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Jet	produc)on	at	the	LHC	
•  Jet	cross	sec)ons:	measured	differen)ally	with	per	cent	level	

uncertain)es		
•  providing	an	ideal	tes)ng	ground	for	QCD:		

–  constrain	PDFs	(sensi)ve	to	gluon)	
–  determine	αs	
–  enable	indirect	BSM	searches		

•  Mainly	compared	to	NLO	predic)ons		
–  So	far:	no	observed	discrepancy	within	theory																																																																																									

or	experimental	uncertain)es		
–  NLO	here	from	NLOJET++		

									(Z.	Nagy,	Phys.	Rev.	D	68	(2003)	094002)		
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Figure 5: Inclusive jet cross-sections as a function of pT and |y|, for anti-kt jets with R = 0.4. The statistical
uncertainties are smaller than the size of the symbols used to plot the cross-section values. The shaded areas indicate
the experimental systematic uncertainties. The data are compared to NLO pQCD predictions calculated using
NLOJET++ with pmax

T as the QCD scale and the CT14 NLO PDF set, to which non-perturbative and electroweak
corrections are applied. The hatched open boxes indicate the predictions with their uncertainties. In most pT bins
the experimental systematic uncertainty is smaller than the theory uncertainties and is therefore not visible.

10 Results

The measured double-di↵erential inclusive jet cross-sections are shown in Figure 5 as a function of pT for
the six jet rapidity bins, and the measured double-di↵erential dijet cross-sections are shown in Figure 6 as
a function of m j j for the six y⇤ bins. The measurements respectively cover the jet pT range from 100 GeV
to 3.5 TeV for |y| < 3.0, and the m j j range from 300 GeV to 9 TeV for y⇤ < 3.0, thus attaining a signi-
ficantly higher reach than the previous ATLAS measurements [9, 73, 74]. The NLO pQCD predictions
using the CT14 PDF set corrected for non-perturbative and electroweak e↵ects are also shown in both
figures.

The ratios of the NLO pQCD predictions to the measured inclusive jet cross-sections as a function of
pT in the six jet rapidity bins are shown in Figure 7 (Figure 8) for the CT14, MMHT 2014 and NNPDF
3.0 (CT14, ABMP16 and HERAPDF 2.0) PDF sets. The CT14 case is repeated in both figures to serve
as a reference for comparison. No significant deviation of the data points from the predictions is seen;
the NLO pQCD predictions and data agree within uncertainties. This behaviour is compatible with the
results of the comparison between data and the pQCD predictions in the previous ATLAS measurement
at
p

s = 8 TeV [9]. In the forward region (|y| > 2) there is a tendency for the NLO pQCD prediction using
the CT14, MMHT 2014 and NNPDF 3.0 PDF sets to overestimate the measured cross-section in the high
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		Single	jet	inclusive:	(pp->jet	+X)	
ATLAS@13TeV	(arXiv:1711.02692)	
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•  Single	jet	inclusive	cross	sec)on:	pp	➝	jet	+X	
–  Is	the	sum	of	individual	single	jet	cross	sec)ons	
❖	each	jet	in	an	event	contributes	separetely,	
					leading	to	mul)ple	entries	of	a	single	event	in	distribu)ons		

–  differen)al	in	transverse	momentum	pT	and	rapidity	y	
						

•  Di-jet	cross	sec)on:	pp	➝	2	jet	+X	
–  consider	only	two	leading	(in	pT)	jets	in	event		
❖	single	entry	per	event	

–  Mul)-differen)al	measurements	possible	(MJJ,	⟨pT⟩,	…)	
	

Jet	observables	at	LHC	
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•  Important	steps	and	recent	developments			
–  NLO	QCD	[Ellis,	Kunszt,Soper	‘92],	[Giele,Glover,Kosower	‘94],	[Nagy	‘03]	
–  NLO	QCD	+	PS	(POWHEG)	[Alioli,	Hamilton,	Nason,	Oleari,	Re	‘11]	

–  NLO	QCD	+	Resumma)on	(threshold+jet	radius)	(talk	by	S.	Moch)		

–  NLO	EW	[Dilmaier,	Huss,	Speckner	‘12],[Campbell,	Wackeroth,	Zhou	‘16]	

–  NLO	QCD+EW	[Frederix,	Frixione,	Hirschi,	Pagani,	Shao,	Zaro	‘17]	

–  NNLO	QCD	(this	talk)		
						[Gehrmann,	Glover,	Pires,	AG	’13],	[Currie,	Glover,	Pires	‘16]	
						[Currie,	Gehrmann,	Glover,	Huss,	Pires,	AG	’17]	
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Jet	observables:	Theory	status		



Jet	cross	sec)ons:	uncertain)es	
•  Two	types:	parametric	(PDF,	αs)	and	perturba)ve	(trunca)on)	
•  Perturba)ve	uncertainty:	quan)fied	by	scale	varia)on	

–  Vary	renormaliza)on	μR	and	factoriza)on	μF	scales	
					by	factors	[1/2;2]	around	some	pre-defined	central	scale		
–  Important	limi)ng	factor	for	using	jet	data	in	PDF	fits		

•  Size	of	uncertain)es	at	NLO	
–  Scale	uncertainty	important	

❖(pT	and	y	dependent)	
		

•  NNLO	correc)ons	needed		
–  for	precise	determina)on																																																																		of	
PDFs	and	αs	
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Figure 2: Relative NLO QCD uncertainties in the jet cross-sections calculated using the CT14 PDF set. Panels
a,b (c,d) correspond respectively to the first and last |y| (y⇤) bins for the inclusive jet (dijet) measurement. The
uncertainties due to the renormalisation and factorisation scale, the ↵s, the PDF and the total uncertainty are shown.
The total uncertainty, calculated by adding the individual uncertainties in quadrature, is shown as a black line.

correction factors are evaluated using several event generators and tunes, which are listed in Table 1. The
baseline correction is taken from Pythia 8 using the A14 tune with the NNPDF2.3 LO PDF set. The
envelope of all corrections is considered as a systematic uncertainty.

CTEQ6L1 [65] CTEQ6L1 [65] MSTW2008LO [66] CT10 NNPDF2.3LO NNPDF2.3LO CTEQ6L1 [65]
Pythia 8 4C [67] AU2 [68] A14 [28] AU2 [68] MONASH [69] A14 [28] A14 [28]
Herwig++ UE-EE-5 [70, 71] UE-EE-4 [70, 71] UE-EE-5 [70, 71]

Table 1: Summary of the soft-physics model tunes used for the evaluation of the non-perturbative corrections for
each event generator and PDF set.

The correction factors for a set of representative event generators and tunes for the inclusive jet (dijet)
cross-section are shown in Figure 3 in illustrative |y| (y⇤) bins as a function of pT (m j j). The values of
the correction are in the range 0.92-1.03 at low pT and 0.98-0.99 (0.97-1.01) at high pT for the first (last)
rapidity bin in the inclusive jet measurement, and 0.94-1.01 (0.98-0.99) at low (high) m j j for the first y⇤

bin. For the last y⇤ bin in the dijet measurement, a fixed range 0.92-1.07 is conservatively taken for all
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Single	jet	inclusive:	(Central	y)	
	

(arXiv:1711.02692)	
	



						with	two-loop	matrix	elements	
•  explicit	infrared	poles	from	loop	integral			
	with	one-loop	matrix	elements	
•  explicit	infrared	poles	from	loop	integral	

								and	implicit	poles	from	single	real	emission	

					with	tree-level	matrix	elements	
•  implicit	poles	from	single	and	double		
			real	emission	

	
•  Infrared	poles	cancel	in	the	sum	

Ingredients	to	jet	produc)on	at	NNLO		

d�RR
NNLO

d�RV
NNLO

d�V V
NNLO

!  Require three principal ingredients  
!  two-loop matrix elements 

!  explicit infrared poles from loop integral   
!  known for all massless 2 � 2 processes  

!  one-loop matrix elements 
!  explicit infrared poles from loop integral 
!  and implicit poles from single real emission 

!  usually known from NLO calculations 

!  tree-level matrix elements 
!  implicit poles from double real emission 

!  known from LO calculations 

!  Infrared poles cancel in the sum 
!  Challenge: combine contributions into parton-level generator 

!  Need a method to extract implicit infrared poles 

NNLO calculations 
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•  Parton	level	NNLO	cross	sec)on	with	m-jets	in	the	final	state	

•  Unintegrated	subtrac)on	terms	in	
–  	Mimic	double	real	(RR)	and	real-virtual	(RV)	contribu)ons	in	all	infrared	limits	

•  Integrated	subtrac)on	terms	in		
–  Cancel	explicit	infrared	poles	in	real-virtual	(RV)	and	double	virtual	(VV)		

•  Terms	in	square	brackets	are		
–  finite,	well-behaved	in	all	infrared	regions	
–  evaluated	numerically	with	a	parton	level	event	generator	

•  Implementa)on	in	NNLOJET	
	

Antenna	subtrac)on	at	NNLO			
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NNLOJET		
•  NNLO	parton	level	event	generator		

–  based	on	antenna	subtrac)on			
•  Infrastructure	

–  Process	management	
–  Phase	space,	histogram	rou)nes	
–  Valida)on	and	tes)ng		
–  ApplFast	interface	in	progress	

•  Processes	implemented	at	NNLO	
–  Z+(0,1)jet,	W+(0,1)jet	(talk	by	D.Walker)	

–  H+(0,1)jet	(X.Chen	et	al.)	
–  DIS-2j	(J.	Niehues	et	al.)	
–  VBF	H+2jet	(talk	by	J.	Cruz-Mar)nez)		

–  Jet	produc)on	(this	talk)	
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NNLOJET	project:	
X.	Chen,	J.	Cruz-Mar)nez,	J.	Currie,									
R.	Gauld,	T.Gehrmann,	E.W.N.	Glover,							
M.	Höfer,	A.Huss,	T.Morgan,	I.	Majer	
	J.Niehues,	J.	Pires,	D.	Walker,	AG	
	
	
	



� Analy)c	pole	cancella)on						�		Unresolved	limits	for	RR,	RV		

	
																																																																							Example															

	 	 	 	 	 	 	 	 	 	Ra)o																															
	 	 	 	 	 	 	 	 	 	 	approaching	singular	limit	

Antenna	subtrac)on:	Checks			
Checks of the calculation

Analytic pole cancellation
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•  Most	complicated	2	➝	2	process:	pp	➝	2	jets	+X	
–  large	number	of	parton-level	sub-processes	
–  Four	QCD	partons	at	tree	level		
–  Many	more	unresolved	configura)ons	than	in	V	+jet		

•  NNLO	correc)ons	known:		
												(Currie,	Gehrmann,	Glover,	Huss,	Pires,	AG	’17)	
–  All	channels	at	leading	color	(N2,NNF,	NF

2)	
–  Gluon-gluon	channel	with	full	colour		
–  Subleading	colour	contribu)ons:	(a	priori	suppressed	by	1/N2)		
								❖	below	two	percent	at	NLO	(all	channels)		
❖	around	ten	percent	of	full	NNLO	contribu)on	in	gg	channel		

Di-jet	produc)on	at	NNLO	
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•  ATLAS	measurement		@	7TeV		[JHEP	1405.059	(2014)]		
–  double	differen)al	in	invariant	mass	of	the	di-jet	system	mJJ		
					and	rapidity	difference	y*:		

	❖	At	least	two	reconstructed	jets	with:	
													pT1	>	100	GeV,	pT2	>	50	GeV		and		|yj|<3		

	
•  Di-jet@NNLO	

–  Central	scale:	μF	=	µR	=	µ	=	mJJ	

–  Scale	dependence	
									❖Independent	7-scale	varia)on	of	μF,	μR

		

		
	✔		Good	agreement	in	shape	and	normalisa)on		
							even	at	low	mJJ	and	low|y*|	where	NLO	fails		
	
	
	

Di-jet	invariant	mass	distribu)on		
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FIG. 3: NLO/LO (blue), NNLO/NLO (red) and NNLO/LO
(purple) K-factors double di↵erential in mjj and |y⇤|. Bands
represent the scale variation of the numerator. NNLO PDFs
are used for all predictions.

the data across the entire kinematic range in mjj and
|y⇤|, with up to seven orders of magnitude variation in
the cross section. The total NNLO prediction shown in
Fig. 2 is the sum of LO, NLO and NNLO contributions.
We can understand the relative shift in the theoretical
prediction from each perturbative correction by examin-
ing the K-factors shown in Fig. 3. We observe moderate
NLO/LO corrections from +10% at low mjj and |y⇤| to
+50-70% at highmjj and high |y⇤|. The NNLO/NLOK-
factors are typically < 10% in magnitude and relatively
flat, although they alter the shape of the prediction at
low mjj and low |y⇤|.

To emphasize the size and shape of the NNLO correc-
tion, in Fig. 4 we show the distributions normalized to
the NLO prediction. On the same plot we show the pub-
lished ATLAS data, also normalized to the NLO theory
prediction. We observe good agreement with the NNLO
QCD prediction across the entire dynamical range in mjj

and |y⇤| and a significant improvement in the description
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FIG. 4: The NLO (blue) and NNLO (red) theory predictions
and ATLAS data normalized to the NLO central value. The
bands represent the variation of the theoretical scales in the
numerator by factors of 0.5 and 2. Electroweak e↵ects are
implemented as a multiplicative factor and shown separately
as the green dashed line.

of the data for low mjj and |y⇤|, where NLO does not
adequately capture the shape nor the normalization. We
include the electroweak e↵ects as a multiplicative factor,
as calculated in [12], and note that in the region where
they are non-negligible (|y⇤| < 0.5, mjj > 2 TeV) they
improve the description of the data.
We generally observe a large reduction in the scale vari-

ation and small NNLO corrections. An exception to this
conclusion is found at low mjj and |y⇤| < 1.0; in this
case we observe NNLO scale bands of similar size to the
NLO bands, and a negative correction of approximately
10% such that the NNLO and NLO scale bands do not
overlap. To understand this behaviour in more detail we
investigate specific bins of mjj and |y⇤| and study the
scale variation inside that bin, as shown in Fig. 5.
The left pane of Fig. 5 shows the scale variation in the

bin 370 GeV < mjj < 440 GeV and 0.0 < |y⇤| < 0.5,
which is the region where the NLO and NNLO scale
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•  Common	central	scale	choices	
–  invariant	mass	mjj			
–  average	transverse	momentum	of	two	leading	jets	⟨pT⟩	

•  Compare	predic)ons	(normalised	to	data)		
–  NLO:	Spread	of	predic)ons	

	❖	mjj			Small	posi)ve	correc)ons,		
																								small	uncertain)es	

	 	❖	⟨pT⟩:	Large	nega)ve	correc)ons,	
																						large	uncertain)es		

–  NNLO:	Scale	choice	issue	resolved	
												❖		Stabiliza)on	and	convergence	
																						of	predic)ons	with	small	residual	scale	uncertain)es	
															❖		beler	choice:	mjj	

	
	
	

Di-jet	produc)on:	scale	choice	
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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 y

2

(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 = hpT i = 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 = hpT i 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 = hpT i
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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												differences:		1.5	<|y*|<	2.0		
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•  Single	jet	inclusive	cross	sec)on:	pp	➝	jet	+X	
–  Is	the	sum	of	separate	single	jet	cross	sec)ons	

•  Central	scale	sezng	choices:	Two	categories		
–  jet-based:	scale	different	for	each	jet	in	an	event		
❖	ex:	pT	:	transverse	momentum	of	the	individual	jets		

–  event-based:	common	scale	for	all	jets	in	an	event		
❖	ex:	pT1:	transverse	momentum	of	the	leading	jet		

•  At	O(αs
4)	

	

Single	jet	inclusive	produc)on	at	NNLO	
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•  pT=	pT1		
–  for	leading	order		(2➝2	kinema)cs)		
–  for	high	pT-jets	(back-to-back)	

•  pT	≠pT1	
–  for	events	with	three	or	more	jets		
–  for	events	with	jets	outside	the	fiducial	cuts		

pT	versus	pT1:	Similari)es	and	Differences		

individual sub-leading jet contributions to the inclusive jet sample and in particular the

e↵ects that can arise from changing the scale between an event-based scale and a jet-based

scale.

One particular feature that is worth mentioning concerning event-based scales is the

sensitivity of the single jet inclusive jet cross section to the acceptance rapidity y region

which identifies the jets in the event. Consider an event in which the leading jet is relatively

forward and does not enter as a jet in a central rapidity slice of the single jet inclusive cross

section. If the detector rapidity coverage includes the jet, then the event-based scale will

be the pT of this forward jet. If the detector coverage does not include the jet, then will

not be identified as the leading jet, and the event-based scale will be di↵erent. Therefore,

predictions for the jet cross section in the central region of the detector can unphysically

depend on the range of the forward rapidity coverage of the detector when an event scale

of the type pT1 is used.

2.2.2 Dependence on jet resolution parameter R

In this subsection we in turn discuss the e↵ects stemming from the jet definition itself, in

particular the jet resolution. For the sake of illustration, we represent the jets by cones of

radius R in rapidity and azimuthal angle, as obtained [35] by either a cone-algorithm or

the commonly used anti-kT clustering/recombination algorithm [36].

In Fig. 1 we show some illustrations of various jet configurations at LO and NLO where

solid arrows represent partons and cones represent jets resulting from the jet algorithm.

Fig. 1(a) shows a dijet event at leading order where two back-to-back partons form two

jets and pT1 = pT2. In this case there is no di↵erence in scale choice between pT1 and

pT . Fig. 1(b) shows a dijet event where three partons are clustered by the jet algorithm

into two jets such that the jets are still balanced in pT so that the scale choice is identical.

Fig.1(c) shows a trijet event where three partons are su�ciently hard and separated to

form three distinct jets. In this configuration pT1 6= pT2 6= pT3 and so the scale choice

does make a di↵erence, although the LO three jet sample is a very small fraction of the

cross section as we will observe in Section 4. Fig. 1(d) depicts a dijet event where the third

parton falls outside the jet radius and is not clustered but also is not su�ciently hard to

(a) (b) (c) (d)

Figure 1: Illustrations of jet events at LO and NLO with arrows representing partons and

cones representing jets.

– 9 –
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•  Compare	NNLO	predic)ons	with	scales	𝜇	=	pT	or	𝜇		=	pT1	
with	ATLAS	@	7	TeV		(R=0.4)		[JHEP	1502	153		(2015)]		
–  At	least	one	reconstructed	jet	with:	pT	>	100	GeV		and	|y|<3	

	
						

Single	jet	inclusive	produc)on	-	pT	vs.	pT1	

11
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Fig. 6. The NNLO predictions normalized to data for two di↵erent scale choices,
individual jet pT (red) and leading jet pT (green). The bands correspond to the
variation of µ = µR = µF by factors of 0.5 and 2 about the central scale choice.

the pT scale choice is more consistent1. The inconsistencies between the
theoretical calculations clearly poses a problem when it comes to deciding
which scale should be used when comparing to data or fitting PDFs.

The NNLO calculation with pT scale choice appears to provide a good
description of the data, better than with the pT1 scale choice. However, it
achieves this by generating a relatively large NNLO/NLO K-factor along-
side a slightly deteriorating scale dependence. As an unphysical scale in
the theoretical calculation, there is no a priori preferred parameterization
except for scales which minimize the disruptive influence of large logarithms
on the perturbative expansion. It is often sensible to choose a scale which
reflects the underlying Born-level kinematics, which for jet production is
the LO 2 ! 2 scattering where the two scales considered here coincide. The
significant e↵ect of this scale ambiguity on the NNLO predictions, and the
lack of a theoretically well motivated preference, motivates further study

1 The data is being used here merely as a reference point; we are using NNLO PDFs
and so any genuine comparison of the NLO predictions to data is inappropriate. In
any case the NLO PDF has been fitted to this data for the scale choice pT .

Single	jet	at	NNLO:	

•  high	pT:	Stabiliza)on	and	agreement	
					of	predic)ons	
•  low	pT		:	Significant	differences:	15-20%		
					with	large	uncertainty	bands	for	
					both	scale	choices		
	
⇒	Large	effects	from	scale	ambiguity	remain		
					at	NNLO	(unlike	in	di-jet	produc)on)		
⇒	Data	beler	described	with		𝜇	=	pT		choice		
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•  NLO	
–  Leading	jet	dominates	
–  Third	jet	negligible		
–  Second	jet	sizeable	
❖	high	pT:	as	significant	as	leading	jet	
❖	low	pT:		negligible		

•  NNLO	
–  Leading	and	second	jet	similar																																																										
over	whole	pT	range		
❖	substan)al	increase	of	second	jet		

																					contribu)on	at	low	pT		
•  Large	alterna)ng	correc)ons	to																																									

second	jet	distribu)on	
			

Individual	jet	contribu)ons	and	jet	frac)ons		
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Figure 13: Breakdown of single jet inclusive cross section (CMS cuts) into contributions

from first, second, third and fourth jet at di↵erent orders in perturbation theory, evaluated

for µ = pT . Jet resolution: (a) R = 0.4; (b) R = 0.7.
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•  Correc)ons	to	second	jet	distribu)on	
–  NLO:	Large	and	nega)ve	with	huge	uncertainty	
–  NNLO:	Large	and	posi)ve	

•  Ra)os	show	
–  NLO	problema)c	for	both																																																																															

scales		
–  but	much	worse	for	µ=pT1	
–  Stabilisa)on	at	NNLO																																																																																											

(in	line	with	LO)			
–  beler	choice:		𝜇	=	pT		

Second	jet	transverse	momentum	distribu)on			
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Figure 15: Perturbative corrections to the transverse momentum distribution of the sec-

ond jet in an event at 13 TeV (CMS cuts, R = 0.4), normalized to lower order predictions.

Central scale choice: (a) µ = pT1 and (b) µ = pT . Shaded bands represent the theory

uncertainty due to the variation of the factorisation and renormalisation scales.

5 Summary and Conclusions

This section should contain an extensive summary of the individual findings, and could

conclude with a suggestion/recommendation for certain types of scale choices over others.

It is not of the Conclusions/Outlook type that one has usually in papers, but actually

requires more thought.

We may want to wait for the new Figures 4-6 before starting to work on this section.
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•  Change	in	NNLO	predic)ons	using		𝜇=pT	or	𝜇	=pT1							=pT1						
					at	low	pT	due	to:		

–  Increased	importance	of	pT2	contribu)on	from	NLO	to	NNLO		
–  pT2	distribu)on	poten)ally	sensi)ve	on	IR	effects		
				❖presence	of	poten)ally	large	logs		
–  pT2	distribu)on	beler	behaved	for		𝜇	=	pT		
	

•  Tenta)ve	recommenda)on		
–  Use	(jet-based)	central	scale		𝜇	=	pT		in	NNLO	predic)ons	for	
single	jet	inclusive	pT	distribu)ons		

	
	

Scale	sezng	issue	in	single	jet	produc)on	
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•  Conclusions	in	agreement	with	recent	measurements	

NNLO	Theory:		from	NNLOJET		

	

Comparison	with	LHC	data	
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Figure 11: Ratios of the NLO and NNLO pQCD predictions to the measured inclusive jet cross-sections, shown
as a function of the jet pT in six |y| bins for anti-kt jets with R = 0.4. The NLO predictions are calculated using
NLOJET++ with the MMHT 2014 NLO PDF set. The NNLO predictions are provided by the authors of Refs. [15,
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T as the QCD scale and the MMHT 2014 NNLO PDF set. Non-perturbative and
electroweak corrections are applied to the predictions. The NLO and NNLO uncertainties are shown by the coloured
lines, including all the uncertainties discussed in Section 9. The grey bands show the total data uncertainty including
both the systematic (JES, JER, unfolding, jet cleaning, luminosity) and statistical uncertainties.

�2/dof CT14 MMHT 2014 NNPDF 3.0 HERAPDF 2.0 ABMP16all |y| bins
pmax

T 419/177 431/177 404/177 432/177 475/177
pjet

T 399/177 405/177 384/177 428/177 455/177

Table 3: Summary of �2/dof values obtained from a global fit using all pT and rapidity bins, comparing the inclusive
jet cross-section and the NLO pQCD prediction corrected for non-perturbative and electroweak e↵ects for several
PDF sets and for the two scale choices. All the corresponding p-values are⌧ 10�3.
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Figure 11: Ratios of the NLO and NNLO pQCD predictions to the measured inclusive jet cross-sections, shown
as a function of the jet pT in six |y| bins for anti-kt jets with R = 0.4. The NLO predictions are calculated using
NLOJET++ with the MMHT 2014 NLO PDF set. The NNLO predictions are provided by the authors of Refs. [15,
16] using NNLOJET with pjet

T as the QCD scale and the MMHT 2014 NNLO PDF set. Non-perturbative and
electroweak corrections are applied to the predictions. The NLO and NNLO uncertainties are shown by the coloured
lines, including all the uncertainties discussed in Section 9. The grey bands show the total data uncertainty including
both the systematic (JES, JER, unfolding, jet cleaning, luminosity) and statistical uncertainties.

�2/dof CT14 MMHT 2014 NNPDF 3.0 HERAPDF 2.0 ABMP16all |y| bins
pmax

T 419/177 431/177 404/177 432/177 475/177
pjet

T 399/177 405/177 384/177 428/177 455/177

Table 3: Summary of �2/dof values obtained from a global fit using all pT and rapidity bins, comparing the inclusive
jet cross-section and the NLO pQCD prediction corrected for non-perturbative and electroweak e↵ects for several
PDF sets and for the two scale choices. All the corresponding p-values are⌧ 10�3.
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Figure 12: Ratios of the NLO and NNLO pQCD predictions to the measured inclusive jet cross-sections, shown
as a function of the jet pT in six |y| bins for anti-kt jets with R = 0.4. The NLO predictions are calculated using
NLOJET++ with the MMHT 2014 NLO PDF set. The NNLO predictions are provided by the authors of Refs. [15,
16] using NNLOJET with pmax

T as the QCD scale and the MMHT 2014 NNLO PDF set. Non-perturbative and
electroweak corrections are applied to the predictions. The NLO and NNLO uncertainties are shown by the coloured
lines, including all the uncertainties discussed in Section 9. The grey bands show the total data uncertainty including
both the systematic (JES, JER, unfolding, jet cleaning, luminosity) and statistical uncertainties.

Pobs
y⇤ ranges CT14 MMHT 2014 NNPDF 3.0 HERAPDF 2.0 ABMP16
y⇤ < 0.5 79% 59% 50% 71% 71%

0.5  y⇤ < 1.0 27% 23% 19% 32% 31%
1.0  y⇤ < 1.5 66% 55% 48% 66% 69%
1.5  y⇤ < 2.0 26% 26% 28% 9.9% 25%
2.0  y⇤ < 2.5 43% 35% 31% 4.2% 21%
2.5  y⇤ < 3.0 45% 46% 40% 25% 38%

all y⇤ bins 8.1% 5.5% 9.8% 0.1% 4.4%

Table 4: Summary of observed Pobs values obtained from the comparison of the dijet cross-section and the NLO
pQCD prediction corrected for non-perturbative and electroweak e↵ects for various PDF sets and for each individual
y⇤ range. The last row of the table corresponds to a global fit using all mj j and y⇤ bins of the dijet measurement.
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•  NNLO	correc)ons	to	LHC	jet	produc)on	sizeable	
•  Perturba)ve	convergence	and	impact	of	scale	choices	

–  Di-jets	
❖NNLO	correc)ons	largely	remove	scale	ambigui)es		
❖μ=mjj:	preferred	choice	(stability	and	convergence)	

–  Single	jet	inclusive		
❖jet-based	versus	event-based	scales	
❖scale	ambigui)es	persist	at	NNLO	
❖contribu)on	from	second	jet	perturba)vely	unstable	
❖μ=pT:	appears	as	best	choice	(convergence)	

	
	

Conclusions	
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•  Dissemina)on	of	NNLO	results	
–  Determina)on	of	(PDFs,	αs)	require	NNLO	predic)ons	to	be	
computed	mul)ple	)mes	(varying	PDF	sets,	scales,	etc.)		

–  Repeated	running	of	NNLO	parton-level	calcula)on	is	not	
realis)cally	feasible	

–  Grid	genera)on	using	APPLfast-NNLO	interface	in	progress								
(D.	Britzger,	C.	Gwenlan,	K.	Rabbertz,	M.	Sulon)		
❖First	applica)on:	H1	determina)on	of	αs	from	jet	produc)on	in							
				DIS	(H1:	arXiv:1709.07251)	

•  Precision	phenomenology	with	NNLO	jet	observables				
is	just	star)ng		
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Outlook:	Next	steps		


