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LHC: precision as a path to discovery

Theoretical uncertainties 
will be among the dominant 
errors for the extraction of 
various SM parameters, e.g. 
Higgs couplings

Sensitivity to deviations of Higgs 
interactions from SM predictions 
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 40.

2.8 Higgs couplings precision overview in the Kappa-framework and the nonlinear EFT24

After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause

287

HIGGS PHYSICS AT THE HL-LHC AND HE-LHC

287

[Higgs Physics Report at HE/HL-LHC 2019]

LHC: precision as a path to discovery

© DESY 2008

The LHC is a powerful microscope which allows us to probe the inner structure 
of matter, see its fundamental constituents and study their interactions 

Precision: keystone to consolidate the SM as a 
successful theory of fundamental interactions, 
increase the sensitivity to potential deviation and 
constrain models for new physics
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Standard Model Production Cross Section Measurements

Figure 11: Summary of ratios with respect to best theory for several Standard Model total and fiducial production
cross section measurements from Run 2, corrected for branching fractions.

5 Overview plots for inclusive measurements

Figures 12, 13, 14 show the data/theory ratio for several inclusive jet fiducial production cross section
measurements. All theoretical expectations were calculated at NLO or higher. The dark-color error bar
represents the statistical uncertainty. The lighter-color error bar represents the full uncertainty, including
systematics and luminosity uncertainties. The luminosity used and reference for each measurement are
also shown. Uncertainties for the theoretical predictions are quoted from the original ATLAS papers.

6 Overview plots for single boson measurements

Figures 15 and 16 show the data/theory ratio for several single-boson fiducial production cross section
measurements, corrected for branching fractions. All theoretical expectations were calculated at NLO or
higher. The dark-color error bar represents the statistical uncertainly. The lighter-color error bar represents
the full uncertainty, including systematics and luminosity uncertainties. The luminosity used and reference
for each measurement are also shown. Uncertainties for the theoretical predictions are quoted from the
original ATLAS papers. They were not always evaluated using the same prescriptions for PDFs and
scales.

7 Overview plots for diboson measurements

Figures 17 and 18 show the ratio for several diboson total and fiducial production cross section measurements
over best available theory prediction, corrected for branching fractions. All theoretical expectations are

9

Advanced theory calculations are 
paramount to interpret precise data

• Precision of experimental data across a variety of processes 
increased after run I and run II at the LHC 

• Precision will be increased further at run III and at the HL-LHC 
(luminosity up to ~3000 fb-1)

Precision: keystone to constrain models for new physics
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Precision physics at the LHC: a theorist’s point of view

Picture: CMS Collaboration at 
the LHC, CERN
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Precision physics at the LHC: a theorist’s point of view
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Precision physics at the LHC: a theorist’s point of view
• Precise description of LHC collisions requires a 

profound understanding of QCD needed across 
a wide range of energy scales and kinematic 
domains 

• Processes with jets at lowest order: essential for 
LHC physics (more differential information), but 
much more complex

Categorization of events into jet bins 
according to the jet multiplicity 

E.g. : enhanced sensitivity to 
Higgs boson kinematics, spin-CP properties, 
BSM effects…
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Figure 12: Particle-level fiducial di�erential cross-sections times branching ratio for ?WWT with a ?
9

T > 30 GeV jet veto.
The R��B��2 predictions are available up to 50 GeV. The R��ISH+M����� predictions are available up to 30 GeV.
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�q 9 9 in the diphoton baseline fiducial region.

32

[ATLAS 2202.00487]



Particle Physics Theory Seminar, 9th March 2022, Edinburgh 

• Precise       
      
        


• Processes        
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Precision physics at the LHC: a theorist’s point of view

Additional theoretical challenges in processes 
characterised by jets

Categorization      
    

E.g.     
     
 

pp → H + X

[ATLAS 
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Fixed-order calculations 

[Caola, Melnikov, Schulze] 
[Chen, Gehrmann, Gehrmann-De Ridder, Glover, Huss + others (NNLOJET)] 
[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello, Williams]

• Complex singularity structure for 
processes with one or more jets 

• Fixed order calculations at NNLO 
accuracy require efficient subtraction 
methods to extract and cancel virtual and 
real singularities 

•  NNLO calculations available with 
local and non-local subtraction methods 

•  and even  recently 
computed 

• Computationally expensive (100k-1M 
CPU hours); no public code available

V + j

pp → 2j pp → 3j

[H.Chawdhry, M.Czakon, A.Mitov, R.Poncelet] (  and ) 
[NNLOJET] ( )

pp → 2j pp → 3j
pp → 2j
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All-order calculations and matching to parton shower

• Resummation structure for jet observables 
complicated by the presence of multiple 
emitters 

• Ingredients to reach NNLL accuracy available 
only for a few selected observables with three 
or more coloured legs
[Bonciani, Catani, Grazzini, Sargsyan, Torre, Devoto, Mazzitelli, Kallweit]( ) 
[Arpino, Banfi, El-Menoufi](three jet rate) 
[Jouttenus, Stewart, Tackmann, Waalewijn](jet mass) 
[Becher, Garcia I Tormo, Piclum](transverse thrust in pp collisions) 
[Chien, Rahn, Schrijnder van Velzen, Shao, Waalewijn, Wu]

tt̄

• Matching of NNLO calculations with 
parton shower requires the knowledge of 
the same ingredients entering at NNLL’ for 
a suitable resolution variable which 
captures the singularities of the 

 (partonic) jet transitionN → N + 1
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Jet resolution variables

Resolution variables smoothly capture the transition from  to  configurationsN N + 1

r0 < rcut
0 r0 > rcut

0
r1 < rcut

1

r1 > rcut
1

rcut
0

rcut
1

0 jet 1 jet 2 jet

 jet transition: , , 0-jettiness 0 → 1 pveto
T qT τ0

 jet transition: two-jet resolution parameter , 1-jettiness 1 → 2 y12 τ1

Caveat: the definition of the resolution variable may or may not depend on the jet definition
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The 0 jet case

• , ,  are three well known variables able to discriminate the 0  1 transition and to inclusively 
describe initial-state radiation 

• Singular structure known at (N)NNLO from the expansion of the resummation formula at (N)NNLL 
accuracy

pveto
T qT τ0 →

•  and  are also used as resolution variables for NNLO+PS event generators 

: UNNLOPS,        MiNNLOPS 

: GENEVA                                   recently extended to 

qT τ0

qT

τ0 qT

[Nason, Monni, Re, Wiesemann, Zanderighi]

[Alioli, Bauer, Berggren, Tackmann, Walsh]

[Höche, Li, Prestel]

[Alioli, Bauer, Broggio, Gavardi, Kallweit, Lim, Nagar, Napoletano, LR]
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 and  resummationqT τ0

Resummation for both variables known at high logarithmic accuracy: NNLL for , N3LL for τ0 qT
[Gaunt, Stahlhofen, Tackmann, Walsh][Billis, Dehnadi, Ebert, Michel, Stewart, Tackmann][Re, LR, Torrielli][Camarda, Cieri, Ferrera][Ju, Schönherr][Neumann]
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Predictiveness of resummed predictions affected by corrections of NP origin (hadronisation, MPI).  Spectrum 
in  mildly affected, large corrections due to MPI in the case of qT τ0

[Alioli, Bauer, Broggio, Gavardi, Kallweit, Lim, Nagar, Napoletano, LR]
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Transverse momentum resummation and -subtractionqT

The knowledge of the NkLL resummation and of the constant terms at  (so-called NkLL’ accuracy) 
allows for the formulation of non-local subtraction methods for QCD calculations at NNLO 

𝒪(αk
s )

[Catani, Grazzini][Gaunt, Stahlhofen, Tackmann, Walsh]

dσNkLO+NkLL
V ≡ dσNkLL

V + dσNk−1LO
V+jet − [dσNkLL

V ]𝒪(αk
s )

Fully differential formula in the transverse momentum  and in the Born kinematic variables for the 
production of a colour singlet V 

qT

Finite for : integral over  allows one to obtain NkLO+NkLL predictions within fiducial cutsqT → 0 qT
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Transverse momentum resummation and -subtractionqT

The knowledge of the NkLL resummation and of the constant terms at  (so-called NkLL’ accuracy) 
allows for the formulation of non-local subtraction methods for QCD calculations at NNLO 

𝒪(αk
s )

[Catani, Grazzini][Gaunt, Stahlhofen, Tackmann, Walsh]

dσNkLO+NkLL
V ≡ + dσNk−1LO

V+jet − [dσNkLL
V ]𝒪(αk

s )

Fully differential formula in the transverse momentum  and in the Born kinematic variables for the 
production of a colour singlet V 

qT

NkLL resummed  distribution qT

Finite for : integral over  allows one to obtain NkLO+NkLL predictions within fiducial cutsqT → 0 qT
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Transverse momentum resummation and -subtractionqT

The knowledge of the NkLL resummation and of the constant terms at  (so-called NkLL’ accuracy) 
allows for the formulation of non-local subtraction methods for QCD calculations at NNLO 

𝒪(αk
s )

[Catani, Grazzini][Gaunt, Stahlhofen, Tackmann, Walsh]

dσNkLO+NkLL
V ≡ dσNkLL

V + − [dσNkLL
V ]𝒪(αk

s )

Fully differential formula in the transverse momentum  and in the Born kinematic variables for the 
production of a colour singlet V 

qT

differential  distribution at NNLOqT

Finite for : integral over  allows one to obtain NkLO+NkLL predictions within fiducial cutsqT → 0 qT
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Transverse momentum resummation and -subtractionqT

The knowledge of the NkLL resummation and of the constant terms at  (so-called NkLL’ accuracy) 
allows for the formulation of non-local subtraction methods for QCD calculations at NNLO 

𝒪(αk
s )

[Catani, Grazzini][Gaunt, Stahlhofen, Tackmann, Walsh]

dσNkLO+NkLL
V ≡ dσNkLL

V + dσNk−1LO
V+jet −

Fully differential formula in the transverse momentum  and in the Born kinematic variables for the 
production of a colour singlet V 

qT

Expansion of the NkLL resummed  
distribution at order 

qT
𝒪(αk

s )

Finite for : integral over  allows one to obtain NkLO+NkLL predictions within fiducial cutsqT → 0 qT
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Transverse momentum resummation and -subtractionqT

The knowledge of the NkLL resummation and of the constant terms at  (so-called NkLL’ accuracy) 
allows for the formulation of non-local subtraction methods for QCD calculations at NNLO 

𝒪(αk
s )

[Catani, Grazzini][Gaunt, Stahlhofen, Tackmann, Walsh]

dσNkLO+NkLL
V ≡ dσNkLL

V + dσNk−1LO
V+jet − [dσNkLL

V ]𝒪(αk
s )

Fully differential formula in the transverse momentum  and in the Born kinematic variables for the 
production of a colour singlet V 

qT

Finite for : integral over  allows one to obtain NkLO+NkLL predictions within fiducial cutsqT → 0 qT

Both diverge logarithmically for : high numerical precision required in the   down to very small 

values of 

qT → 0 dσNk−1LO
V+jet

qT
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Transverse momentum resummation and -subtractionqT

The knowledge of the NkLL resummation and of the constant terms at  (so-called NkLL’ accuracy) 
allows for the formulation of non-local subtraction methods for QCD calculations at NNLO 

𝒪(αk
s )

[Catani, Grazzini][Gaunt, Stahlhofen, Tackmann, Walsh]

Fully differential formula in the transverse momentum  and in the Born kinematic variables for the 
production of a colour singlet V 

qT

Both diverge logarithmically for : high numerical precision required in the   down to very small 

values of 

qT → 0 dσNk−1LO
V+jet

qT

dσNkLO+NkLL
V ≡ dσNkLL

V + (dσNk−1LO
V+jet − [dσNkLL

V ]𝒪(αk
s )) Θ(qT > qcut

t ) + 𝒪((qcut
T /M)n)

Finite for : integral over  allows one to obtain NkLO+NkLL predictions within fiducial cutsqT → 0 qT

Setting  for  introduces a slicing error of order dσNk−1LO
V+jet − [dσNkLL

V ]𝒪(αk
s ) = 0 qT ≤ qcut

T 𝒪((qcut
T /M)n)
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Non-local subtraction and power corrections
The perturbative expansion of the NkLL+NkLO fiducial cross section to third order in  leads to the NkLO 
prediction as obtained according to the -subtraction formalism

αs
qT [Catani, Grazzini]

dσNkLO
V ≡ ℋNkLO

V ⊗ dσLO
V + (dσNk−1LO

V+jet − [dσNkLL
V ]𝒪(αk

s )) Θ(qT > qcut
t ) + 𝒪((qcut

T /M)n)

Virtual correction after subtraction 
of IR singularities and contribution 
of soft/collinear origin (beam, soft, 
jet functions)
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Non-local subtraction and power corrections
The perturbative expansion of the NkLL+NkLO fiducial cross section to third order in  leads to the NkLO 
prediction as obtained according to the -subtraction formalism

αs
qT [Catani, Grazzini]

dσNkLO
V ≡ ℋNkLO

V ⊗ dσLO
V + (dσNk−1LO

V+jet − [dσNkLL
V ]𝒪(αk

s )) Θ(qT > qcut
t ) + 𝒪((qcut

T /M)n)

Missing power corrections 
below the slicing cut-off
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Non-local subtraction and power corrections
The perturbative expansion of the NkLL+NkLO fiducial cross section to third order in  leads to the NkLO 
prediction as obtained according to the -subtraction formalism

αs
qT [Catani, Grazzini]

dσNkLO
V ≡ ℋNkLO

V ⊗ dσLO
V + (dσNk−1LO

V+jet − [dσNkLL
V ]𝒪(αk

s )) Θ(qT > qcut
t ) + 𝒪((qcut

T /M)n)

Missing power corrections 
below the slicing cut-off

Sensitivity to power corrections below the cut-off  generally depends on the observable and affects the 
performance of the method
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Δσ(rcut)/Δσexact − 1

0

rcut

𝒪(r2
cut)

-subtraction with 
inclusive cuts and in 
various fiducial setups

qT

0

 correction𝒪(αs)
rcut ∼ qT /Q, 𝒯0/Q, . . .

Non-local subtraction and power corrections
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𝒪


𝒪(rcut)

rcut

-subtraction for 
 processes with 

(a)symmetric cuts

qT
2 → 2

Δσ(rcut)/Δσexact − 1

0

0

 correction𝒪(αs)
rcut ∼ qT /Q, 𝒯0/Q, . . .

Non-local subtraction and power corrections
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𝒪


𝒪(rcut ln rcut)

rcut0

𝒪
-subtraction for 

any colour-singlet 
(and -subtraction 
for processes with 
photon isolation cuts)

τ0

qT

Δσ(rcut)/Δσexact − 1

0

 correction𝒪(αs)
rcut ∼ qT /Q, 𝒯0/Q, . . .

Non-local subtraction and power corrections
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𝒪(r2
cut)

𝒪(rcut ln rcut)
Δσ(rcut)/Δσexact − 1

0

rcut0

𝒪(rcut)

Relative size of power corrections affects stability 
and performance of non-local subtraction 
methods

The larger the power corrections, the lower are 
the values of the slicing parameters needed for 
extrapolation of correct result (CPU consuming, 
numerically unstable)

Computation of missing (leading) power corrections helps to tame numerical instabilities, especially in the 
0-jettiness case, where power corrections are larger
[Moult, Rothen, Stewart, Tackmann, Zhu, Ebert, Vita][Boughezal, Isgrò, Liu, Petriello]

Non-local subtraction and power corrections
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Linear power corrections for  resummationqT

For  processes with (a)symmetric cuts, fiducial linear power corrections can be resummed at all orders via 
a simple recoil prescription

2 → 2

[Catani, de Florian, Ferrera, Grazzini][Billis, Dehnadi, Ebert, Michel, Stewart, Tackmann]
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[Re,LR,Torrielli]

Remark: linear power corrections 
in the symmetric/asymmetric case 

are related to ambiguities in the 
perturbative expansion and can be 
avoided with different sets of cuts

[Salam, Slade]
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Linear power corrections for -subtractionqT

Resorting to the same recoil prescription allows the inclusion of all missing fiducial linear power corrections 
below , improving dramatically the efficiency of the non-local subtractionrcut

[Buonocore, Kallweit, LR, Wiesemann][Camarda, Cieri, Ferrera]
4

rcut = cutqT /Q[%]

pp → ℓ+ℓ− +X , pT,ℓ > 27GeV, |yℓ| < 2.5σ/σNLO − 1[%]
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Figure 1: Dependence of the NLO QCD Drell–Yan cross

section, calculated in the qT-subtraction method with (or-

ange) and without (green) linPCs, on the cutoff rcut, nor-
malized to the reference CS result (blue) and with sta-

tistical errors. The horizontal lines show the respective

rcut → 0 extrapolations, with their combined numerical

and extrapolation uncertainties depicted as bands.

instructive to study the effects of linPCs in compari-

son to a reference prediction, the inclusion of linPCs

in the qT -slicing cutoff becomes much more relevant

at next-to-NLO (NNLO) in QCD perturbation the-

ory. The evaluation of the O(α2
s) coefficient in Ma-

trix relies entirely on the qT -subtraction method, and

no rcut-independent NNLO QCD cross section can be

computed with the code. In Figure 2 we study the

rcut dependence of the NNLO QCD coefficient for dif-

ferent partonic channels, normalized to the respective

rcut → 0 results with linPCs. The symbols for the

partonic channels (qq̄, qg, gg, q(q̄)q′) are defined as

usually, i.e. symmetrically with respect to the beam

directions: gg for the gluon–gluon channel, qg includ-

ing all (anti-)quark–gluon channels, qq̄ referring to the

diagonal quark–(anti-)quark channels present already

at leading order, and q(q̄)q′ collecting all remaining

(anti-)quark–(anti-)quark channels such that the four

categories sum up to the full result.

In Figure 2 we observe that the NNLO QCD co-

efficient features an analogous reduction in the rcut
dependence when accounting for linPCs by includ-

ing the contribution of Eq. (2). We note that start-

ing from NNLO QCD the linear scaling can be en-

hanced by additional logarithms in rcut (i.e. terms

of order rcut ln
k
(rcut), 1 < k < 2), as can be seen

from the figures. Like at NLO QCD the extrapolated

rcut → 0 results are fully compatible, but the cross

section with linPCs exhibits a considerably reduced

rcut dependence with the advantages discussed above.ll

We continue with the discussion of differential dis-
tributions within the fiducial phase-space selection.

Figure 3 shows the rapidity distribution of the pos-

itively charged lepton (yℓ+) at NLO QCD (left) and

at NNLO QCD (right) in the main panel. Results for

the fixed values rcut = 1% (dotted) and rcut = 0.15%
(dashed) with their statistical uncertainties indicated

by error bars are shown with (orange) and without
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Figure 2: Dependence of the NNLO QCD Drell–Yan co-

efficient on rcut for each partonic channel with (orange)

and without (green) linPCs, normalized to the rcut → 0 re-

sult with linPCs. The horizontal lines show the respective

rcut → 0 extrapolations. Errors indicated as in Figure 1.

(green) linPCs in the upper and lower ratio panels,

respectively. The extrapolated rcut → 0 results with

(orange) and without (green) linPCs with their com-

bined numerical and extrapolation uncertainties indi-

cated by bands are depicted in both ratio panels. At

NLO QCD all curves in the two ratio panels are nor-

malized to the reference rcut-independent CS result

(blue), while at NNLO QCD all curves in the upper

(lower) ratio panel are normalized to the extrapolated

result without (with) linPCs.

The agreement at NLO QCD with the CS result is

truly remarkable, especially considering the very fine

binning. As expected, only the curve with a high cut-

off (rcut = 1%) and without linPCs is off by about

1%. Notably, this difference at rcut = 1% is removed

by including the linPCs. In all cases the extrapolated

results are fully compatible with that of the CS calcu-

lation at the permille level and within the respective

uncertainties.

At NNLO QCD we can appreciate the much bet-

ter convergence in rcut when linPCs are included. In

the first ratio panel, which shows the curves without

linPCs, the rcut = 0.15% (rcut = 1%) result is about

0.5% (more than 1%) from the extrapolated result.

By contrast, the curves including the linPCs in the

second ratio panel all agree within a few permille up

to statistical fluctuations. Therefore, the much higher

rcut value of 1% would be sufficient to obtain a reliable

Much improved convergence over 
linear power correction case

Accurate computation of the NLO 
correction without the need to 
push  to very low values rcut

Remark: linear power corrections 
in the symmetric/asymmetric case 

are related to ambiguities in the 
perturbative expansion and can be 
avoided with different sets of cuts

[Salam, Slade][Buonocore, Kallweit, LR, Wiesemann]
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N3LO cross section for on-shell Drell-Yan production calculated using -subtraction and compared to analytic 
calculation

qT

15

The above considerations are particularly relevant for the case of Drell-Yan productions within fiducial cuts

ATLAS (and CMS) experiments define their fiducial region using symmetric cuts on the lepton transverse momenta 

All necessary ingredients available to calculate N3LO cross section using -subtractionqT
[Gehrmann,Glover,Huber,Ikizlerli,Studerus][Catani,de Florian,Ferrera,Grazzini][Gehrmann, Luebbert, Yang][Li, Zhu][Luo,Yang,Zhu,Zhu][Ebert,Mistlberger,Vita]

Full control on the theory systematics is paramount due to the astonishing precision of the experimental data 
(permille-level!)

First estimates of the N3LO correction in the fiducial region obtained using these ingredients

The Drell-Yan fiducial cross section at N3LO and N3LO+N3LL

[Chen, Gehrmann, Glover, Huss, Yang, Zhu][Duhr,Dulat,Mistlberger]

[Camarda, Cieri, Ferrera]

pℓ±

T > 27 GeV |ηℓ±
| < 2.5ATLAS fiducial region



Particle Physics Theory Seminar, 9th March 2022, Edinburgh 16

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

1
/

æ
d

æ
/

d
p

`
`

t
[1

/
G

e
V

]

NNPDF4.0 (NNLO)

13 TeV, pp ! Z/∞§(! `+`°) + X

symmetric cuts

uncertainties with µR, µF, Q, matching variations

NNLOJET+RadISH

NNLO+NNLL

N3LO+N3LL

ATLAS data

0 10 20 30 50 100 200 500 1000
p``

t
[GeV]

0.90

0.95

1.00

1.05

1.10

R
a
t
io

t
o

d
a
t
a

dσNkLO+NkLL
V ≡ dσNkLL

V + dσNk−1LO
V+jet − [dσNkLL

V ]𝒪(αk
s )

Transverse momentum spectrum at N3LO+N3LL

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli]

• Excellent description of the data across the whole 
 spectrum,  

• First bin which is susceptible to non-perturbative 
corrections 

• Residual theoretical uncertainty in the 
intermediate  region is at the few-percent level, 
about 5% for  GeV

qT

qT
qT ≳ 50
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The Drell-Yan fiducial cross section at N3LO
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• Mandatory to include missing linear power 
corrections to reach a precise control of the 
NkLO correction down to small values of  

• Plateau at small  indicates the desired 
independence of the slicing parameter 

• Result without power correction does not 
converge yet to the correct value at NkLO

qcut
T

qcut
T

pℓ±

T > 27 GeV |ηℓ±
| < 2.5ATLAS fiducial region

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli]
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| ⃗p ℓ+

T | | ⃗p ℓ−

T | > 27 GeV min{ | ⃗p ℓ±

T |} > 20 GeV |ηℓ±
| < 2.5Product cuts

The Drell-Yan fiducial cross section at N3LO

[Salam, Slade]

• Alternative set of cuts which does not suffer from 
linear power corrections 

• Improved convergence, result independent of the 
recoil procedure

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli]
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The Drell-Yan fiducial cross section at N3LO and N3LO+N3LL
3

Order � [pb] Symmetric cuts � [pb] Product cuts

k NkLO NkLO+NkLL NkLO NkLO+NkLL

0 721.16+12.2%
�13.2% — 721.16+12.2%

�13.2% —

1 742.80(1)+2.7%
�3.9% 748.58(3)+3.1%

�10.2% 832.22(1)+2.7%
�4.5% 831.91(2)+2.7%

�10.4%

2 741.59(8)+0.42%
�0.71% 740.75(5)+1.15%

�2.66% 831.32(3)+0.59%
�0.96% 830.98(4)+0.74%

�2.73%

3 722.9(1.1)+0.68%
�1.09% ± 0.9 726.2(1.1)+1.07%

�0.77% 816.8(1.1)+0.45%
�0.73% ± 0.8 816.6(1.1)+0.87%

�0.69%

TABLE I. Fiducial cross sections for the symmetric (2a) and product (2b) cuts both at fixed perturbative order and including
all-order resummation.

dow is 66GeV < m`` < 116GeV and the lepton rapidi-
ties are confined to |⌘`

±
| < 2.5. The transverse momen-

tum of the two leptons is constrained as

Symmetric cuts [113]: |~p `±

T | > 27GeV , (2a)

Product cuts [100]:
q

|~p `+
T | |~p `�

T | > 27GeV ,

min{|~p `±

T |} > 20GeV . (2b)

The central factorisation and renormalisation scales

are chosen to be µR = µF =
q

m``
2 + p``T

2
and the cen-

tral resummation scale is set to Q = m``/2. In the results
presented below, the theoretical uncertainty is estimated
by varying the µR and µF scales by a factor of two about
their central value, while keeping 1/2  µR/µF  2. In
addition, for the resummed results, for central µR = µF

scales we vary Q by a factor of two around its central
value. Moreover, a matching-scheme uncertainty is esti-
mated by including the full scale variation of the additive
matching scheme of Ref. [59] (27 variations that comprise
the one of the central matching scale v0 introduced in
Eq. (5.2) of that article). The final uncertainty is ob-
tained as the envelope of all the above variations, corre-
sponding to 7 and 36 curves for the fixed-order and re-
summed computations, respectively. In the fiducial cross
sections quoted below at N3LO and N3LO+N3LL, we do
not consider the uncertainty related to the missing N3LO
parton distributions, which are currently unavailable.

In Fig. 1, we start by showing the transverse-
momentum distribution of the Drell–Yan lepton pair in
the fiducial volume (2a), obtained with Eq. (1), compared
to experimental data [113]. In the figure we label the
distributions by the perturbative accuracy of their inclu-
sive integral over p``T . Our state-of-the-art N3LO+N3LL
prediction provides an excellent description of the data
across the spectrum, with the exception of the first bin at
small p``T which is susceptible to non-perturbative correc-
tions not included in our calculation. We point out that
the term d�NNLO

DY+jet
�
⇥
d�N

3
LL

DY

⇤
O(↵3

s)
in Eq. (1) gives a non-

negligible contribution even for p``T  15GeV. The resid-
ual theoretical uncertainty in the intermediate p``T region
is at the few-percent level, and it increases to about 5%
for p``T & 50GeV. A more accurate description of the

large-p``T region requires the inclusion of EW corrections,
which we neglect in our calculation.
We now consider the fiducial cross section with sym-

metric cuts (2a). In order to gain control over the slicing
systematic error, we choose pcutT as low as 0.81GeV. In
the first column of Tab. I, denoted as NkLO, we show the
fixed-order results toO(↵k

s ). The second column of Tab. I
displays the result obtained including resummation ef-
fects. In the fixed-order case, the theoretical uncertainty
at N3LO, estimated as discussed above, is supplemented
with an estimate of the slicing uncertainty obtained by
varying pcutT in the range [0.45, 1.48]GeV and taking the
average di↵erence from the result with pcutT = 0.81GeV.
In the resummed case, we quote the total theoretical un-
certainty including also the matching scheme variation.
In both cases the statistical uncertainty is reported in
parentheses.
We observe that the new N3LO corrections decrease

the fiducial cross section by about 2.5%, and the final
prediction at N3LO has larger theoretical errors than
the NNLO counterpart, whose uncertainty band does not
capture the N3LO central value. This indicates a poor
convergence of the fixed-order perturbative series for this
process, which is consistent with what has been observed
in the inclusive case in Refs. [10–12]. In the resummed
case, the theoretical uncertainty is more reliable and
within errors the convergence of the perturbative series
is improved. The presence of linear power corrections is
also responsible for the moderate di↵erence between the
fixed-order and the resummed prediction for the symmet-
ric cuts (2a), which in turn indicates a sensitivity of the
cross section to the infrared region of small p``T . This ul-
timately worsens further the perturbative convergence of
the fixed-order series thereby challenging the perspectives
to reach percent-accurate theoretical predictions within
symmetric cuts.
A possible solution to this problem [100] is to slightly

modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up
to N3LO and N3LO+N3LL for this set of cuts, reported
in the third and fourth column of Tab. I. The relative
di↵erence between the fixed-order and resummed calcu-
lations for the fiducial cross section never exceeds the

• 2.5 negative correction at N3LO in the ATLAS fiducial region. N3LO larger than the NNLO 
correction and outside its error band 

• More robust estimate of the theory uncertainty when resummation effects are included 

• Central value very similar at NkLO and NkLO+NkLL for product cuts, compatible with the 
absence of linear power corrections 

• Slicing error computed conservatively by considering the cutoff within the [0.45-1.5] GeV 
interval

Includes resummation of linear power corrections

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli]

qcut
T = 0.8 GeV
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Fiducial distributions at N3LO+N3LL
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• Fully differential calculation allows one to 
obtain N3LO+N3LL predictions for fiducial 
observables 

• Leptonic transverse momentum is a particularly 
relevant observable due to its importance in the 
extraction of the W mass 

• Inclusion of resummation effects necessary to 
cure (integrable) divergences due to the presence 
of a Sudakov shoulder at  mℓℓ /2

dσNkLO+NkLL
V ≡ dσNkLL

V + dσNk−1LO
V+jet − [dσNkLL

V ]𝒪(αk
s )

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli]
[Catani, Webber]
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Outlook and discussion (1)

• State-of-the-art predictions for the fiducial cross section and differential distributions in the DY process at 
the LHC, through N3LO and N3LO+N3LL in QCD. 

• Thorough study of the performance of the computational method adopted, reaching an excellent control 
over all systematic uncertainties involved. 

• Residual theoretical uncertainties at the  level in the fiducial cross section, and at the few-percent 
level in differential distributions. 

𝒪(1%)
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Beyond 0 jet: N-jettiness
So far N-jettiness is the most studied resolution variable for the generic  transitionN → N + 1

Ingredients for 1-jettiness subtraction at NNLO have been computed, and NNLO calculations for  jet 
using 1-jettines subtraction have been performed

V + 1
[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello, Williams]

Soft-function for 2-jettiness at NNLO also available, allows for potential computation of dijet at NNLO [Jin, Liu]

Application to  processes requires careful 
estimate of the large missing power corrections 
which characterise the observable

V + 1

[Campbell, Ellis, Seth]

𝒯1 = ∑
i

min
l { 2ql ⋅ pi

Ql }

r = 𝒯1/ m2
H + (pj

T)2

Ql = 2El
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New resolution variables for  jetV + 1

-jettiness has proved a successful resolution variable for processes with 1 jet, but so far is essentially the 
only player in the game 

It may prove worthwhile to explore other resolution variables which overcome some of the shortcomings of 
jettiness and which could have

N

Applications to NNLO subtraction and beyond

Comparison of resummed prediction with data

• smaller power corrections 

• more direct experimental relevance 

• simpler relation with parton shower 
ordering variables Improved NNLO+PS matching



Particle Physics Theory Seminar, 9th March 2022, Edinburgh 23

-imbalance for  productionqT V + j
[Buonocore, Grazzini, Haag, LR]

h1(P1) + h2(P2) → V(pV) + j(pj) + X

Consider production of boson  in association with a jetV

Define -imbalance asqT

⃗qT = ( ⃗pV + ⃗pJ)T

Variable depends on the jet definition: jet defined through 
anti-  algorithm with jet radius kt R

x1P1

x2P2

pV

pj

Fixed-order calculation develops large logarithms of  in the limit . 

Perturbative expansion rescued by the all-order resummation of logarithmically enhanced terms

ln(qT)2/Q2 qT → 0
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-imbalance for  productionqT V + j

Resummation already considered both in direct QCD 
and in SCET [Sung, Yan, Yuan, Yuan][Chien, Shao, Wu]

In both cases, anomalous dimensions computed in the 
narrow jet approximation (valid only in the small-  limit)R

In view of potential applications for e.g. subtraction scheme, 
it is important to assess the impact of such an approximation

In our calculation: 

• Full  dependence in the anomalous dimensions 

• Full azimuthal dependence 

• Inclusion of all finite contributions (NLL’ accuracy)

R

[Buonocore, Grazzini, Haag, LR]
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Singularity structure and factorisation

Richer singularity structure since the final state parton radiates 

Singularities of soft/collinear origin from initial state partons

Singularities of soft origin due to the emission of soft gluons 
at wide angle connecting the three emitters

Final state collinear singularity regulated by finite jet radius

Presence of finite jet radius induces harsh boundary in the 
phase space - non global logarithms

S1/2
c

S1/2
c

Cca

Cc̄b

fa

fb

H

Δ

J
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Resummation formula at NLL

dσ
d2qTdQ2dy dΩ

=
Q2

2P1 ⋅ P2 ∑
(a,c)∈ℐ

[dσ(0)
ac ]∫

d2b
(2π)2

eib⋅qT𝒮ac(Q, b)

× ∑
a1,a2

∫
1

x1

dz1

z1 ∫
1

x2

dz2

z2
[(HΔ)C1C2]ac;a1a2

fa1/h1
(x1/z1, b2

0 /b2)fa2/h2
(x2/z2, b2

0 /b2)

Observable factorizes in impact parameter ( ) space like transverse momentum in colour-singlet productionb

Fully differential resummation formula at NLL (for global contribution)

𝒮ac(Q, b) = exp {−∫
Q2

b2
0 /b2

dq2

q2 [Aac(αs(q2))ln
Q2

q2
+ Bac(αs(q2))]} Sudakov exponent is the same as for colourless case

[(HΔ)C1C2]ac;a1a2

Contains additional contribution 
which starts at NLL accuracy and 
describes QCD radiation of soft-wide 
angle radiation (colour singlet: )Δ = 1

Resummation akin to the resummation of transverse momentum in  productiontt̄

Same beam function as qT

[Buonocore, Grazzini, Haag, LR]
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The soft-wide angle contribution

[(HΔ)C1C2]ac;a1a2

The factor  depends on ,  and on the underlying Born. 
It also contains an explicit dependence on the jet definition

(HΔ) b Q

: non-trivial dependence on the colour 
structure of the partonic process (can be worked out simply in 

 production)

(HΔ) = Tr[HΔ]

V + j

: process-dependent hard factor, independent on H b

Δ(b, Q; t/u, ϕJb) = V†(b, Q, t/u, R) D(αs(b2
0 /b2), t/u, R; ϕJb)V(b, Q, t/u, R) .All-order structure of Δ

V(b, Q, t/u, R) = Pq exp {−∫
Q2

b2
0 /b2

dq2

q2
Γ(αs(q2), t/u, R)}

Evolution operator 
resumming logs 
stemming from soft-
wide angle radiation

Explicit azimuthal dependence 
(azimuthal correlations)

ϕJb

[Catani, Grazzini, Sargsyan, Torre]
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Calculation of NLL  coefficients′￼

Resummation formula at NLL’ requires the computation of 1-loop resummation coefficients

Γ(αs, t/u, R) =
αs

π
Γ(1)(t/u, R) + ∑

n>1
( αs

π )
n

Γ(n)(t/u, R) D(αs, t/u, R) =
αs

π
D(1)(t/u, R) + ∑

n>1
( αs

π )
n

D(n)(t/u, R)

J2({pi}, k; R) = (T1 ⋅ T2
p1 ⋅ p2

p1 ⋅ k p2 ⋅ k
+ T1 ⋅ T3

p1 ⋅ p3

p1 ⋅ k p3 ⋅ k
+ T2 ⋅ T3

p2 ⋅ p3

p2 ⋅ k p3 ⋅ k ) × Θ(R2
3k > R2)

J2
sub({pi}, k; R) = J2 − ∑

i=1,2 (−T2
i

p1 ⋅ p2

pi ⋅ k (p2 + p2) ⋅ k ) × 1

J̃sub(b, t/u; R) = μ2ϵ ∫ ddkδ+(k2)eib⋅k⊥J2
sub({pi}, k; R) =

1
4 ( μ2b2

4 )
ϵ

Γ(1 − ϵ)2Ω2−2ϵ ( 4
ϵ

Γ(1)(t/u; R) − 2R(1)(b̂, t/u; R) + …)

Calculation performed by defining the NLO eikonal current associated to the emission of a soft gluon

And subtracting the double counting (contributions of soft/collinear origin from the initial state legs)

D(1) = R(1) − ⟨R(1)⟩ .

The resummation coefficients can be calculated via

Hard factor : contains finite contributions of virtual origin, the finite jet function , and a finite contribution of 
soft origin 

H J(R)
F(1)(R) = − 2⟨R(1)⟩(R)
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Non global logarithms

+ Virt. + Virt. 

NLL accuracy requires the inclusion of non-global logarithms  

In the strongly ordered soft limit at two loops there are a global and a non-global contributions at α2
s ln q2

t /Q2

dσ
d2qTdQ2dy dΩ

=
Q2

2P1 ⋅ P2 ∑
(a,c)∈ℐ

[dσ(0)
ac ]∫

d2b
(2π)2

eib⋅qT𝒮ac(Q, b)

× ∑
a1,a2

∫
1

x1

dz1

z1 ∫
1

x2

dz2

z2
[(HΔ)C1C2]ac;a1a2

fa1/h1
(x1/z1, b2

0 /b2)fa2/h2
(x2/z2, b2

0 /b2)𝒰f
NGL

𝒰f
NGL ∼ exp{ − CACf λ2f(λ, R)} λ =

αs(Q2)
2π

ln
Qb
b0

Resummation formula to be supplemented by the factor  embedding the resummation of NGL 𝒰f
NGL

[Dasgupta, Salam]

[Dasgupta, Salam]



Particle Physics Theory Seminar, 9th March 2022, Edinburgh 30

Non-local subtraction at NLO for H+j

The expansion of the NLL’ formula at fixed order allows us to construct a non-local subtraction scheme using 
-imbalance as resolution variable

qT

Linear scaling observed, good convergence 
towards the exact result

36

Figure 13: Dependence of the NLO �� → H + � + X cross section on ���� = �T /Q.
The results are normalized to the ���� - independent NLO cross section computed with
Catani-Seymour subtraction

35

5 Results
Having discussed the content of equation (48) for the case of Higgs plus jet production,
we will now present the complete NLO results. We use the NNPDF31_nlo_as_0118
PDF set from [30]. The jet radius is fixed at R = 0�1, the minimal transverse momentum
of the jet is 30 GeV and the center of mass energy is 13 TeV.
In figure (13) we show the �cut dependence of the full NLO result (all the partonic
channels contributing at this order combined) for different scales µR � µF .
As already stated in section (4.2.3) the �cut dependence is linear as for the case of heavy
quark pair production.
In the following table we compare the �cut = 0 extrapolated result of �T subtraction
against the MCFM result for the 3 different scale variations

NLO [pb] µF = µR = �H µF = �H

2 � µR = 2�H µF = 2�H � µR = �H

2
�T subtraction 13�256 ± 0�034 11�162 ± 0�024 15�755 ± 0�05

mcfm 13�250 ± 0�007 11�140 ± 0�005 15�701 ± 0�01
LO [pb] 7�758 ± 0�007 5�900 ± 0�005 10�451 ± 0�01

The results are in agreement with the cross section computed with the Catani-Seymour
subtraction formalism within a few sigmas thus providing a strong cross check on our
result. Moreover, by comparing these results with the LO results we observe a K factor
of approximately K ≈ 1�7.

In figure (14)-(17) we compare the NLO differential distributions obtained with our
own numerical program (in red) against those obtained with MCFM (in cyan). The �T

subtraction slicing parameter is �cut = 0�0003 and the scales µF and µR are set to the
central value �H ≈ 125 GeV.
In figure (14) we show the NLO differential distribution of the Higgs rapidity. From the
graph it is clear that we find excellent agreement between our and the MCFM result
for a rapidity range of |�H | ≤ 1�5 (i.e. where the bulk of the events are). The small
discrepancy for larger values of the rapidity modulus is due to the lower statistics in
these regions. A computationally more intensive simulation would therefore resolve the
discrepancy. Furthermore, comparing the NLO distribution with the LO distribution (in
orange) we still observe a K -factor of about 1.7.
In figure (15) and (16), where we plot the invariant mass of the Higgs plus jet pair
and the transverse momentum of the Higgs respectively, it is interesting to note the
change in the shape of the distribution for the kinematically allowed minimum values. In
particular, for figure (16) we note that while at LO the Higgs was exactly back-to-back
with the jet and thus had a sharp cut-off of the transverse momentum at 30 GeV, at
NLO, due to the soft unclustered radiation, even smaller values of �T are allowed.
Finally, in figure (17), we show the differential NLO distribution of the transverse
momentum of the jet. Here again we find excellent agreement between our and the
MCFM result. Furthermore, from the comparison of the NLO and the LO distributions we
still observe a K -factor of approximately 1�7.

[M. Costantini Master’s thesis, UZH]
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[M. Costantini Master’s thesis, UZH]
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Figure 10: Dependence of the full R subtracted piece on �cut for central scales and a
�

Higgs
T

≥ 30 GeV. The results for three different jet radii (0.1,0.3 and 0.8) are presented.

Figure 11: Dependence of the leading R subtracted piece (normalised w.r.t. the extrap-
olated full R result) on �cut for central scales and a �

Higgs
T

≥ 30 GeV. The results for
three different jet radii (0.1,0.3 and 0.8) are presented.
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Figure 10: Dependence of the full R subtracted piece on �cut for central scales and a
�

Higgs
T

≥ 30 GeV. The results for three different jet radii (0.1,0.3 and 0.8) are presented.

Figure 11: Dependence of the leading R subtracted piece (normalised w.r.t. the extrap-
olated full R result) on �cut for central scales and a �

Higgs
T

≥ 30 GeV. The results for
three different jet radii (0.1,0.3 and 0.8) are presented.

Non-local subtraction at NLO for H+j: dependence on the jet radius

Exact dependence on the jet radius crucial to ensure proper cancellation of logarithmic enhanced terms
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The quest for novel resolution variables

-imbalance has nice convergence properties but has some limitations, which makes the extension at higher 
orders more complex:
qT

• The observable is defined through a jet algorithm, which induces a 
dependence on an additional cutting variable (the jet radius R) 

• The resummation of -imbalance involves additional difficulties such as 
NGL entering at 

qT
𝒪(α2

s )

We look for a variable which has:

• Same convergence properties of -imbalance: linear scaling (or better) 

• Does not feature NGL 

• Can be easily extended to an arbitrary number of jets

qT
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-imbalance has nice convergence properties but has some limitations, which makes the extension at higher 
orders more complex:
qT

• The observable is defined through a jet algorithm, which induces a 
dependence on an additional cutting variable (the jet radius R) 

• The resummation of the -imbalance involves additional difficulties 
such as NGL entering at 

qT
𝒪(α2

s )

We look for a variable which has:

• Same convergence properties than -imbalance: linear scaling (or better) 

• Does not feature NGL 

• Can be extended to arbitrary number of jets

qT

The quest for novel resolution variables



Particle Physics Theory Seminar, 9th March 2022, Edinburgh 33

Our proposal: kness
T

Global dimensionful variable capable of capturing the  jet transitionN → N + 1

Physically, the variable represents an effective transverse momentum in which the additional jet is unresolved:

• When the unresolved radiation is close to the colliding beams,  coincides with the 
transverse momentum of the final state system.  

• When the unresolved radiation is emitted close to one of the final-state jets, 
describes the relative transverse-momentum with respect to the jet direction

kness
T

kness
T

The variable takes its name from the  clustering algorithm and is defined via a recursive procedurekT

[Buonocore, Grazzini, Haag, LR, Savoini]
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Definition of N-kness
T

Run the  clustering algorithm till  proto-jets are leftkT N + 1 dij = min(pTi, pTj)ΔRij /D, diB = pTi
[Ellis, Soper][Catani, Dokshitzer, Seymour,Webber]
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Definition of N-kness
T

When  protojets are left, compare 
 with the minimum of .

N + 1
dij diB

Run the  clustering algorithm till  proto-jets are leftkT N + 1 dij = min(pTi, pTj)ΔRij /D, diB = pTi
[Ellis, Soper][Catani, Dokshitzer, Seymour,Webber]

prec
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Definition of N-kness
T

When  protojets are left, compare 
 with the minimum of .

N + 1
dij diB

Run the  clustering algorithm till  proto-jets are leftkT N + 1

pi

If the minimum is a , 
 
diB

kness
T = (pi + prec)T

[Ellis, Soper][Catani, Dokshitzer, Seymour,Webber]
dij = min(pTi, pTj)ΔRij /D, diB = pTi

prec
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Definition of N-kness
T

When  protojets are left, compare 
 with the minimum of .

N + 1
dij diB

Run the  clustering algorithm till  proto-jets are leftkT N + 1 dij = min(pTi, pTj)ΔRij /D, diB = pTi

If the minimum is a ,  dij kness
T = dij

[Ellis, Soper][Catani, Dokshitzer, Seymour,Webber]

prec

34
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-subtractionkness
T

d ̂σF+N jets+X
NLO = ℋF+N jets

NLO ⊗ d ̂σF+N jets
LO + [d ̂σF+(N+1) jets

LO − d ̂σCT,F+Njets
NLO ]

We have computed the singular structure in the limit  at NLO to construct a non-local subtractionkness
T → 0

̂σCT,F+Njets
NLO ab =

αs

π
dkness

t

kness
t {[ln

Q2

(kness
t )2 ∑

α

Cα − ∑
α

γα − ∑
i

Ci ln (D2) − ∑
α≠β

Tα ⋅ Tβ ln (
2pα ⋅ pβ

Q2 )] ×

δacδbdδ(1 − z1)δ(1 − z2) + 2δ(1 − z2)δbdP(1)
ca (z1) + 2δ(1 − z1)δacP(1)

db (z2)} ⊗ d ̂σF+N jets
LO cd

Structure of the counterterm remarkably simple

γg = (11CA − 2nF)/6

γq = 3CF /2

Computation of the relevant coefficients proceeds by identifying singular regions and removing the double 
counting

 contains the finite remainder from the cancellation of singularities of real and virtual origin, and the finite 
contributions embedded in beam (same as those of ), jet and soft functions (which we computed)
ℋ

qT
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Phenomenological application:  productionH + j
We have implemented our calculation first to  production. Amplitudes from MCFMH + j

We set the parameter =1 and we require  GeV.  

We compare our result with a 1-jettiness calculation for the same process, which we implemented in MCFM

D pj
T > 30

r = 𝒯1/ m2
H + (pj

T)2 r = kness
T / m2

H + (pj
T)2
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Phenomenological application:  productionH + j
We have implemented our calculation first to  production. Amplitudes from MCFMH + j

We set the parameter =1 and we require  GeV. 

We compare our result with a 1-jettiness calculation for the same process, which we implemented in MCFM

D pj
T > 30

r = 𝒯1/ m2
H + (pj

T)2 r = kness
T / m2

H + (pj
T)2

Faster convergence, power corrections 
compatible with purely linear behaviour

Excellent control of the NLO correction
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Phenomenological application:  productionZ + 2j
We also considered a process with a more complex final state with a non-trivial colour structure

In this case we set the parameter =0.1 and we require  GeV.  D pj
T > 30

9
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i?2 H2�/BM; D2i `2+QMbi`m+i2/ mbBM; i?2 6�biD2i +Q/2 (8e)
Ur?B+? r2 �HbQ mb2 BM 2�+? bi2T Q7 i?2 kT @+Hmbi2`BM; �H;Q@
`Bi?K mb2/ iQ +QKTmi2 knessT VX h?Bb bBKTHv +Q``2bTQM/b
iQ +?QQbBM; Qj �b i?2 T�`iQMB+ +2Mi`2@Q7@K�bb 2M2`;v Q BM
1[X U8V �M/ iQ /2}MBM; τ1 = T1/QX Pm` `2bmHib �`2 b?QrM
BM 6B;X jX h?2 H27i T�M2H b?Qrb i?2 1@D2iiBM2bb /Bbi`B#m@
iBQM r?BH2 i?2 `B;?i T�M2H /2TB+ib i?2 1@knessT `2bmHiX h?2
`2bmHi Q#i�BM2/ �i T�`iQM H2p2H U`2/V Bb +QKT�`2/ rBi?
i?2 `2bmHi BM+Hm/BM; ?�/`QMBb�iBQM +Q``2+iBQMb U#Hm2V �M/
7m`i?2` �//BM; JSA U;`22MVX h?2 #�M/b �`2 Q#i�BM2/ #v
p�`vBM; µF �M/ µR #v � 7�+iQ` Q7 k �`QmM/ i?2B` +2M@
i`�H p�Hm2 rBi? i?2 +QMbi`�BMi 1/2 < µF /µR < 2X h?2
1@D2iiBM2bb /Bbi`B#miBQM ?�b � am/�FQp T2�F �i τ1 ∼ 0.02X
h?2 ?�/`QMBb�iBQM +Q``2+iBQMb �`2 `2H�iBp2Hv H�`;2 BM i?2
`2;BQM Q7 i?2 T2�F- �M/ `2K�BM Q7 i?2 Q`/2` Q7 10% �b τ1

Power corrections exhibit linear behaviour in all 
partonic channels 

Control of the NLO correction at the few percent 
level

Our implementation uses colour-correlated amplitudes from OL
[Buccioni, Lang, Lindert, Maierhöfer, Pozzorini, Zhang, Zoller]
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Phenomenological application:  productionZ + 2j

Nice agreement with results obtained with 
FKS subtraction (from POWHEG) for a 
variety of observables
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�;�BMbi 6EaX h?2 pT /Bbi`B#miBQM Q7 i?2 H2�/BM; D2i UmTT2`
�M/ +2Mi`�H T�M2HbV �i GP Uv2HHQrV �M/ LGP UQ`�M;2, kness

T -
#Hm2, 6EaVX LGP +Q``2+iBQMb ∆σ �b � 7mM+iBQM Q7 rcut BM i?2
i?`22 T�`iQMB+ +?�MM2Hb UHQr2` T�M2HbVX

�`�iBQM #2ir22M i?2 H2TiQMb Bb ∆Rℓℓ > 0.2 r?BH2 H2T@
iQMb �M/ D2ib ?�p2 ∆Rℓj > 0.5X h?2 7�+iQ`Bx�iBQM �M/
`2MQ`K�HBx�iBQM b+�H2b �`2 b2i iQ i?2 Z #QbQM K�bb mZ X
Pm` +�H+mH�iBQM Bb +�``B2/ Qmi #v mbBM; i?2 i`�Mbp2`b2
K�bb Q7 i?2 /BH2TiQM bvbi2K �b � ?�`/ b+�H2 M iQ /2@
}M2 rcut �M/ i?2 T�`�K2i2` D Bb b2i iQ D = 0.1 BM i?Bb
+�b2X Pm` `2bmHib �`2 +QKT�`2/ rBi? i?Qb2 Q#i�BM2/ rBi?
SPq>1: (93- 9N)- r?B+? mb2b i?2 6`BtBQM2@EmMbxi@
aB;M2` U6EaV HQ+�H bm#i`�+iBQM b+?2K2 (8y- 8R)X AM 6B;X k
UmTT2` T�M2HV r2 b?Qr i?2 pT /Bbi`B#miBQM Q7 i?2 ?�`/2bi
D2i �i GP �M/ LGP- +QKTmi2/ rBi? knessT bm#i`�+iBQM
UmbBM; rcut = 0.05%V �M/ rBi? SPq>1:X h?2 +2M@
i`�H T�M2H b?Qrb i?2 `2H�iBp2 /Bz2`2M+2 #2ir22M i?2 irQ
+�H+mH�iBQMbX q2 b22 i?�i i?2 `2bmHib 7mHHv �;`22 rBi?BM
i?2B` MmK2`B+�H mM+2`i�BMiB2bX h?2 i?`22 HQr2` T�M2Hb
/BbTH�v i?2 LGP +Q``2+iBQM ∆σ �b � 7mM+iBQM Q7 rcut
BM i?2 U�MiB@V[m�`F@;HmQM- ;HmQM@;HmQM �M/ U�MiB@V[m�`F@
U�MiB@V[m�`F T�`iQMB+ +?�MM2Hb +QKT�`2/ iQ i?2 +Q``2@
bTQM/BM; `2bmHi Q#i�BM2/ rBi? SPq>1:X h?2 `2bmHib
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6B;m`2 jX Z + jet �i GP Y T�`iQM b?Qr2`, τ1 UH27i T�M2HV
�M/ R@kness

T U`B;?i T�M2HV bT2+i`� �i i?2 T�`iQM H2p2H U`2/V
�M/ BM+Hm/BM; ?�/`QMBx�iBQM U#Hm2V Q` ?�/`QMBx�iBQM �M/ JSA
U;`22MVX

MB+2Hv +QMp2`;2 iQ i?2 SPq>1: p�Hm2b BM �HH i?2 +?�M@
M2Hb- �M/ �HbQ BM i?Bb +�b2 i?2 rcut /2T2M/2M+2 Bb HBM2�`X

6BM�HHv- BM pB2r Q7 TQi2MiB�H �TTHB+�iBQMb Q7 knessT �b �
T`Q#2 Q7 D2i T`Q/m+iBQM BM ?�/`QM +QHHBbBQMb- r2 bim/v
i?2 bi�#BHBiv Q7 Qm` M2r p�`B�#H2 mM/2` ?�/`QMBb�iBQM
�M/ JSAX q2 ?�p2 ;2M2`�i2/ � b�KTH2 Q7 GP 2p2Mib 7Q`
Z + jet rBi? i?2 SPq>1: JQMi2 *�`HQ 2p2Mi ;2M2`@
�iQ` (93- 8k- 8j) �M/ b?Qr2`2/ i?2K rBi? Svi?B�3 (89)
mbBM; i?2 �R9 imM2 (88)X q2 mb2 i?2 b�K2 b2imT �b 7Q`
H+jet- MQr b2iiBM; µR = µF = mZ �M/ �//BM; �M �//B@
iBQM�H `2[mB`2K2Mi QM i?2 H2�/BM; D2i `�TB/Biv |yj1 | < 2.5X
q2 /2}M2 i?2 U/BK2MbBQMH2bbV 1@D2iiBM2bb 2p2Mi b?�T2 τ1
�b BM _27X (9)c i?2 D2i �tBb +QBM+B/2b rBi? i?2 /B`2+iBQM Q7
i?2 H2�/BM; D2i `2+QMbi`m+i2/ mbBM; i?2 6�biD2i +Q/2 (8e)
Ur?B+? r2 �HbQ mb2 BM 2�+? bi2T Q7 i?2 kT @+Hmbi2`BM; �H;Q@
`Bi?K mb2/ iQ +QKTmi2 knessT VX h?Bb bBKTHv +Q``2bTQM/b
iQ +?QQbBM; Qj �b i?2 T�`iQMB+ +2Mi`2@Q7@K�bb 2M2`;v Q BM
1[X U8V �M/ iQ /2}MBM; τ1 = T1/QX Pm` `2bmHib �`2 b?QrM
BM 6B;X jX h?2 H27i T�M2H b?Qrb i?2 1@D2iiBM2bb /Bbi`B#m@
iBQM r?BH2 i?2 `B;?i T�M2H /2TB+ib i?2 1@knessT `2bmHiX h?2
`2bmHi Q#i�BM2/ �i T�`iQM H2p2H U`2/V Bb +QKT�`2/ rBi?
i?2 `2bmHi BM+Hm/BM; ?�/`QMBb�iBQM +Q``2+iBQMb U#Hm2V �M/
7m`i?2` �//BM; JSA U;`22MVX h?2 #�M/b �`2 Q#i�BM2/ #v
p�`vBM; µF �M/ µR #v � 7�+iQ` Q7 k �`QmM/ i?2B` +2M@
i`�H p�Hm2 rBi? i?2 +QMbi`�BMi 1/2 < µF /µR < 2X h?2
1@D2iiBM2bb /Bbi`B#miBQM ?�b � am/�FQp T2�F �i τ1 ∼ 0.02X
h?2 ?�/`QMBb�iBQM +Q``2+iBQMb �`2 `2H�iBp2Hv H�`;2 BM i?2
`2;BQM Q7 i?2 T2�F- �M/ `2K�BM Q7 i?2 Q`/2` Q7 10% �b τ1

We also considered a process with a more complex final state and a non-trivial colour structure

In this case we set the parameter =0.1 and we require  GeV.  D pj
T > 30

Our implementation uses colour-correlated amplitudes from OL
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Stability with respect to hadronisation and MPI
9
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�;�BMbi 6EaX h?2 pT /Bbi`B#miBQM Q7 i?2 H2�/BM; D2i UmTT2`
�M/ +2Mi`�H T�M2HbV �i GP Uv2HHQrV �M/ LGP UQ`�M;2, kness

T -
#Hm2, 6EaVX LGP +Q``2+iBQMb ∆σ �b � 7mM+iBQM Q7 rcut BM i?2
i?`22 T�`iQMB+ +?�MM2Hb UHQr2` T�M2HbVX

�`�iBQM #2ir22M i?2 H2TiQMb Bb ∆Rℓℓ > 0.2 r?BH2 H2T@
iQMb �M/ D2ib ?�p2 ∆Rℓj > 0.5X h?2 7�+iQ`Bx�iBQM �M/
`2MQ`K�HBx�iBQM b+�H2b �`2 b2i iQ i?2 Z #QbQM K�bb mZ X
Pm` +�H+mH�iBQM Bb +�``B2/ Qmi #v mbBM; i?2 i`�Mbp2`b2
K�bb Q7 i?2 /BH2TiQM bvbi2K �b � ?�`/ b+�H2 M iQ /2@
}M2 rcut �M/ i?2 T�`�K2i2` D Bb b2i iQ D = 0.1 BM i?Bb
+�b2X Pm` `2bmHib �`2 +QKT�`2/ rBi? i?Qb2 Q#i�BM2/ rBi?
SPq>1: (93- 9N)- r?B+? mb2b i?2 6`BtBQM2@EmMbxi@
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6B;m`2 jX Z + jet �i GP Y T�`iQM b?Qr2`, τ1 UH27i T�M2HV
�M/ R@kness

T U`B;?i T�M2HV bT2+i`� �i i?2 T�`iQM H2p2H U`2/V
�M/ BM+Hm/BM; ?�/`QMBx�iBQM U#Hm2V Q` ?�/`QMBx�iBQM �M/ JSA
U;`22MVX

MB+2Hv +QMp2`;2 iQ i?2 SPq>1: p�Hm2b BM �HH i?2 +?�M@
M2Hb- �M/ �HbQ BM i?Bb +�b2 i?2 rcut /2T2M/2M+2 Bb HBM2�`X

6BM�HHv- BM pB2r Q7 TQi2MiB�H �TTHB+�iBQMb Q7 knessT �b �
T`Q#2 Q7 D2i T`Q/m+iBQM BM ?�/`QM +QHHBbBQMb- r2 bim/v
i?2 bi�#BHBiv Q7 Qm` M2r p�`B�#H2 mM/2` ?�/`QMBb�iBQM
�M/ JSAX q2 ?�p2 ;2M2`�i2/ � b�KTH2 Q7 GP 2p2Mib 7Q`
Z + jet rBi? i?2 SPq>1: JQMi2 *�`HQ 2p2Mi ;2M2`@
�iQ` (93- 8k- 8j) �M/ b?Qr2`2/ i?2K rBi? Svi?B�3 (89)
mbBM; i?2 �R9 imM2 (88)X q2 mb2 i?2 b�K2 b2imT �b 7Q`
H+jet- MQr b2iiBM; µR = µF = mZ �M/ �//BM; �M �//B@
iBQM�H `2[mB`2K2Mi QM i?2 H2�/BM; D2i `�TB/Biv |yj1 | < 2.5X
q2 /2}M2 i?2 U/BK2MbBQMH2bbV 1@D2iiBM2bb 2p2Mi b?�T2 τ1
�b BM _27X (9)c i?2 D2i �tBb +QBM+B/2b rBi? i?2 /B`2+iBQM Q7
i?2 H2�/BM; D2i `2+QMbi`m+i2/ mbBM; i?2 6�biD2i +Q/2 (8e)
Ur?B+? r2 �HbQ mb2 BM 2�+? bi2T Q7 i?2 kT @+Hmbi2`BM; �H;Q@
`Bi?K mb2/ iQ +QKTmi2 knessT VX h?Bb bBKTHv +Q``2bTQM/b
iQ +?QQbBM; Qj �b i?2 T�`iQMB+ +2Mi`2@Q7@K�bb 2M2`;v Q BM
1[X U8V �M/ iQ /2}MBM; τ1 = T1/QX Pm` `2bmHib �`2 b?QrM
BM 6B;X jX h?2 H27i T�M2H b?Qrb i?2 1@D2iiBM2bb /Bbi`B#m@
iBQM r?BH2 i?2 `B;?i T�M2H /2TB+ib i?2 1@knessT `2bmHiX h?2
`2bmHi Q#i�BM2/ �i T�`iQM H2p2H U`2/V Bb +QKT�`2/ rBi?
i?2 `2bmHi BM+Hm/BM; ?�/`QMBb�iBQM +Q``2+iBQMb U#Hm2V �M/
7m`i?2` �//BM; JSA U;`22MVX h?2 #�M/b �`2 Q#i�BM2/ #v
p�`vBM; µF �M/ µR #v � 7�+iQ` Q7 k �`QmM/ i?2B` +2M@
i`�H p�Hm2 rBi? i?2 +QMbi`�BMi 1/2 < µF /µR < 2X h?2
1@D2iiBM2bb /Bbi`B#miBQM ?�b � am/�FQp T2�F �i τ1 ∼ 0.02X
h?2 ?�/`QMBb�iBQM +Q``2+iBQMb �`2 `2H�iBp2Hv H�`;2 BM i?2
`2;BQM Q7 i?2 T2�F- �M/ `2K�BM Q7 i?2 Q`/2` Q7 10% �b τ1

We have generated a sample of LO events 
for  with the POWHEG and showered 
them with PYTHIA8 

We compare the impact of hadronisation 
and MPI on  

The distribution has a peak at  GeV, 
which remain stable upon hadronisation and 
MPI 

Effect of hadronisation marginal, MPI makes 
the distribution somewhat harder 

Compared to 1-jettiness, effects are much 
reduced

Z + j

kness
T

∼ 15
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Outlook and discussion (2)

• Exploration of novel variables in jet processes have a number of applications (resummation, non-local 
subtraction methods, matching with parton showers…) 

• We studied the resummation for -imbalance at NLL’ keeping the dependence on the jet radius R with 
full azimuthal dependence 

• We explored new variables in multi jet production. We defined a new variables, , which captures the 
singular structure of processes with  jets 

• We computed the relevant ingredients to construct a subtraction at NLO and we tested it for processes 
with 1 and 2 jets  

• The variable shows promising properties: it has mild power corrections, which make it a good candidate 
for an extension of the subtraction to NNLO; it is relatively stable under hadronisation and MPI; being an 
effective transverse momentum can prove useful as resolution variable in matching NNLO calculations to 

-ordered parton shower

qT

kness
T

N

kT



Particle Physics Theory Seminar, 9th March 2022, Edinburgh 

Backup



Particle Physics Theory Seminar, 9th March 2022, Edinburgh 

Comparison with previous N3LO estimates
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• Omission of linear power corrections leads to 
incorrect estimate of NkLO corrections 

• Data at N3LO not of sufficient quality to observe 
a stable plateau, inducing larger systematic 
uncertainties
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The quest for novel resolution variables

-imbalance has nice convergence properties but has some limitations, which makes the extension at higher 
orders more complex:
qT

• The observable is defined through a jet algorithm, which induces a 
dependence on an additional cutting variable (the jet radius R) 

• The resummation of -imbalance involves additional difficulties such as 
NGL entering at 

qT
𝒪(α2

s )

A variable which does not suffer from these problems in  production is the difference between the 
transverse energy and the transverse momentum of the vector boson

V + j

ΔET =
n

∑
i=1

| ⃗pT,i | − | ⃗pT,V |
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 as a resolution variable: challengesΔET

The variable has however a more convoluted structure than -imbalance due the different scalings in each 
singular region. Parametrising the emission with FKS variables,

qT

ΔET ∼ kT(1 + cos ϕ) ΔET ∼ kTθ sin(ϕ)2IS FS

The non-trivial dependence on  leads to different beam functions with respect to  and makes their 
computation more delicate (need to take into account polarised splitting kernels)

ϕ qT

Structure of the subtracted soft current also more involved (collinear singularity of final state no longer screened 
by a finite jet radius), also due to the different scaling of the observable in each region



Theory Seminar, 24th February 2022, Nikhef 

 as a resolution variable: resultsΔET

Power corrections rather large, 
logarithmic enhancement makes 
the convergence problematic

Same behaviour as 1-jettiness. 
Perhaps related to the scaling of 
the observable?


