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Ubiquitous and accurately measured at the LHC 

• ~1% JES corresponds to <10% uncertainty on single inclusive x-sec 

Provides a rigorous test of QCD across a huge range of kinematic variables 
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Signatures with Jets: Motivation 

•  Good understanding of jets crucial for many experimental signatures 
•  Test perturbative QCD calculations and MC predictions over several orders of 

magnitude 
•  Study parton distribution functions  
•  High precision measurements 

–  Very small background rates 
–  Small experimental uncertainty  
    crucial (Jet energy scale)  

 
Study extreme kinematic selections  
interesting for new physics with high  
precision 

–  Final state with jets (and leptons) major background for Higgs, SUSY, Exotica 
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Jets at the LHC

Weber, MondayCMS-PAS-FSQ-12-031
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10 Appendix

The combined differential inclusive jet cross sections, measured at low and high transverse
momenta [25], in comparison to NLO predictions using the NNPDF2.1 PDF set times the NP
correction factor is shown in Fig. 12.
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Figure 12: The combined differential inclusive jet cross sections in comparison to NLO predic-
tions using the NNPDF2.1 PDF set times the NP correction factor. Open markers represent the
measurement of low pT jets obtained with the integrated luminosity of 5.8 pb�1 of minimum
bias data for low pile-up conditions whereas the filled markers for high pT jets obtained with
integrated luminosity of 10.71 fb�1 of jet trigger data for high pileup [25].

Ratio of the combined CMS jet spectra, measured at low and high transverse momenta, over
the NLO predictions is shown in Figs. 13-17. In the transition between both measurements at
pT ⇡ 75 GeV/c, the systematic uncertainties of the low-pT measurements are smaller than the
high-pT ones because the former have been carried out with (much) smaller pileup than the
latter, except for the 2 < |y| < 3 region where the endcap response to low-pT jets results in
larger propagated systematics. A similar comparison but instead of the theoretical uncertainty
for each PDF set the ratios of the predictions with alternative PDF sets is shown in Figs. 18–22.



Jets and PDFs
LHC is mainly a gluon collider but gluon PDF is not well known:  

• LHC jets probe a wide range of x 

• gluon PDF directly sensitive to jet data, especially at large x 

• would like to consistently include NNLO jet data in NNLO PDF fits without using 
kinematically limited approximations 
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Fig. 3. Minimum value of Bjorken-x and the scale m34 probed in the PDFs for dijet production
at the LHC 7 TeV, using the kinematics of the ATLAS 2011 dijet measurement.22

While Fig. 3 determines the region of Bjorken-x that is kinematically accessible
in jet production measurements, it does not provide information on which part of
this region dominates the production cross-section, or in other words, the region of
Bjorken-x for which the PDF sensitivity of the jet data is maximized. To determine
this important information, it is possible to compute the correlation coe�cients
between the PDFs and the experimental data. As explained in Ref.,24 in a Monte
Carlo PDF set one can compute the correlation between the parton distributions,
for di↵erent values of x and Q

2, and the jet production cross-sections, for di↵erent
bins of jet transverse momentum and rapidity.

Using NNPDF2.1 NLO, this exercise was carried out in the CMS analysis of
Ref.,25,26 which studies the constraints on PDFs and on ↵s of their 7 TeV inclusive
jet data. The results can be found in Fig. 4, which shows the correlation coe�cient
between PDFs (in this case the gluon and the up quark) for all the pT bins in the
central rapidity region, |y|  0.5, as a function of Bjorken-x and the momentum
transfer Q. A value of this coe�cient close to one (minus one) indicates that, for
this specific data bin, the cross-section is strongly (anti-)correlated with the corre-
sponding PDFs in the given range of x. In particular, from Fig. 4 one can see that
LHC inclusive jet data has a strong correlation with the gluon for x � 0.1, with a
likewise strong anti-correlation for x ⇠ 10�2. This correlation is weaker for the up
quark, except for large values of x, that is, x ⇠> 0.4�0.5, for which the qq scattering
channel begins to dominate over qg scattering, see Fig. 1.

3. Theory calculations and tools for fitting jet data

The NLO cross-sections for jet production at hadron colliders have been known
for a long time.27,28 They have been implemented in various computer programs,
such as NLOjet++.29 Computing di↵erential distributions for jet observables with
these codes is however very CPU-time intensive, and thus not suitable for the aims
of PDF determinations, where the iterative fitting procedure requires recomputing
the same observables a large number of times. With this motivation, di↵erent fast
interfaces to NLO jet calculations have been developed. The basic idea of these
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Figure 53: Comparison of the gluon in a fit to a dataset without jet data and in the global fit at NLO
(top) and NNLO (bottom), plotted at Q2 = 2 GeV2 vs. x on a logarithmic (left) and linear (right) scale.

5.2.3 Impact of jet data on the global fit

We now explore the impact of jet data in the NLO and NNLO NNPDF3.0 fits, with the motiva-
tion of making sure that theoretical limitations in the description of jet data, and in particular
the current lack of full knowledge of NNLO corrections, does not bias the fit results.

To this purpose, we have produced versions of the NNPDF3.0 PDF fit in which all jet data are
removed from the global dataset: the gluon from these sets is compared to that from the default
global fit at Q2 = 2 GeV2 in Fig. 53: Other PDFs are essentially unchanged upon removing
jet data. It is clear that removing jet data from the global fit leads to a substantial increase
of the PDF uncertainties on the gluon at medium- and large-x. However, when jet data are
included, the uncertainties are very similar at NLO and NNLO, despite the fact that at NNLO
the jet dataset is significantly smaller due to the more restrictive cuts which we have introduced
in order to account for the incomplete knowledge of NNLO corrections to jet production (see
Sect. 2.3.2): in fact, if anything, the uncertainties are somewhat smaller at NNLO. This is
reassuring in that it is consistent with the expectation that no instabilities are introduced by
jet data in the NNLO fit despite potentially large perturbative corrections, and in fact the fit
becomes tighter at NNLO.

In Tab. 14 we compare at NLO and NNLO the χ2 to the collider jet data, both in the
reference NNPDF3.0 fit and in the fit without jet data. We provide the results using both the
experimental and the t0 χ2 definitions, whose values can differ significantly, especially at NNLO.
The description of jet data turns out to be reasonably good even when they are not included in
the fit, especially at NNLO. This is evidence for consistency, and it explains why they help in
reducing the gluon uncertainty. We also show the value of the χ2 for top pair production, which
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Figure 10: The strong coupling aS(Q) (full line) and its total uncertainty (band) as determined
in this analysis using a two-loop solution to the RGE as a function of the momentum transfer
Q = pT. The extractions of aS(Q) in six separate ranges of Q as presented in Table 5 are shown
together with results from the H1 [58, 59], ZEUS [60], and D0 [52, 53] experiments at the HERA
and Tevatron colliders. Other recent CMS measurements [55, 56] are displayed as well.

5 Study of PDF constraints with HERAFITTER

The PDFs of the proton are an essential ingredient for precision studies in hadron-induced
reactions. They are derived from experimental data involving collider and fixed-target exper-
iments. The DIS data from the HERA-I ep collider cover most of the kinematic phase space
needed for a reliable PDF extraction. The pp inclusive jet cross section contains additional in-
formation that can constrain the PDFs, in particular the gluon, in the region of high fractions x
of the proton momentum.

The HERAFITTER project [19, 61, 62] is an open-source framework designed among other
things to fit PDFs to data. It has a modular structure, encompassing a variety of theoretical
predictions for different processes and phenomenological approaches for determining the pa-
rameters of the PDFs. In this study, HERAFITTER is employed to estimate the impact of the
CMS inclusive jet data on the PDFs and their uncertainties by using fixed-order perturbation
theory and NP corrections.

5.1 Correlation between inclusive jet production and the PDFs

The potential impact of the CMS inclusive jet data can be illustrated by the correlation between
the inclusive jet cross section sjet(Q) and the PDF x f (x, Q2) for any parton flavour f . The
NNPDF Collaboration [63] provides PDF sets in the form of an ensemble of replicas i, which
sample variations in the PDF parameter space within allowed uncertainties. The correlation
coefficient $ f (x, Q) between a cross section and the PDF for flavour f at a point (x, Q) can be
computed by evaluating means and standard deviations from an ensemble of N replicas as

$ f (x, Q) =
N

(N � 1)
hsjet(Q)i · x f (x, Q2)ii � hsjet(Q)ii · hx f (x, Q2)ii

Dsjet(Q)Dx f (x,Q2)
. (12)

Here, the angular brackets denote the averaging over the replica index i, and D represents the
evaluation of the corresponding standard deviation for either the jet cross section, Dsjet(Q), or

Can use the single inclusive jet cross section to determine [CMS-PAS-SMP-12-028]: 
]:	


•               and running coupling from single experiment 
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• very satisfying test of QCD and the LHC 

• model independent probe of new physics

Jets and xx
↵s(MZ)

↵s

CMS hep-ex [1410.6765]



Uses and Techniques for NNLO Calculations

Theoretical improvements

Theoretical improvements - pQCD

d�̂ab

µR, µF

fa(µF )

fb(µF )

= d�̂LO + d�̂NLO + d�̂NNLO + . . .

J (2,3,4,...)
2

ISR

ISR

k??

k??

1/ lnm(Q/⇤)

1/Qn?

Why NNLO?



NNLO Subtraction
Unphysical intermediate quantities are divergent 

• need to regulate with RR, RV and VV subtraction terms 
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NNLO Subtraction
Unphysical intermediate quantities are divergent 

• need to regulate with RR, RV and VV subtraction terms 
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Antenna functions built from matrix elements: 

!

Quark-antiquark: 

!

Quark-gluon: 

!

Gluon-gluon: 

Uses and Techniques for NNLO Calculations

Antenna Subtraction

What is an antenna?

Constructed from physical matrix elements

X0
3 (i, j, k) ⇠ |M0

3(i, j, k)|2
|M0

2(I, K)|2 , X0
4 (i, j, k, l) ⇠ |M0

4(i, j, k, l)|2
|M0

2(I, L)|2
Three main types:

I Quark-antiquark. Derived from the process �⇤ ! qq̄ + · · ·

I Quark-gluon. Derived from the process �̃0 ! g̃g + · · ·

I Gluon-gluon. Derived from the process H ! gg + · · ·
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Where to start?
pp⇒2j at NNLO is a complicated calculation: 

• many crossings and colour factors to consider 

• up to four massless partons in the final state means a large 
number of (overlapping) unresolved limits 

Start by considering: 

• what are the most important channels? 

• what are the most important colour factors in each channel? 



Channels
At low to moderate pT the gluonic initial-states (gg+qg) dominate 

At high pT quark scattering becomes important 
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In this talk we will focus on gg+qg; qq results in preparation

 (GeV)
T

p
500 1000 1500 2000 2500

Su
bp

ro
ce

ss
 fr

ac
tio

n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
gg 
qg 
qq 

 qq
=8 TeVs

 (GeV)
T

p
500 1000 1500 2000 2500

Su
bp

ro
ce

ss
 fr

ac
tio

n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
gg 
qg 
qq 

 qq
=13 TeVs



 (GeV)
T

p
210 310

Su
bp

ro
ce

ss
 fr

ac
tio

n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
gg 
qg 
qq 

 qq
=8 TeVs



gg channel
Start with the double real all-gluon contribution [Glover, Pires ’10]: 

• six gluon matrix element [Mangano, Parke, Xu ’87; Berends, Giele ‘87]: 

!

• “single unresolved” subtraction term: 

!

• “double unresolved” subtraction term: 

!

• “spurious unresolved” subtraction term: 

|M0
6|2 =

X

perms

A0
6(1, 2, i, j, k, l)

f0
3 (2, i, j) A

0
5(1, 2̄, (eij), k, l)

F 0
4 (2, i, j, k) A

0
4(1, 2̄, (fijk), l)

f0
3 (2, i, j) f

0
3 ((eij), k, l) A0

4(1, 2̄, (
^(ij)(kl)))



Real-virtual correction [Glover, Pires ’12]: 

• one-loop five gluon matrix element [Bern, Dixon, Kosower ‘93] 

!

• pole subtraction term: 

!

• single unresolved subtraction term: 

!

• spurious pole/single unresolved subtraction term: 

|M1
5|2 =

X

perms

A1
5(1, 2, i, j, k)

J (1)(1, 2, i, j, k) A0
5(1, 2, i, j, k)

f0
3 (2, i, j) A

1
4(1, 2̄, (eij), k) + f1

3 (2, i, j) A
0
4(1, 2̄, (eij), k)

J (1)(2, i) f0
3 (i, j, k) A

0
4(1, 2̄, (eij), (fjk))



Double virtual correction [Gehrmann, Gehrmann de-Ridder, Glover, Pires ’13] 

• two-loop matrix elements [Glover, Oleari, Tejeda-Yeomans ’01] 
• ]:	


!

• double virtual subtraction term: 

!

!
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• analogous to well known IR pole structure [Catani ’98] 

• structure is universal and generalizable to higher multiplicities

|M2
4|2 =

X

perms

A2
4(1, 2, i, j)

+ J (1)(1, 2, i, j) A1
4(1, 2, i, j)

+
1

2
J (1)(1, 2, i, j)⌦ J (1)(1, 2, i, j) A0

4(1, 2, i, j)

+ J (2)(1, 2, i, j) A0
4(1, 2, i, j)



Sub-leading colour all-gluon correction [JC, Glover, Pires ’14]: 

• posed an interesting theoretical challenge 

• antenna subtraction designed for squared partial amplitudes 

• sub-leading colour RR and RV gluon scattering built from interferences 

!

!

The method worked well and produced a small correction 

!

!

 (GeV)
T

p210 310

 [%
]

�

0

5

10

15

20

25

A0,†
6 (�)

⇥
A0

6(�
0) +A0

6(�
00) +A0

6(�
000)

⇤

A0,†
5 (�) A1

5(�
0)



qg channel
Very important channel over a wide range of pT: 

• main missing component for jets up to ~1 TeV 

Also presents interesting theoretical challenges: 

• antennae interpolate between many limits with a smooth momentum map 

• not always desirable when factoring onto physically different matrix elements 

!

!

!

Limits can be disentangled successfully and systematically

⇥ Mqg or Mqq̄



Results
The following results are for gg+qg+qq̅⇒2j at 13 TeV 

Setup: 

• NNPDF2.3_NNLO 

• accept jets with pT > 80 GeV 

• rapidity cut |y| < 4.4 

• scale μ = μF = pT  rather than pT1 

• anti-kT jet algorithm R=0.4 

pT 1

pT 2

pT 3

pT 4
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K-factors
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Where to go now?
!

!

!

A few things remain to be included in our study: 

• quark scattering for high pT jets (results in preparation) 

• leading NF corrections in all channels (in preparation) 

• sub-leading colour probably insignificant and can be dropped without 
compromising phenomenology 

• updated scale variation (in preparation) 

• upgrade of the Monte Carlo and interface to APPLgrid/n-tuples



Summary
Antenna subtraction is a flexible and powerful IR subtraction scheme 

We have used this method to calculate the NNLO correction to jet 
production at the LHC: 

• updated gluon scattering results at 13 TeV 

• added the new and significant quark-gluon channel 

• we observe that the new qg channel dominates for moderate pT  

• NNLO corrections up to ~8% of the NLO decreasing with pT 

• quark-quark channel and NF results in preparation


