduced
scale variation at each perturbative order, convergence of
the perturbative series and good description of the data.
For the larger |y! | bin we see significant di! erences in the
behaviour of the predictions for the two scales. For the
µ = mjj scale choice, the behaviour is qualitatively sim-
ilar to what is seen at small |y! |; in contrast, the NLO
prediction with µ = !pT " falls well away from the LO

prediction and is even outside the LO scale band. For
this scale choice, the NLO contribution induces a large
negative correction, which brings the central value in line
with the data but with a residual scale uncertainty of up
to 100%. Indeed for |y! | >2.0 the scale band for µ = !pT "
widens further and even includes negative values of the
cross section. These issues are resolved by the inclusion of
the NNLO contribution such that the NNLO prediction
is positive across the entire phase space and provides a
good description of the data. With the issue of unphysi-
cal predictions resolved, we are free to make a scale choice
based upon more refined qualities such as perturbative
convergence and residual scale variation. On this basis
we choose the theoretical scale µ = mjj and present de-
tailed results using this scale choice throughout the rest
of this letter.

In Fig. 2 we present the absolute cross section as a
function of mjj for each |y! | bin, compared to NNLO-
accurate theory. We observe excellent agreement with
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FIG. 2: The dijet cross section as a function of invariant
mass,mjj , for the six bins of |y! |, compared to ATLAS 7 TeV
4.5 fb" 1 data.

¥ excellent agreement over about 7 orders of magnitude
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