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Preliminaries

Identify the flavour & kinematic information of a hadronic jet

Use this information to probe underlying physics effects

⊕
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(i) Absolute cross-sections of processes with flavoured jets  
This talk  

(ii) Jet fragmentation  
Bauer, et al.:1312.5605, Bain et al. :1603.06891, 1610.06508, Dai et al. :
1805.06014, 2104.14707, Markis et al.:1807.09805  

(iii) Medium effects:  
Tao, Vitev: 1811.07905

Preliminaries

Identify the flavour & kinematic information of a hadronic jet

Use this information to probe underlying physics effects

Definition of a ‘tag’ and theory formalism depends on the goal

⊕
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Absolute cross-sections of processes with flavoured jets

Preliminaries

(i) Higgs physics (hadronic decays)  

(ii) Top-quark physics ( )  

(iii) New physics searches (f-jet  )  

(iv) Gauge-boson + heavy-flavour
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Absolute cross-sections of processes with flavoured jets

Preliminaries

(i) Higgs physics (hadronic decays)  

(ii) Top-quark physics ( )  

(iii) New physics searches (f-jet  )  

(iv) Gauge-boson + heavy-flavour

|Vtb | ∼ 1

+Emiss
T

[Higgs couplings] 

[PDFs,  , BSM]  

[BSM] 

[PDFs, Theory framework]

αs
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Absolute cross-sections of processes with flavoured jets

Preliminaries

(i) Higgs physics (hadronic decays)  

(ii) Top-quark physics ( )  

(iii) New physics searches (f-jet  )  

(iv) Gauge-boson + heavy-flavour

|Vtb | ∼ 1

+Emiss
T

[Higgs couplings] 

[PDFs,  , BSM]  

[BSM] 

[PDFs, Theory framework]

αs
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direct
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Absolute cross-sections of processes with flavoured jets

Preliminaries

(i) Higgs physics (hadronic decays)  

(ii) Top-quark physics ( )  

(iii) New physics searches (f-jet  )  

(iv) Gauge-boson + heavy-flavour

|Vtb | ∼ 1

+Emiss
T

in-direct (decays)
direct

 

[Higgs couplings] 

[PDFs,  , BSM]  

[BSM] 

[PDFs, Theory framework]
[Dominant background for (i)-(iii)]

αs
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(Our) alternative motivation
18 9 Summary
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Figure 4: Differential fiducial cross section for Z(1b) production as a function of the leading
b jet pT (left), and the cross section ratio for Z(1b) and Z+jets production as a function of the
leading b/inclusive (j) jet pT (right), compared with the MADGRAPH 5FS, MADGRAPH 4FS,
MADGRAPH5 aMC@NLO, and POWHEG MINLO theoretical predictions (shaded bands), nor-
malized to the theoretical cross sections described in the text. For each data point the statistical
and the total (sum in quadrature of statistical and systematic) uncertainties are represented by
the double error bar. The width of the shaded bands represents the uncertainty in the theo-
retical predictions, and, for NLO calculations, the inner darker area represents the statistical
component only.

The 4FS-based prediction fails to describe the shape of the ratio as a function of the leading b
jet pT, and discrepancies in the shape are also observed for high values of the Z boson pT.

The production of a Z boson in association with two b jets is also investigated. In this case the
kinematic observables are the transverse momenta of the leading and subleading b jets, the pT
of the Z boson, the separations of the b jets both in azimuthal angle and in the h-f plane, the
minimal distance in the h-f plane between the Z boson and a b jet, the asymmetry between the
minimal and the maximal distances between the Z boson and a b jet, and the invariant masses
of the bb and the Zbb systems. The measured distributions are generally well reproduced by
the predictions.
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Figure 5: Differential fiducial cross section for Z(1b) production as a function of the leading
b jet |h| (left), and the cross section ratio for Z(1b) and Z+jets production as a function of the
leading b/inclusive (j) jet |h| (right), compared with the MADGRAPH 5FS, MADGRAPH 4FS,
MADGRAPH5 aMC@NLO, and POWHEG MINLO theoretical predictions (shaded bands), nor-
malized to the theoretical cross sections described in the text. For each data point the statistical
and the total (sum in quadrature of statistical and systematic) uncertainties are represented by
the double error bar. The width of the shaded bands represents the uncertainty in the theoreti-
cal predictions, and, for NLO calculations, theoretical systematic uncertainties are added in the
ratio plots with the inner darker area representing the statistical component only.

CMS Run I (8 TeV) measurement of   Eur. Phys. J. C 77, 11 (2017) 751pp → Z + b − jet(s)

ηb pT,b

“Our” NNLOJET [Gauld, Gehrmann-De Ridder, Glover, Huss, Majer] PRL 125 (2020) 22, 222002
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Direct heavy-flavour production

‣ The 'flavour scheme’

‣ Heavy-flavour PDFs

Flavoured jets & perturbative computations  

‣ InfraRed and Collinear safety  

‣ Theory state-of-the-art
 

Theory meets experiment

Overview of remainder of talk

P P

B

̂σ

b
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Anatomy of heavy-flavour processes

P P

B

̂σ

b

dσpp→X = ∑
i,j

∫ dx1dx2 fi(x1) fj(x2) d ̂σij→X̂( ̂s, . . . ) T(X̂ → X)

Factorisation theorem

d ̂σij→X̂ = d ̂σLO
ij→X̂

+ αs d ̂σNLO
ij→X̂

+ α2
s d ̂σNNLO

ij→X̂
+ . . .

Partonic cross-section

At fixed-order, define parton-level jets [corrected with  ]T(X̂ → X)
[from NLO+PS for example]



Rhorry Gauld, 01/06/2021  11

g
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γ/Z → ll̄
γ/Z → ll̄

q̄
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LO computation in 4fs  ,   𝒪(α2
s ) d ̂σLO

ij ∼ ∫ dϕX̂ |Mij→X̂ |2

Computed in a scheme: e.g.  “4fs” aka ZM-VFNS  (nmax
f = 4)

A theoretical bypass: Z+b-jet
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dσ4fs = dσmb=0 + dσln[mb] + dσmb

Massless component 
  in 5fs𝒪(α2

s nf )
  effects

exact kinematics

𝒪(m2
b)

g

b̄
g

b

γ/Z → ll̄
γ/Z → ll̄

q̄

q

b̄

b

LO computation in 4fs  ,   𝒪(α2
s ) d ̂σLO

ij ∼ ∫ dϕX̂ |Mij→X̂ |2

Computed in a scheme: e.g.  “4fs” aka ZM-VFNS  (nmax
f = 4)

A theoretical bypass: Z+b-jet



Rhorry Gauld, 01/06/2021  13

100%   = -32% +135% -3%

dσ4fs = dσmb=0 + dσln[mb] + dσmb

g

b̄
g

b

γ/Z → ll̄
γ/Z → ll̄

q̄

q

b̄

b

LO computation in 4fs  ,   𝒪(α2
s ) d ̂σLO

ij ∼ ∫ dϕX̂ |Mij→X̂ |2

Computed in a scheme: e.g.  “4fs” aka ZM-VFNS  (nmax
f = 4)

A theoretical bypass: Z+b-jet
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The b-quark PDF

dσln[mb] ∼

g

(g → b)||

b

Clearly, we wish to understand the logarithmic part (it is the largest)  
 

γ/Z → ll̄

dσln[mb] ∼ fg(x1, μ2
F) ⊗ f (1)

b (x2, μ2
F) ⊗ d ̂σmb=0

bg→Zb

f (1)
b (x, μ2

F) =
αs

2π (p(0)
g→q ⊗ fg)[x, m2

b] ln [ μ2
F

m2
b ]

the fixed-order b-quark pdf
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The b-quark PDF
Clearly, we wish to understand the logarithmic part (it is the largest)  

 
We do know it well (use the renormalisation group, “PDF evolution”)

I am showing fixed-order pdf versus a resummed one (PDF evolution)

                   Note!  αm
s lnn[μ2

F /m2
b], m ≥ n αs ln[m2

Z /m2
b] ≈ 0.7
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The b-quark PDF
Clearly, we wish to understand the logarithmic part (it is the largest)  

 
We do know it well (use the renormalisation group, “PDF evolution”)

I am showing fixed-order pdf versus a resummed one (PDF evolution)

                   Note!  αm
s lnn[μ2

F /m2
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Resumming the PDF highly desirable (essential?)

aka: the massless computation (w/ QCD corrections to   part)ln[mb]
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InfraRed and Collinear safety
What happens if we apply anti-kT alg. as in an experimental set-up

Collinear safety
γ/Z → ll̄

q̄

q

b̄

b
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What happens if we apply anti-kT alg. as in an experimental set-up

Collinear safety
γ/Z → ll̄

q̄
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g

γ/Z → ll̄q

q
Soft safety

InfraRed and Collinear safety
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What happens if we apply anti-kT alg. as in an experimental set-up

Collinear safety

C ∝ αs ln[Q2/m2
b]

S ∝ α2
s ln2[Q2/m2

b]

Massless(5fs): infinite  
Massive(4fs): finite, but contains large corrections like

γ/Z → ll̄

q̄

q

b̄

b

g

γ/Z → ll̄q

q
Soft safety

InfraRed and Collinear safety

pl pl̄

k1

k2
k3
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The flavour-kT algorithm
Target: resummed heavy-flavour PDFs and avoid large “C, S” corrections

(1) Quantum flavour assignment:  
 ,   

(2) Flavour specific clustering 
b = + 1 b̄ = − 1

Note! anti-kT clustering not well suited (preference of soft-hard clustering)
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Theory state-of-the-art (f-jets @ NNLO)
d ̂σij→X̂ = d ̂σLO

ij→X̂
+ αs d ̂σNLO

ij→X̂
+ α2

s d ̂σNNLO
ij→X̂

+ . . .

 

  

  

  with PFF [B-hadrons]  

 

 

  with decay

  (t-chan with decay)  
 
  [4fs]

V + (H → bb̄)

Z + b − jet

W± + c − jet

tt̄

tt̄

t, t̄

V + (H → bb̄)

 
Berger et al. (1606.08463,1708.09405),  

Campbell et al. (2012.01574)
 

Behring et al. (2003.08321)

Ferrera et al. (1705.10304),  Caola et al. (1712.06974), 
Gauld et al. (1907.05836)  

Behring et al. (1901.05407), Czakon et al. (2008.11133)

Apologies if I have missed some

flavoured-jet algorithm applied

anti-kT algorithm applied (regulated by  , a tech. cut, or ‘prescription’)mb

 
Gauld et al. (2005.03016)  

 
Czakon et al. (2011.01011)  

 
Czakon et al. (2102.08267)
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Theory state-of-the-art (f-jets @ NNLO)
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Theory meets experiment

Data: hadron-level anti-kT jets

Theory: parton-level flavour-kT jets

dσpp→X = ∑
i,j

∫ dx1dx2 fi(x1) fj(x2) d ̂σij→X̂( ̂s, . . . ) T(X̂ → X)

A correction (which may be small) is required for these calculations
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Theory meets experiment

Data: hadron-level anti-kT jets

Theory: parton-level flavour-kT jets

Unfold data with RooUnfold
Includes:  

 T(X̂ → X)

A correction (which may be small) is required for these calculations

dσpp→X = ∑
i,j

∫ dx1dx2 fi(x1) fj(x2) d ̂σij→X̂( ̂s, . . . ) T(X̂ → X)

Model: NLO+PS 
(4fs and 5fs)
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Summary: Part 1
Direct heavy-flavour production (V+f-jet)

(i) Resumming heavy-flavour PDF essential (computation in VFNS)

(ii) Demands the use of a flavoured-jet algorithm (or ad hoc prescription)

(iii)Theoretically well motivated (avoiding the collinear even-tags)

Critical for probing the proton flavour via:     V + f − jet , V = W±, γ, Z
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q
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recoil

pZT 6= 0

f-jet  
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Summary: Part 1
Direct heavy-flavour production (V+f-jet)

(i) Resumming heavy-flavour PDF essential (computation in VFNS)

(ii) Demands the use of a flavoured-jet algorithm (or ad hoc prescription)

(iii)Theoretically well motivated (avoiding the collinear even-tags)

Critical for probing the proton flavour via:     
This alone motivates (i.e. the Roadmap to precision)

(a) [Exp.] Feasibility of applying a flavour-dependent jet alg. in data

(b) [Cont.] Will we have to rely on unfolding? How reliable is NLO+PS

V + f − jet , V = W±, γ, Z

p

p

g

q
Z/�

`�

`+

recoil

pZT 6= 0

f-jet  
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Summary: Part 2
Collinear safety (even-tags)

(i) Unique assignment of   and   to avoid collinear log or  

(ii) Manifests as double/even-tagged jets in practice

(iii)Critical issue for all fixed-order (anti-kT or flavour-kT)

(iv)Even if its impact is small for `signal’ (VH) its large for background (Vj)

b = 1 b̄ = − 1 1/ϵ
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Summary: Part 2
Collinear safety (even-tags)

(i) Unique assignment of   and   to avoid collinear log or  

(ii) Manifests as double/even-tagged jets in practice

(iii)Critical issue for all fixed-order (anti-kT or flavour-kT)

(iv)Even if its impact is small for `signal’ (VH) its large for background (Vj)

b = 1 b̄ = − 1 1/ϵ

My questions (also related to Part 1), and part of the Roadmap:

(a) How well can we isolate even-tagged anti-kT jets in data (  )

(b) To what extent does NLO+PS describe the double-tag enriched regions

(c) Are V+heavy-flavour control regions double-tag enriched? No I guess

(d) Is higher (fixed / logarithmic) accuracy needed — e.g. NNLO+(NLL PS)

ϵ2
tag
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Questions/comments and discussion encouraged!
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Whiteboard
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Whiteboard
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Size of unfolding correction
How to account for theory-experiment mismatch?

Use an NLO + Parton Shower prediction (which can evaluate both)  
1) Prediction at parton-level, flavour-kT algorithm (Theory)
2) Prediction at hadron-level, anti-kT algorithm (Experiment)

Calculate an “Unfolding” correction from  2) Experiment   1) Theory→

We use RooUnfold (following the procedure used in the exp. analyses)
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NNLO flavoured jet cross-sections
Primarily challenge: dealing with flavour

of the requirements needed to obtain the corresponding theoretical predictions.

The computation of such observables at fixed order requires the application of a

flavour-sensitive jet algorithm that — besides reconstructing flavour-insensitive proper-

ties such as four-momenta — identifies the flavour of the reconstructed jets based on some

well-defined (infrared-safe) criteria [25]. The application of such an algorithm requires a

tracking of the flavour of individual partons, which appear in the partonic cross section at

each perturbative order.

In the following, we provide a description of how this is achieved within the parton-

level event generator NNLOJET. The discussion is however not specific to the use of the

antenna subtraction formalism to regulate infrared divergences occurring in partonic sub-

processes beyond LO. In addition, as the application of a flavour-sensitive jet algorithm

is not standard (although required from the point of view of massless fixed-order compu-

tations) for either theory or experimental communities, we also give a brief overview of

the algorithm used for these computations. This section is concluded by providing specific

details of the jet clustering implementation relevant for the results presented here regarding

the computation of NNLO observables for VH production.

2.1 Flavour dressing

The first step towards computing flavour-dependent jet observables is to ensure that the

jet algorithm has access to both momentum and flavour information when evaluating the

contributions from matrix elements and subtraction terms. To address this issue within

NNLOJET, an additional “flavour-dressing” layer that tracks the flavours of all amplitudes

as well as reduced matrix elements appearing in subtraction terms has been implemented.

To illustrate how this proceeds, we consider the construction of a generic NLO-type

cross section for an n-body final state initiated by the two partons i and j. Following the

notation of ref. [39], we may write the contribution to the partonic cross section as

d�̂ij,NLO =

Z

n+1

⇥
d�̂R

ij,NLO � d�̂S
ij,NLO

⇤
+

Z

n

⇥
d�̂V

ij,NLO � d�̂T
ij,NLO

⇤
, (2.1)

where the superscripts R, S, V , T indicate the real, real-subtraction, virtual, and virtual-

subtraction terms, respectively.

As an example of the flavour-dressing procedure for the amplitudes, we consider the

real-emission cross section (omitting the sum over potential colour orderings) which takes

– 5 –

the general form

d�̂R
ij,NLO = N

R
NLO d�n+1 ({p3, . . . , pn+3} ; p1, p2)

1

Sn+1

⇥

h
M

0
n+3 ({pn+3} , {fn+3}) J

(n+1)
n ({pn+1} , {fn+1})

i
. (2.2)

We denote the final-state symmetry factor by Sn+1, the normalisation factor (which in-

cludes constants, couplings, colour factors) by N
R
NLO, the 2 ! n + 1 particle phase space

by d�n+1, and the momentum of the partons i, j by p1,2. The partial squared amplitude

M
0
n+3 is evaluated with the momentum set {pn+3} and a corresponding flavour set {fn+3}.

The flavour-sensitive jet algorithm J
(n+1)
n builds n jets from n+1 final-state partons which

carry momentum and flavour labelled by the sets {pn+1} and {fn+1} respectively.

The real subtraction cross section can be written in a similar fashion:

d�̂S
ij,NLO = N

R
NLO

X

k

d�n+1 ({p3, . . . , pn+3} ; p1, p2)
1

Sn+1

⇥

h
X

0
3 (·, k, ·) M

0
n+2

⇣
{p̃n+2}, {f̃n+2}

⌘
J
(n)
n

⇣
{p̃n}, {f̃n}

⌘i
, (2.3)

where the index k runs over all possible unresolved partons in d�̂R
ij,NLO and X

0
3 (·, k, ·)

denotes the three-parton antenna function that factorises from the associated reduced

squared matrix-element M
0
n+2. In this case, the jet algorithm acts upon mapped final-

state momentum and flavour sets {p̃n} and {f̃n} associated with the reduced squared

matrix element M
0
n+2. As the total subtraction cross section must take into account all

possible unresolved limits of parton k, this cross section may be composed of multiple

flavour structures. The subtraction method is only e↵ective if the evaluation of flavour-

dependent observables in both the real and real-subtraction cross sections match in all

possible unresolved limits. This is only ensured if an infrared-safe flavour-sensitive jet

algorithm is applied.

To construct the NLO cross section according to eq. (2.1), a similar procedure must

also be applied to both virtual and virtual-subtraction (in the antenna formalism, these

include integrated subtraction and mass-factorisation contributions) cross sections. This

construction is obtained in a similar fashion, by tracking both the momentum and flavour

sets associated to all partial squared amplitudes and reduced squared matrix elements

appearing in these contributions and then applying the flavour-sensitive jet algorithm to

the subset of final-state particles within these sets. To allow the computation of flavour-

dependent jet observables at NNLO, the same ideas extend to one order higher and this

flavour-dressing procedure is applied to all NNLO-type parton level contributions and their

corresponding subtraction terms.
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Jet function acts on flavour and momenta of reduced MEs. In general ( i, j, k )    ( I, K )→
flavour

momentum

The ~ functions denoted mapped (in soft/collinear limits) momenta/flavour sets

Generic structure of higher-order terms (see arXiv: 1907.05836)
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Flavour-kT Jet algorithm

2.2 Flavoured-jet algorithm

Throughout this work jets are reconstructed with the flavour-kt algorithm, which provides

an infrared-safe definition of jet flavour. The main di↵erence with respect to a native

jet algorithm is that the clustering of particles relies on both momentum and flavour

information of the input pseudo-jets. For completeness, we summarise the main steps of the

algorithm for hadron–hadron collisions originally presented in ref. [25] (also summarised in

ref. [41]).

The algorithm proceeds by assigning a net flavour to all pseudo-jets or jets based on

their quark flavour content, attributing +1 (�1) if a quark (antiquark) of the flavour under

consideration is present. In an experimental context, the presence of a quark flavour could

be inferred from a fully/partially reconstructed hadron. A criterion is then applied to these

objects to determine if they carry flavour, possible examples being: the net flavour (sum

of quarks and antiquarks); or the net flavour modulo two. Objects are considered to carry

flavour if they carry non-zero values of this criterion. The algorithm then proceeds by

constructing distance measures for pairs of all final-state pseudo-jets i and j (dij) as well

as beam distances (diB and diB̄). These (flavour-dependent) distances are defined as

dij =
�y

2
ij +��

2
ij

R2

8
<

:
max(kti, ktj)↵min(kti, ktj)2�↵ softer of i, j is flavoured,

min(kti, ktj)↵ softer of i, j is unflavoured,
(2.4)

and

d
iB̄

( ) =

8
<

:
max(kti, ktB̄

( )(yi))↵min(kti, ktB̄
( )(yi))2�↵ softer of i, j is flavoured,

min(kti, ktB̄
( )(yi))↵ softer of i, j is unflavoured.

(2.5)

In these definitions, kti and ktj are the transverse momentum of the pseudo-jets i and j, and

the rapidity di↵erence and azimuthal angular separation between these pseudo-jets is given

by �yij and ��ij , respectively. The parameters R and ↵ define a class of measures for

the algorithm. The (rapidity-dependent) transverse momentum of the beam B at positive

rapidity ktB, and beam B̄ at negative rapidity ktB̄, are defined as:

ktB(y) =
X

i

kti
�
⇥(yi � y) +⇥(y � yi) e

yi�y
�
, (2.6)

ktB̄(y) =
X

i

kti
�
⇥(y � yi) +⇥(yi � y) ey�yi

�
, (2.7)

with ⇥(0) = 1/2 and the index i going over all pseudo-jets.

While this flavour-aware jet algorithm is substantially more complex than the flavour-

blind anti-kt algorithm [42], its use is unavoidable in fixed-order computations based on
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These details from — (arXiv: 1907.05836)

Introduction of a beam momentum, controls clusterings



Rhorry Gauld, 26/04/2021  37

The massless NNLO calculation

At LO: 4 distinct channels,

At NNLO: 1000 distinct channels (amplitudes also become very complicated) 

b

b

Z

g

p

p

g

q
Z/�

`�

`+

recoil

pZT 6= 0

b-jet  

 
 

d ̂σLO
ij ∼ ∫ dϕX̂ |Mij→X̂ |2

d ̂σij→X̂ = d ̂σLO
ij→X̂

+ αs d ̂σNLO
ij→X̂

+ α2
s d ̂σNNLO

ij→X̂
+ . . .

Use a “flavoured dressed” version of the computation of   @ NNLOZ + 1j
 Gehrmann-De Ridder et al., https://arxiv.org/abs/1507.02850  

PRL 117, 022001 (2016)
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X. Chen, J. Cruz-Martinez, J. Currie, A. Gehrmann–De Ridder, T. Gehrmann,
E.W.N. Glover, AH, M. Jaquier, T. Morgan, J. Niehues, J. Pires

Common code base for NNLO corrections using Antenna Subtraction
I pp ! Z/�⇤ ! `+`� + 0, 1 jets
I pp ! H ! �� + 0, 1, 2 jets
I pp ! dijets
I ep ! 2 jets (talk by J. Niehues)
I . . .

I Fully differential parton-level event generator
I Work in progress: Interface to APPLgrid, fastNLO

6/23

pp ! dijets

pp ! H !! �� + 0, 1, 2 jets

pp ! Z/�⇤ ! l+l� + 0, 1 jets

ep ! 2(+1) jets

Theory collaboration between CERN, Durham, Karlsruhe, Lisbon, Nikhef, Zurich

(Gehrmann et al. 2005-2013)

       E.W.N. Glover         A. Gehrmann-De Ridder  A. Huss I. MaierRG

A (parton level) Monte Carlo generator, antenna subtraction formalism 
 
My collaborators for this work, i.e.  , PRL 125 (2020) 22, 222002pp → Z + b − jet

d ̂σij→X̂ = d ̂σLO
ij→X̂

+ αs d ̂σNLO
ij→X̂

+ α2
s d ̂σNNLO

ij→X̂
+ . . .

The massless NNLO calculation
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The mass of the b-quark

mpole
b ∼ 5 GeV

The NNLO QCD computation assumes  , what does this meanmb = 0

dαs

d ln μ
= − β0

α2
s

2π
+ 𝒪(α3

s ) αs(μR) =
αs(μ0)

1 + β0

2π αs(μ0)ln[μ2
r /μ2

0]

β0 = ( 11
6

ca −
2
3

trnf) x
1 + Bx

≈ x (1 − Bx + B2x2) + 𝒪(x4)

Use of ‘RG’ improved perturbation theory to (re)sum   termsln[μr /mb]

The b-quark is active in the running of   and PDF. Meaning?αs
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Including mass corrections
Construct a massive variable flavour number scheme (M-VFNS)

dσM−VFNS = dσ5fs + (dσ4fs − dσ4fs
mb→0)

 [GeV]bm

3.2

3.4

3.6

3.8

4

4.2

4.4
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Fi

du
ci

al
σ

NLO 5fs

2
sαFONLL 

NNLO 5fs 

3
sαFONLL 

 Z+b-jet+X→pp  = 8 TeVsJETNNLO

 = 2α, R = 0.5, Tflavour-k
Fiducial region

 = 4.92 GeVphys.
bm

0.5 1.0 5.0

dσ4fs = dσmb=0 + dσln[mb] + (dσmb)
*M-VFNS = FONLL

aMC@NLO dedicated computation

 ≈ − 3 %
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The zero mass limit

dσGMVFNS = dσm=0 + (dσm − dσm→0)

dσm = dσm=0,nf + dσL[m] + dσ𝒪(m2)

  is built from:
1) convolutions of a massless partonic cross section and OME
2) explicit virtual corrections, implicit via  

dσL[m]

αnf
s

dσL[m]
gg = ∫ dx1 dx2 g(x1, μ2

F)[ ̂Ag→b(z, μ2
F /m2

b) ⊗ g(x2/z, μ2
F)] ̂σm=0

bg→Zb(αs(μr), μr, μF, ̂s)

f (1)
b (x, μ2

F) = ∫
1

x
g(x/z, μ2

F) ̂Agb + 𝒪(α2
s ) , ̂Agb =

αs(μ2
F)

2π
Pg→q(z) ln[μ2

F /m2
b]

Example: gg-channel at  .𝒪(α2
s )


