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Motivation
• Compare MCEG to  

fixed order calculations  
up to NNLO.  

• Compare MCEG on  
equal footings  
(synchronized setup) 

• Scales for FO and PS. 
• Test more Radii  
• More reliable scale  

uncertainties for  Dijet or  
incl Jet data comparisons  
be used to constrain PDFs 
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Figure 18: Ratio of 13 TeV single jet inclusive cross sections to the µ = 2 pT scale choice

at (a) NLO and (b) NNLO with R = 0.7 and CMS cuts.

shaded bands represent the scale variation around the respective central scale choice.

Focussing first on the central rapidity region shown in Fig. 17(a), we see that the shape

and size of the LO/NLO K-factor (green) for the µ = pT,1, µ = pT and µ = ĤT/2 scales

are fairly similar. However, we observe larger NLO radiative corrections when these central

choices are rescaled by a factor of 2.

Inspection of the NNLO/NLO K-factor (red) reveals that the size and shape of the

NNLO corrections are generally smaller than the NLO ones, but that there is some depen-

dence on the functional form of the scale choice. While the NNLO/NLO K-factor is never

more than ±20% for any of the scale choices, the dependence on pT is quite varied. For

µ = pT (µ = 2 pT), the corrections grow from �10% (0%) at low pT to a few percent (10%)

at large pT, while for µ = pT,1 (µ = 2 pT,1), the corrections fall from +15% (12%) at low

pT to a few percent (10%) at large pT. For µ = ĤT, the corrections are always positive,

growing from a few percent at low pT to 12% at large pT. In the case of µ = ĤT/2, the

NNLO/NLO K-factor is always small. The same qualitative behaviour can be observed in

the predictions for jet production at forward rapidity (2.5 < |y| < 3.0), shown in Fig. 17(b).

Because of the significantly di↵erent behaviour of the perturbative expansion for each

scale choice, it is instructive to compare the respective absolute cross sections in the central

rapidity region with a fixed normalisation. Fig. 18(a) shows the NLO results for all six

scales normalised to one common NLO prediction, namely that for µ = 2 pT. For R=0.7 we

see at NLO, that the scale uncertainty bands of the various NLO predictions (red band) are

largely overlapping with the scale uncertainty for µ = 2 pT (green band) indicating little

scale choice ambiguity in the NLO predictions. In other words, the change in functional
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Figure 20: Ratio of 13 TeV single jet inclusive cross sections to the µ = 2 pT scale choice

at (a) NLO and (b) NNLO with R = 0.4 and CMS cuts.

of the knowledge of the higher order QCD corrections to the observable, to the extent

that pathological behaviours are avoided. We have observed that the best perturbative

stability can be obtained for µ = 2 pT or µ = ĤT, where the perturbative convergence

of the individual jet contributions is vastly improved with respect to the other functional

forms of the scale choice. It is therefore not surprising that these scales tend to show

smaller NNLO corrections and lead to smaller residual NNLO scale uncertainties.

In the remainder of this paper we will employ these two functional forms of the central

scale choice to compare our predictions with jet data from the CMS dataset at
p
s = 13

TeV for the first time.

5 Comparison with CMS jet measurements at
p
s = 13 TeV

Having discussed how the jet kinematics at the LHC di↵erently a↵ects each of the event-

based and jet-based scale choices, in this section we present predictions for the double

di↵erential jet cross section at NLO and NNLO for the CMS measurement at
p
s = 13

TeV [12]. We use the same numerical setup as described in Section 3.1 and do not include

non-perturbative e↵ects from underlying event and hadronization in our predictions. An

assessment of the size of the non-perturbative contributions has been presented in [12] and

we note that these can vary significantly with the jet pT and the R cone size. In the study

in [12] the non-perturbative corrections are expected to be negligible for R = 0.4 but can

reach up to 10%-15% for R = 0.7 at low-pT .
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• Not from this study. 
• Various scale choices tested  
• Jet- vs. event based 
• Set of rules to determine  

quality of scale choice.  
• E.g.  

perturbative convergence 

Plots from: JHEP 1810 (2018) 155 

Currie, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Pires

Example of Jet radii in FO (DiJets)
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(b)

Figure 20: Ratio of 13 TeV single jet inclusive cross sections to the µ = 2 pT scale choice

at (a) NLO and (b) NNLO with R = 0.4 and CMS cuts.

of the knowledge of the higher order QCD corrections to the observable, to the extent

that pathological behaviours are avoided. We have observed that the best perturbative

stability can be obtained for µ = 2 pT or µ = ĤT, where the perturbative convergence

of the individual jet contributions is vastly improved with respect to the other functional

forms of the scale choice. It is therefore not surprising that these scales tend to show

smaller NNLO corrections and lead to smaller residual NNLO scale uncertainties.

In the remainder of this paper we will employ these two functional forms of the central

scale choice to compare our predictions with jet data from the CMS dataset at
p
s = 13

TeV for the first time.

5 Comparison with CMS jet measurements at
p
s = 13 TeV

Having discussed how the jet kinematics at the LHC di↵erently a↵ects each of the event-

based and jet-based scale choices, in this section we present predictions for the double

di↵erential jet cross section at NLO and NNLO for the CMS measurement at
p
s = 13

TeV [12]. We use the same numerical setup as described in Section 3.1 and do not include

non-perturbative e↵ects from underlying event and hadronization in our predictions. An

assessment of the size of the non-perturbative contributions has been presented in [12] and

we note that these can vary significantly with the jet pT and the R cone size. In the study

in [12] the non-perturbative corrections are expected to be negligible for R = 0.4 but can

reach up to 10%-15% for R = 0.7 at low-pT .
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(b)

Figure 18: Ratio of 13 TeV single jet inclusive cross sections to the µ = 2 pT scale choice

at (a) NLO and (b) NNLO with R = 0.7 and CMS cuts.

shaded bands represent the scale variation around the respective central scale choice.

Focussing first on the central rapidity region shown in Fig. 17(a), we see that the shape

and size of the LO/NLO K-factor (green) for the µ = pT,1, µ = pT and µ = ĤT/2 scales

are fairly similar. However, we observe larger NLO radiative corrections when these central

choices are rescaled by a factor of 2.

Inspection of the NNLO/NLO K-factor (red) reveals that the size and shape of the

NNLO corrections are generally smaller than the NLO ones, but that there is some depen-

dence on the functional form of the scale choice. While the NNLO/NLO K-factor is never

more than ±20% for any of the scale choices, the dependence on pT is quite varied. For

µ = pT (µ = 2 pT), the corrections grow from �10% (0%) at low pT to a few percent (10%)

at large pT, while for µ = pT,1 (µ = 2 pT,1), the corrections fall from +15% (12%) at low

pT to a few percent (10%) at large pT. For µ = ĤT, the corrections are always positive,

growing from a few percent at low pT to 12% at large pT. In the case of µ = ĤT/2, the

NNLO/NLO K-factor is always small. The same qualitative behaviour can be observed in

the predictions for jet production at forward rapidity (2.5 < |y| < 3.0), shown in Fig. 17(b).

Because of the significantly di↵erent behaviour of the perturbative expansion for each

scale choice, it is instructive to compare the respective absolute cross sections in the central

rapidity region with a fixed normalisation. Fig. 18(a) shows the NLO results for all six

scales normalised to one common NLO prediction, namely that for µ = 2 pT. For R=0.7 we

see at NLO, that the scale uncertainty bands of the various NLO predictions (red band) are

largely overlapping with the scale uncertainty for µ = 2 pT (green band) indicating little

scale choice ambiguity in the NLO predictions. In other words, the change in functional
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(b)

Figure 20: Ratio of 13 TeV single jet inclusive cross sections to the µ = 2 pT scale choice

at (a) NLO and (b) NNLO with R = 0.4 and CMS cuts.

of the knowledge of the higher order QCD corrections to the observable, to the extent

that pathological behaviours are avoided. We have observed that the best perturbative

stability can be obtained for µ = 2 pT or µ = ĤT, where the perturbative convergence

of the individual jet contributions is vastly improved with respect to the other functional

forms of the scale choice. It is therefore not surprising that these scales tend to show

smaller NNLO corrections and lead to smaller residual NNLO scale uncertainties.

In the remainder of this paper we will employ these two functional forms of the central

scale choice to compare our predictions with jet data from the CMS dataset at
p
s = 13

TeV for the first time.

5 Comparison with CMS jet measurements at
p
s = 13 TeV

Having discussed how the jet kinematics at the LHC di↵erently a↵ects each of the event-

based and jet-based scale choices, in this section we present predictions for the double

di↵erential jet cross section at NLO and NNLO for the CMS measurement at
p
s = 13

TeV [12]. We use the same numerical setup as described in Section 3.1 and do not include

non-perturbative e↵ects from underlying event and hadronization in our predictions. An

assessment of the size of the non-perturbative contributions has been presented in [12] and

we note that these can vary significantly with the jet pT and the R cone size. In the study

in [12] the non-perturbative corrections are expected to be negligible for R = 0.4 but can

reach up to 10%-15% for R = 0.7 at low-pT .
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• Not from this study. 
• Various scale choices tested  
• Jet- vs. event based 
• Set of rules to determine  

quality of scale choice.  
• E.g.  

perturbative convergence 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Example of Jet radii in FO (DiJets)
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• Processes: Z+J/Higgs+J/DiJets 
• Synchronized setup amongst  

generators  
(Herwig/Sherpa/Powheg)   
and the NNLO calculation from 
NNLOJET 

• Scale choice: 
Hard Process: HT’/(2) (incl. mass)  
Shower Starting: HT/2 (no mass)  
+other jet-based scales for FO. 

• Merged simulations would put  
scale choice in starting conditions 
for unordered histories. 

• Here NLO matching is sufficient. 

Plots:   
Normalized to corresponding R=0.7 
Good agreement between MCEG  + 
FO approaches  MC
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• If we require the transverse momentum of boson to be larger than the mass, we find 
good agreement between FO and scaled NLO+PS (for pT-distribution of boson) 

• Scale factor from cross section with high pT bosons (>150 GeV). 
• For purely matched simulation the shower starting scale here without mass of boson. 
• This ambiguity could be „removed“ by using merged simulations (then part of 

merging algorithm: treatment of unordered histories)
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• Take same rescaling from boson pT and apply to leading jet.  
• Flat ratio between MC and FO but on the edge of uncertainty band for small R. 
• Better agreement when going to higher orders. 



J. Bellm (Lund U.), PSR '19, Vienna, 12.06.2019

100 200 300 400 500

0.6

0.8

1.0

1.2

1.4

H7 scaled by 0.668 S-MC@NLO scaled by 0.676

LO

100 200 300 400 500

H7 scaled by 0.988 S-MC@NLO scaled by 1.001

R=0.4
NLO

100 200 300 400 500

H7 scaled by 1.065 S-MC@NLO scaled by 1.079

NNLO

100 200 300 400 500

0.6

0.8

1.0

1.2

1.4

R
at

io
to

µ
F

=
µ

R
=

H
0 T
/2

H7 scaled by 0.668 S-MC@NLO scaled by 0.676

100 200 300 400 500

H7 scaled by 0.988 S-MC@NLO scaled by 1.000

R=0.7

100 200 300 400 500

H7 scaled by 1.061 S-MC@NLO scaled by 1.075

100 200 300 400 500

pleadjet
? [GeV]

0.6

0.8

1.0

1.2

1.4

H7 scaled by 0.668 S-MC@NLO scaled by 0.676

100 200 300 400 500

pleadjet
? [GeV]

H7 scaled by 0.987 S-MC@NLO scaled by 1.000

R=1.0

100 200 300 400 500

pleadjet
? [GeV]

H7 scaled by 1.059 S-MC@NLO scaled by 1.073

0.6 0.8 1.0 1.2 1.4

Scale Factors Kincl

from incl. cross section:

Kincl = �FO
�NLO+PS

with pZ
? > 150 GeV

µF = H 0
T /4 , µR = H 0

T /4

µF = H 0
T /2 , µR = H 0

T /4

µF = H 0
T /4 , µR = H 0

T /2

µF = H 0
T /2 , µR = H 0

T /2

µF = H 0
T , µR = H 0

T /2

µF = H 0
T /2 , µR = H 0

T

µF = H 0
T , µR = H 0

T

Z+J NLO � PS (H7)

S-MC@NLO (Sherpa)

Jet pT and comp. to MCEG (Z-boson)

• Take same rescaling from boson pT and apply to leading jet.  
• Z+J more affected by back-to-back JJ (+Z) -> LO ratio to MCEG worse.   
• Flat ratio between MC and FO (starting from NLO), also outside of uncertainty band 

for small R. 
• NNLO scale uncertainties very small. Very small for R=0.4.
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Use H/Z+J to get insight to DiJet
• H/Z +J well behaved distribution for pT of boson. 
• Cross section of jet depends on radius 
• More severe for increased order (more emissions)  
• Also can influence scale choice if scale  

depends on jet definition  
(We saw up to 3 % for HT definitions at NNLO.) 



R-dependence and Uncertainties
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• Processes with Jet(s) at Born level need regulator (e.g. cut on pt of Jet(s) and/
or colorless object). 

• This renders the cross section exclusive at higher orders.  
The real emission can emit outside the jet cone. 

• Logarithms of jet opening angle R are induced.  
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Similar effect as Jet Veto:  
Stewart, Tackmann 
Phys.Rev. D85 (2012) 034011 
but R0 dependent

ABC - variations independently

Dasgupta, Dreyer, Salam, Soyez 
JHEP 06, 057 (2016)
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• Ansatz1: 
 

• Ansatz2: 
 

• Ansatz3: 
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R-dependence and Uncertainties
• Better agreement of shape of 

NNLO and MCEG. 
• Uncertainty band shrinks towards 

low radii. Similar to vetoed cross 
section. 

• Functional form can be fitted to*: 
 

• Various possibilities to estimate 
uncertainties more reliable. 

• Still dependent on  

*Ellis, Kunszt, Soper

14

FIG. 10: The R-dependence of the cross sections for inclusive jet production at LO, NLO, NNLO and NLO+PS are shown,
for scale variations around a central scale of pjetT , as a function of jet radius, for dijet production, for leading jet transverse
momenta above 196 GeV.

jet production serves as one of the major constraints on the gluon distribution, especially at large x. The impact is
also especially important for smaller jet sizes (R=0.4), commonly used for many measurements at the LHC, such as
Higgs + jet production. The accidental cancellations can also be an issue at NLO, but it is less noticeable, given the
larger intrinsic uncertainties at that order.

The ansatz advocated in [30] is to view the di↵erential cross section as a combination of a fixed-order term and
the normalized all-orders resummed result. The two are then combined through multiplicative matching, and their
perturbative uncertainties are added in quadrature. Upon re-expanding this result to fixed-order, one obtains the
NnLO-mult prescription given in [30], Eqs. (3.5) and (4.3). The result can be written as
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Clearly there are several possible choices in regards to the implementation of the factorization of terms on the right-
hand side of Eq. (8). Results from the original proposal in [30] are shown in the lower panels of Figs. 7-10. We refer to
this technique as “Ansatz 3”. While the red and blue dotted lines in Figs. 7-10 correspond to typical scale variations
the green dashed lines show the ratio of “Ansatz 3” (and other choices explained in the following) to the central scale
prediction. The uncertainty of “Ansatz 3” has a more realistic-seeming value for all R, but the central value of the
prediction is modified at small R, in some cases leading to the resultant uncertainty not encompassing the central
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�(R) = a+ b log(R) + cR2

�(R,µ) = a(µ) + b(µ) log(R/R0) + c(µ)R2

R0

Phys.Rev.Lett. 69 (1992) 3615-3618 
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DiJets, R-dependence fit to 104 · (a + b log(R) + cR2), µR/F = HT
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Interesting pT-independence of R dependence in Higgs production. 
Not entirely clear why…  Incoming quarks also play a role for Higgs. 

Further investigation needed.
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FIG. 18: Hadronization corrections and uncertainties for Higgs+jets (top), Z+jets (middle) and inclusive jets (bottom).

NP corrections

J. Bellm (Lund U.), PSR '19, Vienna, 12.06.2019

• Known out-of-cone radiation 
when Hadronisation is 
switched on.  

• Most important for Jets. 
• Clusters and strings give 

similar picture  
• Uncertainty from comparing 

strings to cluster model 
smaller than correction.

Higgs

Z

Jets
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FIG. 19: Hadronization plus MPI corrections for Higgs+jets (top), Z+jets (middle) and inclusive jets (bottom).
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FIG. 19: Hadronization plus MPI corrections for Higgs+jets (top), Z+jets (middle) and inclusive jets (bottom).

NP corrections

J. Bellm (Lund U.), PSR '19, Vienna, 12.06.2019

• Jets gain energy from MPI. 
• Good agreement between NP 

corrections used in Herwig 
and Sherpa. 

• Best agreement to parton 
level at R=0.5-0.6 

• Correction from PL to full 
simulation about 10% for low 
pT decreasing for higher pTs. 

• Similar behavior for all 
processes but different in size. 

Higgs

Z

Jets



• We compared NNLO to NLO+PS (matched only). With focus on jets. 
• LO->NLO opens back-to-back configurations. NLO->NNLO more stable. 
• Comparison possible for event based scales. 
• NLO+PS with inclusive K-factor for Z-boson pT (with the choices made) in 

good agreement with NNLO. 
• We compared two (three) independent matching schemes and found good 

agreement. (Once parameters and scales have been aligned.) 
• NP corrections are sizable but under control.  

                                       

Conclusion

J. Bellm (Lund U.), PSR '19, Vienna, 12.06.2019



Thank you!

J. Bellm (Lund U.), PSR '19, Vienna, 12.06.2019



Backup: SM/HEFT 

J. Bellm (Lund U.), PSR '19, Vienna, 12.06.2019
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