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Flavoured jets: trials and tribulations
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‣ Jet reconstruction basics 

2) Jet flavour 

‣ Selected histories 

‣ Recent progress

‣ IRC tests
 
 
3) Implications/Applications 

‣ Where does it (not) matter 

‣ Z + c-jets
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Short distance

hard scales ~ 102 GeV
σ = σ0 (1 + αsc1 + α2

s c2 + . . . )

PP → f + X
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Short distance

hard scales ~ 102 GeV
σ = σ0 (1 + αsc1 + α2

s c2 + . . . )

PP → f + X

Long distance

soft scales ~ GeV
(non-perturbative)
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jet
jet

jet

How to describe the QCD radiation in events? 

a jet algorithm which is insensitive to Long distance physics

PP → f + X

Short distance

hard scales ~ 102 GeV
σ = σ0 (1 + αsc1 + α2

s c2 + . . . )

Long distance

soft scales ~ GeV
(non-perturbative)
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Jets at the LHC

particle flow objects

anti-kT algorithm
set of jets  {j1, . . . , jm}

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,…) 
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)
 

The anti-kT algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects 
 
Simple version 

➡ Reconstruct hadronic jets (~collimations of hadronic radiation)
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Jets at the LHC

dij = min (k2p
Ti , k2p

Tj )
ΔR2

ij

R2

diB = k2p
Ti

ΔR2
ij = (yi − yj)2 + (ϕi − ϕj)2

(Inclusive) clustering proceeds by identifying the min. distance:

- If it is  combine particles ij (update list to contain combined particle)

- If it is  , identify i as a jet and remove from list
[repeat until list is empty]

dij

diB

Or… initialise a list of particles (pseudo jets) from these objects
 
Introduce distance measures between particles (pseudo jets) and a Beam: 

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,…) 
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)
 

The anti-kT algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects

anti-kT (p=- )1
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Jets at the LHC

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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anti-kT (p=- )1 kT (p= )1

anti-kT has nice geometrical properties (used in all LHC analyses)

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,…) 
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)
 

The anti-kT algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects
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InfraRed and Collinear safe observables

• Those not impacted by collinear splitting(s) or emission(s) of soft particles 

• Those calculated in terms of quarks and gluons where the  limit 
does not introduce singularities (Stermann, Weinberg ’77) 

➡ Can (reliably) use fixed-order perturbation theory 

mq → 0

dσdata (meas.)
PP→f+X dσfixed−order

PP→f+Xvs

KLN theorem (Kinoshita ’62, Lee & Nauenberg ’64)

• For such observables, a cancellation of IRC divergences between virtual 
and real emissions is ensured (order-by-order) 

• IRC unsafe observables can be defined, all-order-resummation/factorisation 
theorems typically required (PDF evolution, obs. dependent resummation)
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InfraRed and Collinear safe observables

• Those not impacted by collinear splitting(s) or emission(s) of soft particles 

• Those calculated in terms of quarks and gluons where the  limit 
does not introduce singularities (Stermann, Weinberg ’77) 

➡ Can (reliably) use fixed-order perturbation theory 

mq → 0

dσdata (meas.)
PP→f+X dσfixed−order

PP→f+Xvs

KLN theorem (Kinoshita ’62, Lee & Nauenberg ’64)

• For such observables, a cancellation of IRC divergences between virtual 
and real emissions is ensured (order-by-order) 

• IRC unsafe observables can be defined, all-order-resummation/factorisation 
theorems typically required (PDF evolution, obs. dependent resummation)

Clearly, one can use a massive calculation to compute unsafe observables 
 
Some costs are: 
 

-  corrections at each order in perturbation theory 

- Resummation of some universal corrections absent (heavy flav. PDFs)

ln [m /Q]
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Typical experimental approaches of defining jet flavour (truth/data level): 
(ATLAS arXiv:1504.07670, CMS arXiv:1712.07158, LHCb arXiv:1504.07670) 

i) First identify flavour-blind anti-kT jets in a fiducial region

ii) Tag these jets with flavour by the presence of 1 or more D/B hadrons 

iii) [ATLAS/LHCb] Apply pT requirement to D/B hadron ~ pD/B
T > 5 GeV

12

Heavy-flavour jets at the LHC

ΔR( j, D/B) < 0.5
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Heavy-flavour jets at the LHC

ΔR( j, D/B) < 0.5
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“The Flavour-kT algorithm” 
(Banfi, Salam, Zanderighi BSZ: hep-ph/0601139)

 
 
 
 
 
 
 
 
 
 
 
 

flavoured jet algorithm
kT jets

(1) Quantum flavour assignment (or modulo even 2): 

,  

(2) Flavour specific clustering (a flavoured jet algorithm) 

b = + 1 b̄ = − 1

14

Jet flavour is not a new problem …
Comments



flavoured jet algorithm
kT jets 

 

substructure
 

flavoured jet algorithm
damping function

 
flavour assignment algorithm 

(reconstructed jets are input) 

 
substructure 

IRC tests up to 𝒪(α6
s )

“The Flavour-kT algorithm” 
(Banfi, Salam, Zanderighi BSZ: hep-ph/0601139)

… selected recent work with anti-kT jets 

Practical jet flavour through NNLO 
(Caletti, Larkoski, Marzani, Reichelt CLMR: arXiv:2205.01109) 
 
Infrared-safe flavoured anti-kT jets 
(Czakon, Mitov, Poncelet CMP: arXiv:2205.11879) 

A dress of flavour to suit any jet 
(Gauld, Huss, Stagnitto GHS: arXiv:2208.11138) 

Flavoured jets with exact anti-kT kinematics and tests of infrared and collinear safety 
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)
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… but it is an active one
Comments
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All calculations consider flavoured jets 
(see Rene’s talk) 

 
 

2016 2017 2018 2019 2020 2021 2022 2023 2024

t, t̄ t, t̄
VH

VH

tt̄

VH(mb)

VH Z + b Z + c

W + bb̄(mb)

W + bb̄W + c
tt̄(+B)

Antenna 
Stripper
Nested SC 

 subtraction 
 +CoLoRFul 

Slicing + P2B
Slicing (MCFM)

QT
QT W + c

Methods

Recent NNLO progress with flavoured jets 

apologies if some missing
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Practical jet flavour through NNLO 
(Caletti, Larkoski, Marzani, Reichelt CLMR: arXiv:2205.01109)

Infrared-safe flavoured anti-kT jets 
(Czakon, Mitov, Poncelet CMP: arXiv:2205.11879)

2.3 The flavoured anti-kT algorithm

The distance measure of the standard anti-kT algorithm [27] is:

dij = R
2
ij min(k�2

T,i, k
�2
T,j) . (2.7)

In this case, condition 1) is not fulfilled, since the double-soft limit, Ei, Ej ! 0, does not lead

to a vanishing dij . We propose the following modification:

d
(F )
ij ⌘ dij ⇥

8
<

:
Sij , if both i and j have non-zero flavour of opposite sign,

1 , otherwise.
(2.8)

In the double-soft limit, the damping function Sij is defined to vanish faster than E
2 in order

to overcome the scaling dij ⇠ 1/E
2 (E ! 0), where E is the energy of the harder of the

two soft flavoured (anti-)quarks. With this assumption, soft flavoured quark-anti-quark pairs

will be clustered before anything else in the double-soft limit with otherwise fixed angles, as

only dij of such pairs vanishes in that case. In other words, both conditions 1) and 2) are

fulfilled. One may still wonder, what happens if the angular separation between a flavoured

(anti-)quark and another parton vanishes as well. Assume that Sij ⇠ E
n (E ! 0), n > 2.

The unwanted clustering of flavoured (anti-)quark i with a pseudo-jet k will take precedence

if R
2
ik / ✓

2
ik < CE

n�2
i with ✓ik the angle between the momenta of i and k, and for some

kinematics-dependent C. The probability of a single-collinear emission corresponding to the

unwanted clustering is proportional to 1/✓ik. It is, nevertheless, not singular in Ei. Hence,

the resulting logarithmic collinear enhancement is linearly suppressed by Ei and therefore not

singular in the double-soft limit where Ei ! 0. In consequence, we can neglect this kind of

configurations in the discussion of infrared safety.

In order to complete the definition of the flavoured anti-kT algorithm, we propose the

following damping function that yields d
(F )
ij ⇠ E

2 (E ! 0) as in the flavoured kT algorithm:

Sij ⌘ 1 � ✓ (1 � ij) cos
⇣

⇡

2
ij

⌘
with ij ⌘

1

a

k
2
T,i + k

2
T,j

2k
2
T,max

. (2.9)

kT,max is set to the kT of the hardest pseudo-jet in a clustering step, but other choices are

possible as well. For example, it could be taken equal to the renormalisation scale as long

as the latter is not jet based. The parameter a, on the other hand, can be used to steer the

turn-on of the damping function. We discuss how to choose its value in the next section.

According to the previous discussion, Sij guarantees IR safety to all orders if it is defined

through the energies of the partons and has appropriate scaling in the double-soft limit.

However, Eq. (2.9) defines Sij through transverse momenta. Since the latter are bounded by

energies from above, they must also vanish in the double-soft limit. Unfortunately, a small

transverse momentum does not imply small energy. It is therefore necessary to prove that IR

safety is not spoiled due to clustering of soft and hard flavoured-quarks in case the latter are

– 7 –

2.3 The flavoured anti-kT algorithm

The distance measure of the standard anti-kT algorithm [27] is:

dij = R
2
ij min(k�2

T,i, k
�2
T,j) . (2.7)

In this case, condition 1) is not fulfilled, since the double-soft limit, Ei, Ej ! 0, does not lead

to a vanishing dij . We propose the following modification:

d
(F )
ij ⌘ dij ⇥

8
<

:
Sij , if both i and j have non-zero flavour of opposite sign,

1 , otherwise.
(2.8)

In the double-soft limit, the damping function Sij is defined to vanish faster than E
2 in order

to overcome the scaling dij ⇠ 1/E
2 (E ! 0), where E is the energy of the harder of the

two soft flavoured (anti-)quarks. With this assumption, soft flavoured quark-anti-quark pairs

will be clustered before anything else in the double-soft limit with otherwise fixed angles, as

only dij of such pairs vanishes in that case. In other words, both conditions 1) and 2) are

fulfilled. One may still wonder, what happens if the angular separation between a flavoured

(anti-)quark and another parton vanishes as well. Assume that Sij ⇠ E
n (E ! 0), n > 2.

The unwanted clustering of flavoured (anti-)quark i with a pseudo-jet k will take precedence

if R
2
ik / ✓

2
ik < CE

n�2
i with ✓ik the angle between the momenta of i and k, and for some

kinematics-dependent C. The probability of a single-collinear emission corresponding to the

unwanted clustering is proportional to 1/✓ik. It is, nevertheless, not singular in Ei. Hence,

the resulting logarithmic collinear enhancement is linearly suppressed by Ei and therefore not

singular in the double-soft limit where Ei ! 0. In consequence, we can neglect this kind of

configurations in the discussion of infrared safety.

In order to complete the definition of the flavoured anti-kT algorithm, we propose the

following damping function that yields d
(F )
ij ⇠ E

2 (E ! 0) as in the flavoured kT algorithm:

Sij ⌘ 1 � ✓ (1 � ij) cos
⇣

⇡

2
ij

⌘
with ij ⌘

1

a

k
2
T,i + k

2
T,j

2k
2
T,max

. (2.9)

kT,max is set to the kT of the hardest pseudo-jet in a clustering step, but other choices are

possible as well. For example, it could be taken equal to the renormalisation scale as long

as the latter is not jet based. The parameter a, on the other hand, can be used to steer the

turn-on of the damping function. We discuss how to choose its value in the next section.

According to the previous discussion, Sij guarantees IR safety to all orders if it is defined

through the energies of the partons and has appropriate scaling in the double-soft limit.

However, Eq. (2.9) defines Sij through transverse momenta. Since the latter are bounded by

energies from above, they must also vanish in the double-soft limit. Unfortunately, a small

transverse momentum does not imply small energy. It is therefore necessary to prove that IR

safety is not spoiled due to clustering of soft and hard flavoured-quarks in case the latter are

– 7 –

damping function, vanishes in double soft limit (overcomes  of  )E2 dij

6 Practical Jet Flavour Through NNLO
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q̄

Fig. 1 The configuration that renders jet flavour definition infrared unsafe at NNLO is

depicted: a quark Q emits an intermediate soft gluon that subsequently splits into a quark–

anti-quark qq̄ pair. Only one of the gluon’s decay products, say q, is clustered with the

original quark Q and so the jet flavour is determined by soft physics. Note that the dotted

oval can either represent the boundary of the original jet or the e↵ective boundary induced

by SD.

which emissions are reclustered with the JADE algorithm, and we will prove
that it results in IRC safe jet flavour through NNLO.

2.2.1 Elimination of Soft Quark Ambiguities

The configuration in Fig. 1 in which the dashed oval represents the jet bound-
ary is essentially the same configuration of particles that are the leading
contribution to non-global logarithms (NGLs) [12]. Though at NNLO, the jet
consists of only two particles, and so the implementation of SD on the jet is
identical to that at NLO. The softer of the two constituents of the jet is elim-
inated by the groomer if it fails the SD constraint. With a finite value of zcut

and �, an arbitrarily soft quark q will always fail the SD constraint, and so
after grooming the jet will consist exclusively of the hard quark Q. Thus, in the
soft limit, the jet flavour would be identified as the same flavour as Q, which
is also the flavour of the jet from corresponding virtual corrections. Thus, this
configuration has no infrared ambiguities. 1

Further, because of the relationship to NGLs, all-orders statements about
the jet flavour from this configuration can be made. It has been proven that
SD and mMDT grooming eliminate NGLs of observables like the jet mass
to all orders in perturbation theory [13, 14, 22]. NGLs arise from soft par-
ticles that are sensitive to the boundary of the jet. Correspondingly, the jet
flavour as defined by application of SD has no infrared divergences arising from
soft emissions near the boundary of the jet. By contrast, SD is inclusive over
collinear emissions at the jet center, and we will demonstrate that this feature
is problematic for jet flavour.

1Kinematically, the two quarks Q and q can become collinear, thus passing the SD condition.
However, no collinear singularity is associated with this configuration.

Use of SoftDrop: 
 
Uses Jade and β > 0
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A dress of flavour to suit any jet 
(Gauld, Huss, Stagnitto GHS: arXiv:2208.11138)

Flavoured jets with exact anti-kT kinematics and tests of infrared and collinear safety 
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)

set of jets {j1, . . . , jm} set of flavoured objects { ̂f1, . . . , ̂fn}
(flavoured particles not required to be final state!)

algorithm assigns  to ̂fi jk

6

q̄

1

q

2

q̄

3

dmin

(a)

q̄

1

q

2

q̄

3

dmin

neutralise

(b)

1 2

q̄

3

dmin

(c)

1

q̄

2+3

cluster

(d)

FIG. 2. Illustration of the flavour-neutralisation approach. The event displayed here (a) has the property that there is a soft
q̄q pair (particles 1 and 2), and a hard q̄ (particle 3) with pt1 ⇠ pt2 ⌧ pt3. Additionally, we have all �R distances of order one,
but with the constraint that �R23 < R, while �R12 > R, so that within the anti-kt algorithm, 2 and 3 cluster into one jet,
while 1 would form a separate soft jet. In (b), just before the 2 + 3 clustering, the flavour of 1 is used to neutralise the flavour
of 2, which results in the intermediate stage shown in (c), where particles 1 and 2 have lost their flavour (as represented by the
black dashed lines). Finally, in (d) the (now) flavourless pseudojet 2 is clustered with 3 into a pseudojet 2+3 with the q̄ flavour
of just particle 3.

associated with the jets to be IRC safe at any stage in
the clustering sequence.

There is quite some freedom in such an approach. The
fundamental principle of flavour neutralisation, which we
believe can be applied in a variety of ways, is illustrated
in Fig. 2. When a pseudojet with non-zero flavour is
about to undergo a kinematic clustering (soft q (2), clus-
tering with hard q̄ (3) in Fig. 2a), the algorithm needs
to establish whether the flavours of 2 and 3 should be
combined as per usual net-flavour summation, or instead
whether the flavour of either of the particles should be
“neutralised” by some other particle(s) in the event be-
fore allowing the kinematic (2+3) clustering to proceed.
For example, in Fig. 2b, with a soft q̄ (particle 1) in the
vicinity of the soft q (2), the algorithm may decide to first
neutralise the flavours of particles 1 and 2, before mov-
ing ahead with the 2+3 clustering. If that neutralisation
happens, then particles 1 and 2 become flavourless, as il-
lustrated by the black dashed lines in Fig. 2c. This is
then followed by the kinematic clustering in Fig. 2d, re-
sulting in a 2 + 3 jet that retains the q̄ flavour of hard
particle 3, as needed for IRC safety.

In general, the IRC safety (or otherwise) of the al-
gorithm resides in the criteria used to decide whether to
neutralise a given pseudojet’s flavour, and if so then with
which other pseudojet(s). As with earlier flavoured clus-
tering algorithms, such a procedure will need to rely on
some measure of the likelihood that a given flavoured pair
came from an e↵ective parent gluon’s splitting, versus the
flavour originating from a genuine hard parton.

B. Introducing the IFN algorithm

We now construct a concrete algorithm based on Fig. 2
that integrates jet clustering with flavour neutralisation:
Interleaved Flavour Neutralisation (IFN). The core of our
algorithm is the search for neutralisation candidates at

any given stage of the clustering. Among the ingredients
of that search is a measure of flavour neutralisation dis-
tance uij between any pair of particles i and j, the softer
of which will always be flavoured. For now, the reader
may wish to think of uij as being a flavour-kt type dis-
tance, cf. Eq. (2), though there are important further
subtleties, discussed below in Sec. III C.
In defining the algorithm in the next few paragraphs,

we shall frequently make reference to Fig. 2 to illustrate
the function of the di↵erent steps, keeping in mind that
the flavour of the final hard jet (made of particles 2 and
3) should ultimately just be that of the hard particle 3q̄
without contamination from the flavours of the soft 1q̄2q
pair.
We write the core neutralisation search part of

the algorithm in the style of a computer subroutine
N(i, umax, C,E), taking a number of arguments as in-
puts, specifically:

• the index i of the pseudojet for which to identify
potential neutralisation partner(s) (e.g. i = 2 in
Fig. 2a);

• a threshold umax above which to ignore neutralisa-
tion candidates (e.g. in the context of the 2+3 kine-
matic clustering in Fig. 2a this would be umax =
u23);

• a list C of all potential neutralisation candidates,
i.e. all currently flavoured pseudojets in the event
(C = {1, 2, 3} in Fig. 2a);

• a subset E among those flavoured pseudojets to be
excluded in the neutralisation search because they
have already been considered in some prior step
of the algorithm (E = {2, 3} in Fig. 2a, because
particles 2 and 3 have already been considered in
that they set umax = u23).

The N(i, umax, C,E) algorithm is formulated as follows:
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N1. Create a list L of uik distances for all k among the
candidates C that satisfy uik < umax, excluding
those in the exclusion set E.

N2. Identify the k that corresponds to the smallest uik

in the list.

N3. If k contains no flavour that can neutralise flavour
in i (e.g. k is a b-quark and i is a c-quark), remove
the corresponding uik from list L, and loop back to
step N2.

N4. Before using k to neutralise flavour in i, check to see
whether there are other pseudojets that could more
naturally be paired with k in order to neutralise k’s
flavour. Do so through a recursive use of flavour
neutralisation, searching for neutralisation partners
of k by running N(k, uik, C,E [ {k}). Sec. IIID
explains the importance of recursion for IRC safety.

N5. For each flavour currently in i, neutralise as much
of that flavour as one can with any flavour that is
still present in k.6 For example, if i has flavour cb̄
and k has flavour bb, use k to cancel the b̄ flavour,
so that the updated i has flavour c and the updated
k has flavour b.

N6. If i is now flavourless, exit.

N7. Otherwise remove the current uik from list L. If any
entries are still left in list L, loop back to step N2.
Otherwise exit.

In our IFN formulation, the flavour neutralisation
search is triggered whenever a clustering is about to occur
for which the softer pseudojet is flavoured, specifically:

I1. When pseudojets i and j recombine in the standard
kinematic clustering sequence, let i be the pseudo-
jet with lower pt. If i is flavourless, then i+j simply
takes the flavour of j and one moves on to the next
kinematic jet clustering step.

I2. Otherwise, identify all pseudojets that currently
carry flavour, including any flavoured jets declared
earlier according to a diB step, and put them into
a list C of potential neutralisation candidates. Ini-
tialise the set E = {i, j} of particles to be excluded
from the search for neutralisation candidates.

I3. Call the flavour-neutralisation search,
N(i, uij , C,E), which may use one or more
flavoured particles in set C to neutralise some or
all of the flavour contained in i.

6 If working with flavour modulo-2, then initial flavours are always
to be understood as being modulo-2, and each comparison and/or
combination is also to be performed in a modulo-2 sense.

I4. For any remaining flavour in i, apply the standard
net-flavour (or flavour modulo-2) summation of i

with j and move on to the next kinematic jet clus-
tering step.

Interleaving flavour neutralisation at each step of the
clustering is important from the point of view of collinear
safety. To illustrate this, it is helpful to suppose that
particles i, j and k all have comparable transverse mo-
menta and inter-particle distances �R ⇠ R. In this sit-
uation uij ⇠ uik. Consider the case where j undergoes a
collinear splitting, j ! ja, jb with �Rja,jb ⌧ R. If one
ran flavour neutralisation without clustering, one could
find oneself in a situation where uik < uij , but uik > uija ,
thus changing the neutralisation sequence.
Now let us examine how this changes if neutralisation

is interleaved with clustering. The clustering algorithms
that we consider are the anti-kt and C/A algorithms.
They both have the property that when all particles have
similar transverse momenta, clustering of the collinear
ja, jb pair will precede the ij clustering step. At the
ja, jb clustering, if the neutralisation search gets trig-
gered, then ja and jb will cluster with normal net-flavour
recombination, since ujajb is much smaller than all other
u’s. When the clustering reaches the ij step, all distances
will see the kinematics of j, rather than that of the un-
derlying ja and jb, thus ensuring that the algorithm is
collinear safe.7

C. Choice of neutralisation distance

Let us now turn to the uik flavour neutralisation dis-
tance between a pair of particles i and k. Recall that
the softer of the two will always be flavoured, while the
harder one may or may not be.
We write the uik distance generically with two param-

eters, ↵ and !:

uik ⌘ [max (pti, ptk)]
↵[min (pti, ptk)]

2�↵
⇥ ⌦2

ik
, (7a)

⌦2
ik

⌘ 2


1

!2
(cosh(!�yik)� 1)� (cos��ik � 1)

�
,

(7b)

where �yik = yi � yk and analogously for ��ik. Let us
start with the part related to the transverse momenta.
This is identical to that used in the flavour-kt algorithm,
cf. Eq. (2), with the same parameter ↵. As in typical

7 When considering collinear splitting in events with a hierarchy
of energies, the di↵erent members of the generalised-kt family
may perform the soft and the collinear clusterings in di↵erent
orders. However, when the neutralisation search is, say, compar-
ing neutralisation distances involving two soft particles i and k
and a hard particle j (uik ⌧ uij , ukj), a collinear splitting of
any of the soft or hard particles will only modify the u’s by a
factor of order 1 and it will leave the hierarchies untouched, and
correspondingly also the resulting neutralisation pattern.
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FIG. 2. Illustration of the flavour-neutralisation approach. The event displayed here (a) has the property that there is a soft
q̄q pair (particles 1 and 2), and a hard q̄ (particle 3) with pt1 ⇠ pt2 ⌧ pt3. Additionally, we have all �R distances of order one,
but with the constraint that �R23 < R, while �R12 > R, so that within the anti-kt algorithm, 2 and 3 cluster into one jet,
while 1 would form a separate soft jet. In (b), just before the 2 + 3 clustering, the flavour of 1 is used to neutralise the flavour
of 2, which results in the intermediate stage shown in (c), where particles 1 and 2 have lost their flavour (as represented by the
black dashed lines). Finally, in (d) the (now) flavourless pseudojet 2 is clustered with 3 into a pseudojet 2+3 with the q̄ flavour
of just particle 3.

associated with the jets to be IRC safe at any stage in
the clustering sequence.

There is quite some freedom in such an approach. The
fundamental principle of flavour neutralisation, which we
believe can be applied in a variety of ways, is illustrated
in Fig. 2. When a pseudojet with non-zero flavour is
about to undergo a kinematic clustering (soft q (2), clus-
tering with hard q̄ (3) in Fig. 2a), the algorithm needs
to establish whether the flavours of 2 and 3 should be
combined as per usual net-flavour summation, or instead
whether the flavour of either of the particles should be
“neutralised” by some other particle(s) in the event be-
fore allowing the kinematic (2+3) clustering to proceed.
For example, in Fig. 2b, with a soft q̄ (particle 1) in the
vicinity of the soft q (2), the algorithm may decide to first
neutralise the flavours of particles 1 and 2, before mov-
ing ahead with the 2+3 clustering. If that neutralisation
happens, then particles 1 and 2 become flavourless, as il-
lustrated by the black dashed lines in Fig. 2c. This is
then followed by the kinematic clustering in Fig. 2d, re-
sulting in a 2 + 3 jet that retains the q̄ flavour of hard
particle 3, as needed for IRC safety.

In general, the IRC safety (or otherwise) of the al-
gorithm resides in the criteria used to decide whether to
neutralise a given pseudojet’s flavour, and if so then with
which other pseudojet(s). As with earlier flavoured clus-
tering algorithms, such a procedure will need to rely on
some measure of the likelihood that a given flavoured pair
came from an e↵ective parent gluon’s splitting, versus the
flavour originating from a genuine hard parton.

B. Introducing the IFN algorithm

We now construct a concrete algorithm based on Fig. 2
that integrates jet clustering with flavour neutralisation:
Interleaved Flavour Neutralisation (IFN). The core of our
algorithm is the search for neutralisation candidates at

any given stage of the clustering. Among the ingredients
of that search is a measure of flavour neutralisation dis-
tance uij between any pair of particles i and j, the softer
of which will always be flavoured. For now, the reader
may wish to think of uij as being a flavour-kt type dis-
tance, cf. Eq. (2), though there are important further
subtleties, discussed below in Sec. III C.
In defining the algorithm in the next few paragraphs,

we shall frequently make reference to Fig. 2 to illustrate
the function of the di↵erent steps, keeping in mind that
the flavour of the final hard jet (made of particles 2 and
3) should ultimately just be that of the hard particle 3q̄
without contamination from the flavours of the soft 1q̄2q
pair.
We write the core neutralisation search part of

the algorithm in the style of a computer subroutine
N(i, umax, C,E), taking a number of arguments as in-
puts, specifically:

• the index i of the pseudojet for which to identify
potential neutralisation partner(s) (e.g. i = 2 in
Fig. 2a);

• a threshold umax above which to ignore neutralisa-
tion candidates (e.g. in the context of the 2+3 kine-
matic clustering in Fig. 2a this would be umax =
u23);

• a list C of all potential neutralisation candidates,
i.e. all currently flavoured pseudojets in the event
(C = {1, 2, 3} in Fig. 2a);

• a subset E among those flavoured pseudojets to be
excluded in the neutralisation search because they
have already been considered in some prior step
of the algorithm (E = {2, 3} in Fig. 2a, because
particles 2 and 3 have already been considered in
that they set umax = u23).

The N(i, umax, C,E) algorithm is formulated as follows:
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N1. Create a list L of uik distances for all k among the
candidates C that satisfy uik < umax, excluding
those in the exclusion set E.

N2. Identify the k that corresponds to the smallest uik

in the list.

N3. If k contains no flavour that can neutralise flavour
in i (e.g. k is a b-quark and i is a c-quark), remove
the corresponding uik from list L, and loop back to
step N2.

N4. Before using k to neutralise flavour in i, check to see
whether there are other pseudojets that could more
naturally be paired with k in order to neutralise k’s
flavour. Do so through a recursive use of flavour
neutralisation, searching for neutralisation partners
of k by running N(k, uik, C,E [ {k}). Sec. IIID
explains the importance of recursion for IRC safety.

N5. For each flavour currently in i, neutralise as much
of that flavour as one can with any flavour that is
still present in k.6 For example, if i has flavour cb̄
and k has flavour bb, use k to cancel the b̄ flavour,
so that the updated i has flavour c and the updated
k has flavour b.

N6. If i is now flavourless, exit.

N7. Otherwise remove the current uik from list L. If any
entries are still left in list L, loop back to step N2.
Otherwise exit.

In our IFN formulation, the flavour neutralisation
search is triggered whenever a clustering is about to occur
for which the softer pseudojet is flavoured, specifically:

I1. When pseudojets i and j recombine in the standard
kinematic clustering sequence, let i be the pseudo-
jet with lower pt. If i is flavourless, then i+j simply
takes the flavour of j and one moves on to the next
kinematic jet clustering step.

I2. Otherwise, identify all pseudojets that currently
carry flavour, including any flavoured jets declared
earlier according to a diB step, and put them into
a list C of potential neutralisation candidates. Ini-
tialise the set E = {i, j} of particles to be excluded
from the search for neutralisation candidates.

I3. Call the flavour-neutralisation search,
N(i, uij , C,E), which may use one or more
flavoured particles in set C to neutralise some or
all of the flavour contained in i.

6 If working with flavour modulo-2, then initial flavours are always
to be understood as being modulo-2, and each comparison and/or
combination is also to be performed in a modulo-2 sense.

I4. For any remaining flavour in i, apply the standard
net-flavour (or flavour modulo-2) summation of i

with j and move on to the next kinematic jet clus-
tering step.

Interleaving flavour neutralisation at each step of the
clustering is important from the point of view of collinear
safety. To illustrate this, it is helpful to suppose that
particles i, j and k all have comparable transverse mo-
menta and inter-particle distances �R ⇠ R. In this sit-
uation uij ⇠ uik. Consider the case where j undergoes a
collinear splitting, j ! ja, jb with �Rja,jb ⌧ R. If one
ran flavour neutralisation without clustering, one could
find oneself in a situation where uik < uij , but uik > uija ,
thus changing the neutralisation sequence.
Now let us examine how this changes if neutralisation

is interleaved with clustering. The clustering algorithms
that we consider are the anti-kt and C/A algorithms.
They both have the property that when all particles have
similar transverse momenta, clustering of the collinear
ja, jb pair will precede the ij clustering step. At the
ja, jb clustering, if the neutralisation search gets trig-
gered, then ja and jb will cluster with normal net-flavour
recombination, since ujajb is much smaller than all other
u’s. When the clustering reaches the ij step, all distances
will see the kinematics of j, rather than that of the un-
derlying ja and jb, thus ensuring that the algorithm is
collinear safe.7

C. Choice of neutralisation distance

Let us now turn to the uik flavour neutralisation dis-
tance between a pair of particles i and k. Recall that
the softer of the two will always be flavoured, while the
harder one may or may not be.
We write the uik distance generically with two param-

eters, ↵ and !:

uik ⌘ [max (pti, ptk)]
↵[min (pti, ptk)]

2�↵
⇥ ⌦2

ik
, (7a)

⌦2
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⌘ 2


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(cosh(!�yik)� 1)� (cos��ik � 1)

�
,
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where �yik = yi � yk and analogously for ��ik. Let us
start with the part related to the transverse momenta.
This is identical to that used in the flavour-kt algorithm,
cf. Eq. (2), with the same parameter ↵. As in typical

7 When considering collinear splitting in events with a hierarchy
of energies, the di↵erent members of the generalised-kt family
may perform the soft and the collinear clusterings in di↵erent
orders. However, when the neutralisation search is, say, compar-
ing neutralisation distances involving two soft particles i and k
and a hard particle j (uik ⌧ uij , ukj), a collinear splitting of
any of the soft or hard particles will only modify the u’s by a
factor of order 1 and it will leave the hierarchies untouched, and
correspondingly also the resulting neutralisation pattern.

Take , for small  and  this behaves as ω = 1 Δyik Δϕik ΔR2 = Δy2 + Δϕ2

However, for larger  the exponent  
leads to a larger distance: 
 
e.g. the [12] clustering probability damped

Δy
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FIG. 3. NNLO contribution to the pp ! Z+jet process, that
helps illustrate the origin of the condition, Eq. (9), on the !

parameter in the angular part of the uij distance, Eq. (7a). It
involves a hard jet with a final-state splitting (where the jet
constituents, q and a gluon, are labelled 2 and 3 respectively),
as well as an initial-state collinear splitting (g ! qq̄, with the
q̄ labelled 1). When ↵+! < 2, the initial-state collinear q̄ (1)
neutralises the flavour of the q (2).

flavour-kt studies, we assume 0 < ↵  2, and in particu-
lar concentrate on ↵ = 1 and ↵ = 2.

Next, we examine the angular part of the distance, ⌦2
ik
,

which involves a parameter !. For any ! of order 1, in the
limit of small �yik and small ��ik, ⌦2

ik
reduces to the

standard �R
2
ik

= �y
2
ik
+��

2
ik
. The reason for using ⌦2

ik

rather than the standard �R
2 is to ensure IRC safety

as concerns the interplay between collinear initial-state
splittings and splittings elsewhere in the event. This is
best explained with the help of Fig. 3. In the anti-kt
and C/A algorithms, particles 2 and 3 will cluster first.8

When pt2 < pt3, the 2 + 3 clustering triggers a flavour
neutralisation search. The only candidate for flavour neu-
tralisation is particle 1 and one should compare the u12

and u23 distances. We will suppose that particles 2 and 3
have similar pt’s and are at central rapidity. The initial-
state collinear splitting that creates particle 1 typically
results in y1 = ln pt3/pt1+O(1). Neglecting O(1) factors,
we then have

u12 ⇠ p
↵

t2p
2�↵

t1

✓
pt3

pt1

◆!

⇠ p
(↵+!)
t3 p

(2�↵�!)
t1 , (8a)

u23 ⇠ p
↵

t3p
2�↵

t2 �R
2
23 ⇠ p

2
t3�R

2
23 . (8b)

where in the rightmost part of each equation we have
exploited pt2 ⇠ pt3. One immediately observes that if
↵+ ! < 2, then in the initial-state collinear limit, where
pt1 ⌧ pt3, one has u12 ⌧ u23. This causes particle 1

8 This would not be the case for the kt algorithm, and an investi-
gation of the interplay of kt clustering with IFN is left to future
work.

Z
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q

FIG. 4. N3LO contribution to the Z+jet process that helps
illustrate the need for recursion in step N4 of the flavour neu-
tralisation search. It involves a hard jet with a non-collinear
splitting (flavoured 3 and flavourless 4) and a flavoured initial-
state double-soft pair (labelled 1 and 2). Without recursion,
particle 2 can end up neutralising the flavour of 3.

to neutralise the flavour of particle 2, even when 1 is
arbitrarily collinear, resulting in a flavourless hard jet.
In contrast, when the initial-state splitting is absent, the
hard jet will be flavoured. Thus, the algorithm would be
unsafe with respect to initial-state collinear splittings.
On the other hand, if we take

↵+ ! > 2 , (9)

then u12 will always be parametrically larger than u23 in
the limit pt1 ! 0, thus e↵ectively forbidding neutralisa-
tion of 1 and 2; see App. B 1 for further discussion.9 In
practice, we will nearly always take

default: ! = 3� ↵ , (10)

and where not explicitly stated in plots, this will be the
choice that we adopt.
IRC-safety subtleties connected with the large �yij

behaviour of normal �R
2
ij

distances are relevant for all
flavour algorithms, though sometimes the issues appear
only at orders beyond ↵

2
s
. Further discussion of this point

is provided in Apps. B 1, C 1 and C3. Note also that the

9 We have also explored the border case of ↵+! = 2 and find that
it diverges. This is relevant in particular to the case of ↵ = 1 and
! = 1, for which uik coincides with the ik squared invariant mass
when i and k are massless, i.e. a JADE-like distance [30, 31].
An issue to be aware of with an invariant-mass distance in a
hadron collider context is that the invariant mass between an
energetic initial-state collinear emission and a hard final-state
particle is commensurate with that between two well separated
hard final-state particles. Furthermore, a potential solution to
this issue, i.e. clustering initial-state collinear emissions early, via
their small invariant mass with the beam, involves ambiguities
in the identification of the beam energy.
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N1. Create a list L of uik distances for all k among the
candidates C that satisfy uik < umax, excluding
those in the exclusion set E.

N2. Identify the k that corresponds to the smallest uik

in the list.

N3. If k contains no flavour that can neutralise flavour
in i (e.g. k is a b-quark and i is a c-quark), remove
the corresponding uik from list L, and loop back to
step N2.

N4. Before using k to neutralise flavour in i, check to see
whether there are other pseudojets that could more
naturally be paired with k in order to neutralise k’s
flavour. Do so through a recursive use of flavour
neutralisation, searching for neutralisation partners
of k by running N(k, uik, C,E [ {k}). Sec. IIID
explains the importance of recursion for IRC safety.

N5. For each flavour currently in i, neutralise as much
of that flavour as one can with any flavour that is
still present in k.6 For example, if i has flavour cb̄
and k has flavour bb, use k to cancel the b̄ flavour,
so that the updated i has flavour c and the updated
k has flavour b.

N6. If i is now flavourless, exit.

N7. Otherwise remove the current uik from list L. If any
entries are still left in list L, loop back to step N2.
Otherwise exit.

In our IFN formulation, the flavour neutralisation
search is triggered whenever a clustering is about to occur
for which the softer pseudojet is flavoured, specifically:

I1. When pseudojets i and j recombine in the standard
kinematic clustering sequence, let i be the pseudo-
jet with lower pt. If i is flavourless, then i+j simply
takes the flavour of j and one moves on to the next
kinematic jet clustering step.

I2. Otherwise, identify all pseudojets that currently
carry flavour, including any flavoured jets declared
earlier according to a diB step, and put them into
a list C of potential neutralisation candidates. Ini-
tialise the set E = {i, j} of particles to be excluded
from the search for neutralisation candidates.

I3. Call the flavour-neutralisation search,
N(i, uij , C,E), which may use one or more
flavoured particles in set C to neutralise some or
all of the flavour contained in i.

6 If working with flavour modulo-2, then initial flavours are always
to be understood as being modulo-2, and each comparison and/or
combination is also to be performed in a modulo-2 sense.

I4. For any remaining flavour in i, apply the standard
net-flavour (or flavour modulo-2) summation of i

with j and move on to the next kinematic jet clus-
tering step.

Interleaving flavour neutralisation at each step of the
clustering is important from the point of view of collinear
safety. To illustrate this, it is helpful to suppose that
particles i, j and k all have comparable transverse mo-
menta and inter-particle distances �R ⇠ R. In this sit-
uation uij ⇠ uik. Consider the case where j undergoes a
collinear splitting, j ! ja, jb with �Rja,jb ⌧ R. If one
ran flavour neutralisation without clustering, one could
find oneself in a situation where uik < uij , but uik > uija ,
thus changing the neutralisation sequence.
Now let us examine how this changes if neutralisation

is interleaved with clustering. The clustering algorithms
that we consider are the anti-kt and C/A algorithms.
They both have the property that when all particles have
similar transverse momenta, clustering of the collinear
ja, jb pair will precede the ij clustering step. At the
ja, jb clustering, if the neutralisation search gets trig-
gered, then ja and jb will cluster with normal net-flavour
recombination, since ujajb is much smaller than all other
u’s. When the clustering reaches the ij step, all distances
will see the kinematics of j, rather than that of the un-
derlying ja and jb, thus ensuring that the algorithm is
collinear safe.7

C. Choice of neutralisation distance

Let us now turn to the uik flavour neutralisation dis-
tance between a pair of particles i and k. Recall that
the softer of the two will always be flavoured, while the
harder one may or may not be.
We write the uik distance generically with two param-

eters, ↵ and !:

uik ⌘ [max (pti, ptk)]
↵[min (pti, ptk)]
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, (7a)
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where �yik = yi � yk and analogously for ��ik. Let us
start with the part related to the transverse momenta.
This is identical to that used in the flavour-kt algorithm,
cf. Eq. (2), with the same parameter ↵. As in typical

7 When considering collinear splitting in events with a hierarchy
of energies, the di↵erent members of the generalised-kt family
may perform the soft and the collinear clusterings in di↵erent
orders. However, when the neutralisation search is, say, compar-
ing neutralisation distances involving two soft particles i and k
and a hard particle j (uik ⌧ uij , ukj), a collinear splitting of
any of the soft or hard particles will only modify the u’s by a
factor of order 1 and it will leave the hierarchies untouched, and
correspondingly also the resulting neutralisation pattern.

Such a distance also critical for original CMP and GHS algorithms (next slides)
Analytic/numerical tests suggest  is safeω = 3 − α
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Figure 1. Cuto↵ dependence of IR-sensitive (top row) and IR-safe (bottom row) cross sections for
di↵erent partonic channels contributing to double-real radiation at NNLO QCD for selected processes
discussed in the text.

a stabilisation of the dependence on the cuto↵. In each case, we compare the standard anti-kT
algorithm to the proposed flavoured version with di↵erent a-parameter choices.

Let us discuss contributions with IR-sensitive flavour structure first. From the top row

of Fig. 1, it can clearly be seen that the dependence on xcut for the IR-safe variant of the anti

kT algorithm is flat in the limit xcut ! 0, while the standard anti-kT algorithm demonstrates

a logarithmic IR-divergent behaviour. The dependence on the cuto↵ is so strong in the latter

case that the Monte Carlo integration errors are not visible on the scale of the plots. As

expected, there is noticeable dependence on the jet algorithm parameter a. We analyse it

further in the next Section.

In the case of IR-safe flavour structure, there is no divergence at xcut ! 0 independently

of the jet algorithm used as shown in the bottom row of Fig. 1. In this case, the size of

the Monte Carlo integration error matters. Interestingly, there is no dependence on the jet

algorithm parameter a in the case of Z/�
⇤(! `¯̀) + b-jet production for the chosen partonic

channel. This is simply due to the fact that there are no (potentially soft) flavoured pairs in

the final state. At variance, a slight dependence is observable for top-quark pair production.

Indeed, in this case the modification of the jet algorithm already changes the Born cross

section, since the recombination of the b and b̄ quarks from the top-quark decays is a↵ected.

3.2 Tests with showered events

Tests along the lines of the previous section, but beyond the case of a single soft flavoured-pair

emission would require access to higher orders of perturbation theory. This is, unfortunately,

out of reach with the available computational techniques. The emission of multiple soft

flavoured pairs can, nevertheless, be simulated using a parton shower. By construction, a

leading-log-accurate parton shower yields IR-finite results even for flavour-sensitive jet ob-

servables based on IR-unsafe jet algorithms. However, a judiciously constructed observable

– 10 –

Insensitivity to technical parameter

Use of massless fixed-order calculations:
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Tests of infrared and collinear safety

Test `bad’ assignments in IRC regime

All order sensitivity tests via PS (qualitative, potentially misleading)
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Tests of infrared and collinear safety

Add a selected set of IRC emissions to test the jet algorithms safety (insensitivity): 
 
Final-state hard collinear (FHC) 
Final-state double soft (FDS)

10

Hard

cluster

Jhard = {(p1, f1), . . . , (pn, fn)}

Hard + IRC

cluster

Jhard+IRC = {(p̃1, f̃1), . . . , (p̃n, f̃n)}

FIG. 5. On the left, hard particles (in blue) are generated,
some with flavour, at central rapidities. The event is clustered
with a given jet algorithm, resulting in a set of “hard” jets
Jhard, with kinematics {pi} and associated flavours {fi}. On
the right, additional IRC radiation is added to the event as
explained in the main text. This modified event is then clus-
tered with the same jet algorithm, and the resulting set of
“hard+IRC” jets Jhard+IRC is compared against the original
set of hard jets (and similarly for each hard step of the under-
lying clustering sequence). The sets agree if both the kinemat-
ics and the flavours of the various jets (and hard clustering
steps) are identical. In the limit where the extra radiation
becomes soft and collinear, the rate of failed events (where
Jhard 6= Jhard+IRC) should go to zero for an algorithm that
is IRC safe. The right-hand figure also serves to illustrate
some of the classes of IRC additions that we make, though in
practice we do not go beyond sixth order in ↵s, i.e. we do not
simultaneously add as many emissions as are shown.

framework. The framework is available on request from
the authors.

A. Methodology

Our approach is illustrated in Fig. 5, which goes
beyond the tests performed in the more recent litera-
ture. We begin by generating a random “hard” event,
with some number of particles (flavoured or not), and
run the clustering with the jet definition that we wish
to test. This results in a set of hard jets, Jhard =
{(p1, f1), . . . , (pn, fn)} with kinematics {p1, . . . , pn} and
associated flavours {f1, . . . , fn}. Note that here, we do
not force the total 4-momentum (or even transverse mo-
mentum) of the hard event to be balanced, i.e. it is as
if the events have neutrinos, leptons or isolated pho-
tons that would balance the momentum but do not take
part in the clustering. We then construct a modified
“hard+IRC” event, where we add soft emissions and
collinear splittings up to some given order in ↵s. We
cluster that modified event and verify whether the hard
jets in the modified event, Jhard+IRC coincide with the
hard jets in the original event, both in terms of kinemat-

ics and flavour.11 We then examine the rate of failure
as a function of the logarithmic momentum range (L)
of IRC additions. For an IRC-safe algorithm, we expect
that failure rate to vanish as a (possibly fractional) power
of the momentum scale of the IRC additions.
Ideally, we would consider all possible IRC insertions.

There are two logarithms per order in ↵s, and we have
found that it is important to explore configurations at
least up to ↵

4
s
. The smallest non-IRC-safe contribution

would be a term independent of L, and at ↵4
s
that would

imply identifying one event in L
8 that fails. We will

return to the question of the meaning and range of L be-
low, but for now let us consider L = 30. That would
imply identifying failures at the level of one event in
308 ' 6.6 ·1011, which is prohibitive. Note, however, that
the only contributions that give the maximum number
of logarithms are those that exclusively involve the emis-
sion of simultaneously soft and collinear gluons, which are
not the most likely configuration for triggering flavour-
related IRC safety issues.
Consequently, we take a more targeted approach, in

which we allow up to one logarithm per order in ↵s, pri-
oritising configurations that are potentially non-trivial
from the point of view of flavour. We do so by omitting
single soft-gluon divergences unless they involve a subse-
quent splitting to a pair of commensurate-angle partons.

B. Classes of IRC emissions

The specific IRC emissions included in our testing
framework are shown in Fig. 6 and described below:

• Final-state hard-collinear (FHC) emission:
we perform a (hard) collinear splitting of a ran-
domly chosen final-state particle. We uniformly
sample the logarithm of the transverse momentum
of the splitting. We also uniformly sample the
longitudinal momentum fraction of the splitting.
This is consistent with our choice not to include
the soft gluon emission divergence as part of the
FHC class. For all flavour combinations (q ! qg,
g ! qq̄, g ! gg), an FHC branching is associ-
ated with one power of ↵s and one logarithm of
the IRC scale. For readers in the habit of using a
Lund-diagram [34] representation of soft-collinear
phase space, this corresponds to a strip close to
the hard-collinear boundary in the Lund leaf of the
emitter (Fig. 6a; that figure shows a shaded loga-
rithmic transverse momentum range, which we fur-
ther discuss below). Note that sensitivity to soft

11 In the modified event, we also identify each step in the cluster-
ing sequence that involves clustering of two hard particles, and
compare its kinematics and flavour to that of the corresponding
step for the unmodified event.

Use of systematic framework, numerically test up to  𝒪(α6
s )

(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)

Initial-state hard collinear (IHC)
Initial-state double soft (IDS)
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Tests of infrared and collinear safety
Use of systematic framework, numerically test up to  𝒪(α6

s )
15

order relative to Born anti-kt
flav-kt
(↵ = 2) CMP

GHS↵,�

(2, 2)
anti-

kt+IFN↵ C/A+IFN↵

↵s

FHC X X X X X X
IHC X X X X X X

↵
2
s

FDS ⇥II B X X X X X
IDS ⇥II B X X X X X

FHC⇥IHC X X X X X X
IHC2 X X ⇥C2 X X X
FHC2 X X X ⇥C4 X X

↵
3
s

IHC⇥IDS ⇠C1 ⇥C3 ⇠C1 X X
rest X X

↵
4
s

IDS⇥FDS ⇥C5 X X
rest X X

↵
5
s X X

↵
6
s X X

TABLE I. Summary of the IRC safety test results. Red crosses (⇥) indicate a clear failure of IRC safety. Checkmarks (X)
signify that the algorithm passes numerical tests at that order or for that configuration. The tilde (⇠) for flavour-kt (and by
extension GHS, which uses flavour-kt distances) indicates marginal convergence, though one expects divergent behaviour at
higher orders. For algorithms that fail or are marginal at a given order, we display greyed-out boxes at higher orders, since
those higher orders are also bound to fail. In a few cases, we have identified a new class of problem that only arises at higher
order and we explicitly mark these with a red cross. The GHS parameters here are set to ↵ = 2,� = 2. The IFN procedure is
tested both for the anti-kt and C/A algorithms, and the IFN parameters are chosen as ↵ 2 {1, 2} with ! = 3 � ↵ (tests are
successful for both sets of parameters). Detailed discussions of the issues identified are linked to from the relevant table cells.
Plots in support of the IRC safety conclusion for the IFN combinations are to be found in App. D, specifically Figs. 24 and
25, as are plots (Figs. 26 and 27) supporting the IRC safety of our modified versions of the flavour-kt and CMP algorithms,
respectively flavour-kt,⌦ and CMP⌦, which are discussed in the text. (They are not shown in the table, because we have run
them with lower statistics.)

essentially because the �R
2
ij
distance goes as �y

2
ij
,

which is only logarithmically large. The large-angle
soft (anti)quark and the initial-state collinear quark
cluster, leaving a lone large-angle soft quark, which
can contaminate the flavour of the hard jet. At
O
�
↵
3
s

�
one ends up with an integral that goes asR

d ln pt/(ln pt)2. This integral converges for pt !

0, however the way in which the integrand (multi-
plying d ln pt) vanishes as pt ! 0 is not a power-law
in pt. One may thus consider the algorithm to be
marginally safe at this order, however at the next
order one would expect to see additional logarith-
mic enhancements. These might arise, e.g. from
the running of the QCD coupling or evolution of
the parton distribution functions (PDF), and would
ultimately cause the integral to diverge. Indeed,
our study identified a problem in the IHC2

⇥IDS
channel at order ↵

4
s
. However, a conclusive un-

derstanding of this configuration requires inclusion
also of the virtual and PDF-counterterm contribu-
tions, which is beyond the scope of this study. A
similar problem arises with ↵ = 1, but with extra
logarithms in the denominator of the correspond-
ing integral. This generic class of problem can be
solved by replacing �R

2
ij

! ⌦2
ij
, and, as before,

we will use Eq. (10) as our default choice for its !
parameter. We refer to the modified algorithm as
flavour-kt,⌦. This simple adaptation is possible be-
cause the issue is not with the original underlying

strategy, but rather with the subtleties that arise
in distance measures with QCD initial-state radi-
ation (the same comment holds for related issues
in other algorithms). As a consequence we do not
expect to have to make any modifications to the
e
+
e
� version of the flavour-kt algorithm.

• Initial-state (IHC
2
) issue at ↵2

s for CMP.

This issue arises, for example, for a hard (Born)
event consisting of a single hard parton, supple-
mented with two collinear initial-state quark and
anti-quark emissions, one on each beam (see Fig. 17
and App. C 2). Those initial-state emissions cluster
in the first step of the algorithm, producing a large-
mass, low-pt flavourless pseudojet at central rapidi-
ties, which can then cluster with the hard parton,
modifying its kinematics. The problem arises be-
cause in the CMP distance Eq. (4), the small factor
from the transverse-momenta dominates over the
(only logarithmically large) factor from the rapid-
ity separation between the pair. Ultimately this
leads to an ↵

2
s
L
2 divergence. It can be resolved by

replacing

Sij ! Sij = Sij

⌦2
ij

�R
2
ij

(11)

for oppositely flavoured pairs and requiring the pa-
rameter ! > 1 in the ⌦ij distance. In practice, we
find that this modification has almost no impact on

(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)

Summary table from arXiv:2306.07314 of IRC tests for CMP, GHS, IFN 
note: for GHS the IHC2 configuration does not appear for  at e+e− → jets 𝒪(α3

s )
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An example of a failure (GHS)
Toy event

Flavoured particles 
b-quark (theory) 
secondary vertex (exp.)

Z boson

j1

j2

set of jets {j1, . . . , jm} set of flavoured objects { ̂f1, . . . , ̂fn}
(flavoured particles not required to be final state!)

algorithm assigns  to ̂fi jk

Whole procedure has a few stages: 

1. Prepare a set of flavoured objects (use soft-drop for a collinear dressing)
2. Use the flavour-kT distance (and an association criterion) to assign  to 
3. Sum up/count flavours per jet

̂fi jk
(in part 2 momenta of objects un-changed)
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An example of a failure (GHS)

Whole procedure has a few stages: 

1. Prepare a set of flavoured objects (use soft-drop for a collinear dressing)
2. Use the flavour-kT distance (and an association criterion) to assign  to 
3. Sum up/count flavours per jet

̂fi jk
(in part 2 momenta of objects un-changed)

p1 p′￼1

pq

pq̄

Scenario A:   enters stage 2p1 Scenario B:   enters stage 2 
 

 [removed]       
 
depending on event, can alter result

p1, pq, pq̄

dqq̄ ∼ 0 p′￼1 ∼ zp1

add DCollinear
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An example of a failure (GHS)

Whole procedure has a few stages: 

1. Prepare a set of flavoured objects (use soft-drop for a collinear dressing)
2. Use the flavour-kT distance (and an association criterion) to assign  to 
3. Sum up/count flavours per jet

̂fi jk
(in part 2 momenta of objects un-changed)

p1 p′￼1

pq

pq̄

Scenario A:   enters stage 2p1 Scenario B:   enters stage 2 
 

 [removed]       
 
depending on event, can alter result

p1, pq, pq̄

dqq̄ ∼ 0 p′￼1 ∼ zp1

add DCollinear

30

the momenta of g1, g2, q and q̄ such that the event without
the g ! q

0
q̄
0 emission has the following properties

dqj1 > dqq̄ > dq̄j2 , (C25a)

ptq < ptq̄ . (C25b)

As a result, the first dressing step is for the q̄ flavour
to be assigned to jet j2, followed by the q flavour being
assigned to jet j1. Thus both j1 and j2 are flavoured.
Note that for a full analysis, one should also take into
account diB beam distances for all flavoured particles i.
To help understand why we can ignore it, suppose that
all the hard particles have rapidities close to zero, which
results in ptB(0) in Eq. (C4) being approximately the
scalar sum of all the particles’ transverse momenta. That
scale will tend to be a few times larger than the transverse
momenta of any of the individual particles, which ensures
that the distance of any cluster to its jet will be smaller
than the diB , as will the dqq̄ if the two jets are not too
far away in angle.

Next we consider the impact of the emission of the
collinear hard gluon from q with ptg = zptq, followed
by its splitting into a collinear q

0
q̄
0 pair. Recall that we

work with �Rq0q̄0 ⌧ Rcut so that it is the smallest angu-
lar distance in the event. The algorithm goes through the
accumulation step, and will identify four flavour clusters:
q̂
0, ˆ̄q0, and the original q̂ and ˆ̄q. The angular structure
is otherwise unchanged, so we get no further flavour ac-
cumulation. To lighten the notation, below we will leave
out the explicit “hats” for the flavour clusters, especially
as the flavour clusters coincide with the original particles.

The final step is the flavour dressing: the q0, q̄0 pair will
annihilate first, as it should because the pair came from a
common parent gluon. These flavour clusters (including
their kinematics) are discarded from further considera-
tion, and any distance involving them is removed from
the list. The remaining distances (d0) for the event with
the g ! q

0
q̄
0 splitting are then given in terms of the hard-

event’s distances (d) as

d
0
qj1

= (1� z)2�↵
dqj1 , (C26a)

d
0
qq̄

= (1� z)2�↵
dqq̄ , (C26b)

d
0
q̄j2

= dq̄j2 , (C26c)

where the (1 � z)2�↵ factor arises because of the reduc-
tion in transverse momentum of the q after emission of
the g ! q

0
q̄
0 (which carries a fraction z of its original q

momentum). The potentially dangerous scenario is that
where the ordering of distances, Eq. (C25a), is modified,

d
0
qq̄

< min
�
d
0
qj1

, d
0
q̄j2

�
, (C27)

because then q and q̄’s flavours will annihilate, leaving
flavourless hard jets, associated with a squared logarith-
mic divergence from the two nested hard collinear diver-
gences. There is a finite range of z in which this occurs,

1� z <

✓
dq̄j2

dqq̄

◆ 1
2�↵

, (C28)

FIG. 21. Failure rate of the GHS algorithm for the
FHC⇥FHC configuration of Fig. 20, illustrating the quadratic
divergence, specifically for ↵ = 1, � = 1 and ↵ = 2,
� = 2. Other parameters are Rcut = 0.1, zcut = 0.1 and
pt,cut = 100GeV. The jet radius R has been sampled in the
range 0.3�1.57. The version of the GHS algorithm used is one
where �R

2
ij in the dressing stage has been replaced with ⌦2

ij

using ! = 3� ↵ (the original �R
2
ij similarly gives a squared

logarithmic divergence).

thus confirming the presence of IRC unsafety from the
configuration of Fig. 20 for ↵ < 2.
When ↵ = 2, we instead consider a hard event satis-

fying ptq > ptq̄ rather than the inequality in Eq. (C25b),
in which case we have

d
0
qj1

= dqj1 , (C29a)

d
0
qq̄

= max

 
(1� z)2,

p
2
tq̄

p
2
tq

!
dqq̄ , (C29b)

d
0
q̄j2

= dq̄j2 . (C29c)

Again, there is the possibility of d0
qq̄

becoming the small-
est of the three distances, with the outcome that the q

and q̄ flavours would annihilate, leaving flavourless hard
jets, with a squared logarithmic divergence associated
with the collinear splittings.
The set of distances in the argument above is perhaps

somewhat complicated, with angular factors to consider,
the beam distances and the extra subtleties of the ↵ =
2 case. Therefore, in Fig. 21 we show the outcome of
our IRC safety tests, illustrating that the divergence is
indeed present for the two combinations ↵ = 1, � = 1 and
↵ = 2, � = 2. We leave to future work the possibility of
identifying a concrete modification of the algorithm that
solves this problem, nevertheless we anticipate that one
line of investigation could be to allow accumulation of
kinematics within a jet during the dressing stage.
A final comment is that this configuration can appear

at NNLO for a process such as fully hadronic tt̄ produc-
tion, however only if one asks for two massive b-tagged
jets. It also appears at N4LO for a process such as Zbb̄

production.

GHS Failure rate (from IFN paper)
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Changes required for GHS
(i) To combine stages 1. and 2. (without the need for SoftDrop)
(ii) Modify the flavour-kT distance similar to the IFN approach 

set of jets {j1, . . . , jm} set of flavoured & flavourless objects 
{f1, . . . , fn, p1, . . , pm}

(flavoured particles not required to be final state!)

algorithm assigns  to fi jk

Revision passes the tests up to : 
 
Tested for gen-kT algorithm (-1,0,1) 
 
An erratum to be submitted for GHS

𝒪(α6
s )

Many thanks to the IFN authors for providing the test suite from 
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)
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Summary of part 2
Several anti-kT jet-flavour algs. with varying features, inputs, parameters 

CMP: Modified clustering w.r.t. standard anti-kT

IFN: Interleaved with the clustering history (gives exact anti-kT kinematics) 
 
GHS: Does not require flavours to be present in initial jet reconstruction
 
…
 
Some commonalties between algorithms (BSZ, CLMR, CMP, GHS, IFN, ..): 

Flavour counting (or modulo even 2): ,   
 
Require knowledge of flavoured particles in event (full phase space, no  cuts)

q = + 1 q̄ = − 1

pq
T

(except CLMR?)

All in conflict with experimental approaches
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‣ Jet reconstruction basics 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3) Implications/Applications 

‣ Where does it (not) matter 

‣ Z + c-jets
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(To what extent) does it IRC safety matter?

Are massive computations sufficiently precise to enable (unsafe) comparisons

dσdata (meas.)
PP→f+X dσtheory

PP→f+Xvs

Some cases to consider:    ,  pp → tt̄ pp → Z + f − jet

Essentially, how large is the unsafe component numerically
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(To what extent) does it IRC safety matter?

19

(a) (b)

FIG. 9. Inclusive b-jet spectrum from Pythia 8.3 in pp ! tt̄ +X ! bµ
+
⌫b̄qq̄

0 +X events at
p
s = 13.6 TeV, at (a) partonic

tree level (i.e. no showering or hadronisation) and (b) hadron level (with stable B-hadrons). The distribution is shown in the
upper panels, for four jet algorithms (as in Fig. 8) and additionally for anti-kt with “any-flavour” recombination (i.e. a bb̄ jet
counts as b-tagged). The lower panels show the ratio to anti-kt jets with net flavour summation. The anti-kt+IFN algorithm
yields a b-jet spectrum that is almost identical to that from the net-flavour anti-kt algorithm, across the whole pt range. The
closeness to anti-kt holds both at tree level and after showering and hadronisation (with the spectrum di↵ering maximally by
less than a percent at pt = 20 GeV, at hadron level). See text for further details.

that there are other processes for which this would not
be true, e.g. inclusive b-jet production [2], and a case-by-
case study is needed to establish whether any-flavour and
net-flavour recombination are similar for a given process.

C. Full flavour at parton level in pp ! Z + j

Our final hadron-collider test is carried out at parton
level (after showering) and applies jet flavour algorithms
to all flavours of partons in the context of events with a
hard jet recoiling against a high-pt Z boson. This study
is not intended to be of direct experimental relevance,
but rather to test the flavour algorithm’s performance
and limitations for addressing more theoretical questions
such as the fractions of quark v. gluon jets. In particu-
lar, knowledge of the quark v. gluon fractions in a given
sample is important when assessing the performance of
approaches that attempt to distinguish quark v. gluon-
induced jets from jet substructure and energy flow ob-
servables [49]. To do so we study pp ! Z + j events.
We focus here on the Z(! µ

+
µ
�) + q final state, where

we require exactly two muons to reconstruct a high-pt Z
candidate:

|⌘µ| < 2.4 , ptµ > 20GeV , (15a)

pt,µ+µ� > 1TeV , mµ+µ� 2 [80, 102]GeV . (15b)

We find qualitatively consistent results for the Z+g case.

We use Pythia 8.306 with the Monash13 tune to gen-
erate the events, and specifically consider its pp ! Z + q

process. We cluster the events with a given jet algorithm,
and examine the flavour of the leading-pt jet. At leading
order, we expect the hard recoiling jet to always carry
the flavour of the underlying quark or antiquark, and the
question that we examine is that of how often the leading
jet in the full showered sample has a flavour other than
that of a single quark or anti-quark.

Schematically, it is useful to think of two mechanisms
that can cause the flavour to di↵er. One is that the
quark can split to q + g with a separation �Rqg > R.
If the gluon carries more energy than the quark, then
the leading jet will actually be a gluon jet. The rate for
this to happen is logarithmically enhanced in the small-
R limit [50]. The second mechanism to keep in mind
is the contamination of the flavour of a hard quark jet
from a soft g ! qq̄ splitting (i.e. the issue of Fig. 1,
which flavoured jet algorithms are supposed to miti-
gate against). This can have two e↵ects: if the soft
qq̄ pair’s flavour coincides with that of the jet, then it
can cancel the jet’s flavour; much more often, a fraction
⇠ 1� 1/(2nf ) of the time, it will lead to a multi-flavour
jet. To a first approximation, this e↵ect is expected to
grow with increasing jet radius. We show results both
with and without multi-parton interactions (MPI), and

Semi-leptonic  (NLO+PS)tt̄ + X

Parton (no shower) Hadron level

(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)

“any-flav”: includes double-tagged b-jets (like “Exp”) 

“net-flav”:  (removes  collinear component) 

 “net-flav” and IFN almost identical, differ from “Exp” style by [0-3]%
b = 1 , b̄ = − 1 g → bb̄
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(To what extent) does it IRC safety matter?
Z+b-jet (NLO+PS)

“any-flav”: includes double-tagged b-jets (like “Exp”) 

“net-flav”:  (removes  collinear component) 

 “net-flav” and GHS few percent differences at high pT 

Two important points:  at NLO, and the b-quark PDF

b = 1 , b̄ = − 1 g → bb̄

pp → Z + (g → bb̄)
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(To what extent) does it IRC safety matter?
Z+c-jet at LHCb: IRC safety and MPI

Experimentally, “any-flav” with a  requirement on the c-jet 

Aim is to interpret the measurement in a collinear PDF fit (intr. charm) 

The massless scheme (requiring IRC safe jet at F.O.) allows this 

(see Fabrizio’s talk tomorrow RE: massive initial-states)

pD
T > 5 GeV

(Stefano’s talk earlier)
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Figure 5: Measured R
c
j distribution (gray bands) for three intervals of forward Z rapidity,

compared to NLO SM predictions [29] without IC [42], with the charm PDF shape allowed to
vary (hence, permitting IC) [39,76], and with IC as predicted by BHPS with a mean momentum
fraction of 1% [38]. The predictions are o↵set in each interval to improve visibility.

Table 3: Numerical results for the R
c
j measurements, where the first uncertainty is statistical

and the second is systematic.

y(Z) R
c
j (%)

2.00–2.75 6.84± 0.54± 0.51
2.75–3.50 4.05± 0.32± 0.31
3.50–4.50 4.80± 0.50± 0.39

2.00–4.50 4.98± 0.25± 0.35

enhancement. Indeed, Fig. 5 shows that, after including the IC PDF shape predicted
by BHPS with a mean momentum fraction of 1%, the theory predictions are consistent
with the data. Incorporating these novel forward R

c
j results into a global analysis should

strongly constrain the large-x charm PDF, both in size and in shape. While the large
enhancement in the forward-most y(Z) interval is suggestive of valence-like IC, no definitive
statements can be made until the R

c
j results are included in a global PDF analysis.

In conclusion, events containing a Z boson and a charm jet are studied for the first
time in the forward region of pp collisions. The data sample used corresponds to an
integrated luminosity of 6 fb�1 collected at a center-of-mass energy of 13TeV with the
LHCb detector. The ratio R

c
j is measured in intervals of y(Z) and compared to NLO

SM calculations. The observed spectrum exhibits a sizable enhancement at forward Z
rapidities, consistent with the e↵ect expected if the proton wave function contains the
|uudcc̄i component predicted by BHPS. However, conclusions about whether the proton
contains valence-like intrinsic charm can only be drawn after incorporating these results
into global PDF analyses.
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(To what extent) does it IRC safety matter?
Z+c-jet at LHCb: IRC safety and MPI

Experimentally, “any-flav” with a  requirement on the c-jet 

Aim is to interpret the measurement in a collinear PDF fit (intr. charm) 

The massless scheme (requiring IRC safe jet at F.O.) allows this 

(see Fabrizio’s talk tomorrow RE: massive initial-states)

pD
T > 5 GeV

(Stefano’s talk yesterday)
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c
j distribution (gray bands) for three intervals of forward Z rapidity,

compared to NLO SM predictions [29] without IC [42], with the charm PDF shape allowed to
vary (hence, permitting IC) [39,76], and with IC as predicted by BHPS with a mean momentum
fraction of 1% [38]. The predictions are o↵set in each interval to improve visibility.

Table 3: Numerical results for the R
c
j measurements, where the first uncertainty is statistical

and the second is systematic.

y(Z) R
c
j (%)

2.00–2.75 6.84± 0.54± 0.51
2.75–3.50 4.05± 0.32± 0.31
3.50–4.50 4.80± 0.50± 0.39

2.00–4.50 4.98± 0.25± 0.35

enhancement. Indeed, Fig. 5 shows that, after including the IC PDF shape predicted
by BHPS with a mean momentum fraction of 1%, the theory predictions are consistent
with the data. Incorporating these novel forward R

c
j results into a global analysis should

strongly constrain the large-x charm PDF, both in size and in shape. While the large
enhancement in the forward-most y(Z) interval is suggestive of valence-like IC, no definitive
statements can be made until the R

c
j results are included in a global PDF analysis.

In conclusion, events containing a Z boson and a charm jet are studied for the first
time in the forward region of pp collisions. The data sample used corresponds to an
integrated luminosity of 6 fb�1 collected at a center-of-mass energy of 13TeV with the
LHCb detector. The ratio R

c
j is measured in intervals of y(Z) and compared to NLO

SM calculations. The observed spectrum exhibits a sizable enhancement at forward Z
rapidities, consistent with the e↵ect expected if the proton wave function contains the
|uudcc̄i component predicted by BHPS. However, conclusions about whether the proton
contains valence-like intrinsic charm can only be drawn after incorporating these results
into global PDF analyses.
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Our determination of intrinsic charm can be compared to theoreti-
cal expectations. Subsequent to the original intrinsic charm model of 
ref. 1 (BHPS model), a variety of other models were proposed5,35–38 (see  
ref. 2 for a review). Irrespective of their specific details, most models 

predict a valence-like structure at large x with a maximum located 
between x ≃ 0.2 and x ≃ 0.5, and a vanishing intrinsic component for 
x ≲ 0.1. In Fig. 1 (right), we compare our result to the original BHPS 
model and to the more recent meson/baryon cloud model of ref. 5.
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Fig. 2 | Intrinsic charm and Z + charm production at LHCb. Top left, the 
LHCb measurements of Z-boson production in association with charm-tagged 
jets, j

cR , at s = 13 TeV, compared with our default prediction, which includes 
an intrinsic charm component, as well as with a variant in which we impose  
the vanishing of the intrinsic charm component. The thicker (thinner) bands  
in the LHCb data indicate the statistical (total) uncertainty, while the theory 
predictions include both PDFU and MHOU. Top right, the correlation 
coefficient between the charm PDF at Q = 100 GeV in NNPDF4.0 and the LHCb 
measurements of R j

c for the three yZ bins. The dotted horizonal line indicates 

the maximum possible correlation. Centre, the charm PDF in the 4FNS (right) 
and the intrinsic (3FNS) charm PDF (left) before and after inclusion of the LHCb 
Z + charm (c) data. Results are shown for both experimental correlation models 
discussed in the text. Bottom left, the intrinsic charm PDF before and after 
inclusion of the EMC charm structure function data. Bottom right, the 
statistical significance of the intrinsic charm PDF in our baseline analysis, 
compared to the results obtained also including the LHCb Z + charm (with 
uncorrelated systematics) or the EMC structure function data, or both. The 
dotted horizontal line indicates the 3σ threshold.

LHCb measurement
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(To what extent) does it IRC safety matter?

NNLO QCD corrections

Experimentally, “any-flav” with a  requirement on the c-jet 

Aim is to interpret the measurement in a collinear PDF fit (intr. charm) 

The massless scheme (requiring IRC safe jet at F.O.) allows this 

(see Fabrizio’s talk tomorrow RE: massive initial-states)

pD
T > 5 GeV

c-quark PDF 
massive NNLO probs. insufficient
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(RG et al.,  arXiv:2302.12844)
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Figure 7: E↵ect of MPI contributions on the Z rapidity distribution y
Z in the Z + c-jet

process (a), in the Z+ jet process (b) and in the ratio of the two (c). NLO+PS predictions

are obtained with Pythia8 (orange) or Herwig7 (purple) as parton showers. In the upper

panels predictions including (excluding) MPI contributions are depicted in darker (lighter)

colours. The lower panels show the ratios of curves with and without MPI e↵ects.

sensitivity to the quark mass is resummed.

B Multiple Particle Interactions

During the high-energy scattering of two protons, there is a probability for multiple hard-

interactions to occur (i.e. more than one).

For the LHCb kinematics defined at the beginning of Section 3.1, and also applying

the (IRC unsafe) definition of jet flavour as in [9], we observe a large contribution to

the production of a Z boson and a c-jet from MPI. In Fig. 7a we show the cross-section

for Z + c-jet production after fiducial cuts, which is plotted di↵erentially with respect to

the Z-rapidity y
Z. The predictions are provided at NLO+PS accuracy for Z + 1j events

generated with MadGraph5 aMC@NLO interfaced with Pythia8 and Herwig7, where the

role of MPI is subsequently modelled by the two di↵erent Monte Carlo generators. We show

the predictions obtained when including/excluding the MPI contributions, which lead to a

– 17 –
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Final comment about MPI effect

Contamination due to MPI 
(i.e. Double Parton Scatt.)

Experimentally, “any-flav” with a  requirement on the c-jet 

Aim is to interpret the measurement in a collinear PDF fit (intr. charm) 

The massless scheme (requiring IRC safe jet at F.O.) allows this 

(see Fabrizio’s talk tomorrow RE: massive initial-states)

pD
T > 5 GeV

(RG et al.,  arXiv:2302.12844)
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Figure 7: E↵ect of MPI contributions on the Z rapidity distribution y
Z in the Z + c-jet

process (a), in the Z+ jet process (b) and in the ratio of the two (c). NLO+PS predictions

are obtained with Pythia8 (orange) or Herwig7 (purple) as parton showers. In the upper

panels predictions including (excluding) MPI contributions are depicted in darker (lighter)

colours. The lower panels show the ratios of curves with and without MPI e↵ects.

sensitivity to the quark mass is resummed.

B Multiple Particle Interactions

During the high-energy scattering of two protons, there is a probability for multiple hard-

interactions to occur (i.e. more than one).

For the LHCb kinematics defined at the beginning of Section 3.1, and also applying

the (IRC unsafe) definition of jet flavour as in [9], we observe a large contribution to

the production of a Z boson and a c-jet from MPI. In Fig. 7a we show the cross-section

for Z + c-jet production after fiducial cuts, which is plotted di↵erentially with respect to

the Z-rapidity y
Z. The predictions are provided at NLO+PS accuracy for Z + 1j events

generated with MadGraph5 aMC@NLO interfaced with Pythia8 and Herwig7, where the

role of MPI is subsequently modelled by the two di↵erent Monte Carlo generators. We show

the predictions obtained when including/excluding the MPI contributions, which lead to a
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1) Introduction 

‣ Jet reconstruction basics 

2) Jet flavour 

‣ Selected histories 

‣ Recent progress

‣ IRC tests
 
 
3) Implications/Applications 

‣ Where does it (not) matter 

‣ Z + c-jets
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i) Several IRC safe jet definitions of anti-kT jet flavour now exist 

* Their experimental feasibility varies 

* If used at ‘truth’ or unfolded level that does not really matter 

ii) For some processes, using massive NNLO w/ unsafe is probably fine  

* E.g.  or VH (for which NNLO+PS is anyway available for) 

iii) For others, an IRC safe approach is important 

* E.g. Z+c-jets (particularly from point of view of PDF fits) 

iv) Alternatively, improve theory to better deal with collinear unsafety? 

* Fragmentation approaches to jet flavour or exclusively with hadrons 

(WTA aproach, Caletti et al., arXiv:2205.01117, Larkoski et al. , arXiv: 2310.01486)

tt̄

37

Summary of main points

(Behring et al. arXiv:2003.08321)
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Jet flavour (accepting collinear unsafety)

Prepared for submission to JHEP SLAC-PUB-17663, IPPP/22/28

A Fragmentation Approach to Jet Flavor

Simone Caletti,1 Andrew J. Larkoski,2 Simone Marzani,1 and Daniel Reichelt3

1Dipartimento di Fisica, Università di Genova and INFN, Sezione di Genova,Via Dodecaneso 33,
16146, Italy

2SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA
3Institute for Particle Physics Phenomenology, Department of Physics, Durham University, Durham
DH1 3LE United Kingdom

E-mail: simone.caletti@ge.infn.it, larkoski@slac.stanford.edu,

simone.marzani@ge.infn.it, daniel.reichelt@durham.ac.uk

Abstract: An intuitive definition of the partonic flavor of a jet in quantum chromodynamics

is often only well-defined in the deep ultraviolet, where the strong force becomes a free theory

and a jet consists of a single parton. However, measurements are performed in the infrared,

where a jet consists of numerous particles and requires an algorithmic procedure to define

their phase space boundaries. To connect these two regimes, we introduce a novel and simple

partonic jet flavor definition in the infrared. We define the jet flavor to be the net flavor

of the partons that lie exactly along the direction of the Winner-Take-All recombination

scheme axis of the jet, which is safe to all orders under emissions of soft particles, but is

not collinear safe. Collinear divergences can be absorbed into a perturbative fragmentation

function that describes the evolution of the jet flavor from the ultraviolet to the infrared.

The evolution equations are linear and a small modification to traditional DGLAP and we

solve them to leading-logarithmic accuracy. The evolution equations exhibit fixed points in

the deep infrared, we demonstrate quantitative agreement with parton shower simulations,

and we present various infrared and collinear safe observables that are sensitive to this flavor

definition.
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Jet flavour (accepting collinear unsafety)

Prepared for submission to JHEP LA-UR-23-31203

Flavor Fragmentation Function Factorization

Andrew J. Larkoskia and Du↵ Neillb

aDepartment of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
Mani L. Bhaumik Institute for Theoretical Physics, University of California, Los Angeles, CA 90095,
USA

bTheoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico, 87545, USA

E-mail: larkoski@ucla.edu, dneill@lanl.gov

Abstract: A definition of partonic jet flavor that is both theoretically well-defined and

experimentally robust would have profound implications for measurements and predictions

especially for heavy flavor applications. Recently, a definition of jet flavor was introduced as

the net flavor flowing along the direction of the Winner-Take-All axis of a jet which is soft safe

to all orders, but not collinear safe. Here, we exploit the lack of collinear safety and propose

a factorization theorem of perturbative flavor fragmentation functions that resum collinear

divergences and describe the evolution of flavor from the short distance of jet production to the

long distance at which hadronization occurs. Collinear flavor evolution is governed by a small

modification of the DGLAP equations. We present a detailed all-orders analysis and identify

exact relations that must hold amongst the various anomalous dimensions by probability

conservation and the existence of fixed points of the renormalization group flow. We explicitly

validate the factorization theorem at one-loop order, and demonstrate its consistency at

two loops in particular flavor channels. Starting at two-loops, constraints on phase space

imposed by flavor measurements potentially allow for non-trivial soft contributions, but we

demonstrate that they are scaleless and so explicitly vanish, ensuring that soft particles are

summed inclusively and all divergences are exclusively collinear in nature. This factorization

theorem opens the door to precision calculations with identified flavor in the infrared.
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Jet flavour (accepting collinear unsafety)
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A better description of this collinear unsafe region clearly desired 

Note: there is also the  issue (would require resummed pp>Z+B)pD
T > 5 GeV
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Z+b-jet comparison (CMP, and others)
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(Revised)n flavour dressing

particles are not associated to any jet, we always allow for them to

recombine. If the charge information is available, the pairings can

be restricted to only compatible quantum numbers, i.e. (f, f̄) but not
(f, f).

(b) If the particle ki is associated to jet jk, add the distance measure

dkijk . In a hadron collider environment, the beam distances dkiB±

should be added if ki is not associated to any jet.

3. While the set D is non-empty, select the pairing with the smallest distance

measure:

(a) dkikj is the smallest: the two particles merge into a new particle kij
with the sum of 4-momenta and sum of flavours. Update all entries

in D that involve ki or kj with new distances involving kij .

(b) dkijk is the smallest: assign the particle ki to the jet jk, tagk !
tagk [ {ki}, and remove all entries in D that involve ki.

(c) dkiB± is the smallest: discard particle ki and remove all entries in

D that involve ki.

4. The flavour assignment for jet jk is determined according to the accumu-

lated flavours in tagk.

For the distance measure between two final-state objects a and b (particles

or jets) we use

dab = ⌦
2
ab max

�
p↵T,a, p

↵
T,b

�
min

�
p2�↵
T,a , p2�↵

T,b

�
, (1a)

with

⌦
2
ab = 2

✓
1

!2
(cosh(!�yab)� 1)� (cos��� 1)

◆
. (1b)

The distance between a particle and a hadron beam in the direction of

positive (+) or negative (�) rapidity is

diB± = max
�
p↵T,i, p

↵
T,B±(yi)

�
min

�
p2�↵
T,i , p2�↵

T,B±
(yi)

�
,

pT,B±(y) =
mX

k=1

pT,jk

h
⇥(±�yjk) +⇥(⌥�yjk) e

±�yjk

i
, (1c)

with the rapidity separation �yjk = yjk � y and ⇥(0) =
1
2 .

A few final comments: Firstly, as with the original flavour dressing al-

gorithm, there is no requirement that the flavoured particles in the dressing

algorithm need to be part of the original set of inputs which are used to re-

construct the jets. One must have an association criterion for the flavoured

particles (which may be composite object) and remove any potential overlap

with the set of flavourless particles considered. Secondly, one can apply the

algorithm to a multi-flavour final-state.

2

Inputs to the flavour dressing.—The proposed algorithm provides a

way of assigning a specific flavour quantum number f to jets. The required

inputs to the algorithm are: a set of m flavour-agnostic jets which have

been obtained from an IRC safe jet definition, denoted by {j1, . . . , jm}; the
set of all particles in the event {k1, . . . , kn}, both flavoured and flavourless;

a criterion for associating particles with jets; and a flavour accumulation

(counting) criterion. Before presenting the algorithm, we first discuss these

various inputs.

• Flavour agnostic jets. This set of inputs should be obtained with an IRC

safe jet algorithm, and depending on the association criterion (see below)

could require injecting ghost particles or retaining the constituent infor-

mation of the jets. In the following, this set is considered to be composed

of resolved “analysis” jets (either in exclusive or inclusive modes), that

have passed a fiducial selection criterion.

• Particles. All the particles in the event, without any requirement on a

minimum transverse momentum.

• Association criterion. For each particle in the event, determine whether

it can be associated to a jet. From the point of view of a parton-level

prediction, an obvious choice is to associate ki with jk if the corresponding

particle ki is a constituent of a jet jk.

• Accumulation criterion. In an ideal situation, both the flavour (f) and

charge (f vs f̄) information of flavoured particles is known. In such a

scenario, one considers f(f̄) to carry a positive(negative) flavour quantum

number, and an object is then considered flavoured if it is assigned an

unequal number of f and f̄. If the charge information is not available, one

possibility is to instead consider an object to be flavoured if it has been

assigned an odd number of flavoured particles f .

The flavour dressing algorithm.—With this information at hand, the

flavour dressing algorithm to identify whether a reconstructed jet can be

assigned the flavour quantum number f proceeds as follows:

1. Initialise empty sets tagk = ? for each jet jk to accumulate all flavoured

particles assigned to it.

2. Populate a set D of distance measures based on all possible pairings:

(a) For each unordered pair of particles ki and kj , add the distance

measure dkikj , except in the following case: if one (or both) of the

two particles is flavourless and they do not share the same jet asso-

ciation (in order words, we allow for distances involving flavourless

particles only with other particles in the same jet). When the two

1
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particles are not associated to any jet, we always allow for them to

recombine. If the charge information is available, the pairings can

be restricted to only compatible quantum numbers, i.e. (f, f̄) but not
(f, f).

(b) If the particle ki is associated to jet jk, add the distance measure

dkijk . In a hadron collider environment, the beam distances dkiB±

should be added if ki is not associated to any jet.

3. While the set D is non-empty, select the pairing with the smallest distance

measure:

(a) dkikj is the smallest: the two particles merge into a new particle kij
with the sum of 4-momenta and sum of flavours. Update all entries

in D that involve ki or kj with new distances involving kij .

(b) dkijk is the smallest: assign the particle ki to the jet jk, tagk !
tagk [ {ki}, and remove all entries in D that involve ki.

(c) dkiB± is the smallest: discard particle ki and remove all entries in

D that involve ki.

4. The flavour assignment for jet jk is determined according to the accumu-

lated flavours in tagk.

For the distance measure between two final-state objects a and b (particles

or jets) we use

dab = ⌦
2
ab max

�
p↵T,a, p

↵
T,b

�
min

�
p2�↵
T,a , p2�↵

T,b

�
, (1a)

with

⌦
2
ab = 2

✓
1

!2
(cosh(!�yab)� 1)� (cos��� 1)

◆
. (1b)

The distance between a particle and a hadron beam in the direction of

positive (+) or negative (�) rapidity is

diB± = max
�
p↵T,i, p

↵
T,B±(yi)

�
min

�
p2�↵
T,i , p2�↵

T,B±
(yi)

�
,

pT,B±(y) =
mX

k=1

pT,jk

h
⇥(±�yjk) +⇥(⌥�yjk) e

±�yjk

i
, (1c)

with the rapidity separation �yjk = yjk � y and ⇥(0) =
1
2 .

A few final comments: Firstly, as with the original flavour dressing al-

gorithm, there is no requirement that the flavoured particles in the dressing

algorithm need to be part of the original set of inputs which are used to re-

construct the jets. One must have an association criterion for the flavoured

particles (which may be composite object) and remove any potential overlap

with the set of flavourless particles considered. Secondly, one can apply the

algorithm to a multi-flavour final-state.

2
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Accumulating flavour quantum numbers

How to count flavour quantum numbers: 
• With charge info. (  vs ),  then   and   

(net flavour is sum of the  and  assigned to jet )  

• If one cannot (e.g. experiment),    
(net flavour is sum [modulo 2] of the  and  assigned to jet ) 

[i.e. even tagged jets are NOT flavoured]

q q̄ q = + 1 q̄ = − 1
qi q̄j jn

|q | = | q̄ | = 1
qi q̄j jn

BSZ hep-ph/0601139 and 0704.2999



i) Initialise a list of all particles 

ii) Add to the list all flavoured particles, removing any overlap

iii) Calculate the distances   between all particles  

iv) If  terminate the clustering. Otherwise:

1. (i & j flavourless) replace i & j in the list with combined object ij
2. (i or j flavoured) combine i and j if: 

 
 
 
Otherwise:  
(i & j flavoured) remove both from list 
(i or j flavourless) remove only flavourless object

[Repeat until list empty, or no flavoured particles left]

dij = ΔR2
ij

dmin
ij > ΔR2

cut

min(pT,i, pT,j)
pT,i + pT,j

> zcut (
ΔRij

Rcut )
β

(RG, Huss, Stagnitto arXiv:2208.11138)
flavoured particles (quarks, hadrons) not collinear safe. Define new objects:

46

[Soft-drop] 
(Larkoski et al. arXiv:1402.2657)

(1/3 OLD) collinear-safe flavoured objects



(RG, Huss, Stagnitto arXiv:2208.11138)
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Introduce a Counting or Accumulation for flavour: 

• with charge info. (  vs ),  then   and  (net flavour is sum)

• if one cannot (e.g. experiment),   (net flavour is sum modulo 2) 

[i.e. jets with even number of  are NOT flavoured]

q q̄ q = + 1 q̄ = − 1
q = q̄ = 1

qi + q̄j

We now have have ,  

 
We introduce an Association criterion for  with  (some possibilities):  

• the flavoured particle  is a constituent of jet  

• or  

• or Ghost association of  (include direction of  in anti-kT clustering)

{j1, . . . , jm} { ̂f1, . . . , ̂fn}
̂fa jb

fa jb
ΔR( ̂fa, jb) < Rtag

̂fa
̂fa

(2/3 OLD) Association criterion and counting

(association criterion required as not assumed that  is a stable particle) fa



(RG, Huss, Stagnitto arXiv:2208.11138)
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We now have have , , association, and counting rules 

 
Dressing algorithm: 

• Calculate a set of distances between the flavoured objects, jets and beam:

‣ [ff]  between all all flavoured objects  and  

‣ [fj]  between  and  ONLY if there is an association

‣ [fB]  for all  without a jet association  

• Find the minimum distance of all entries in the list

‣ if it is an [fj] assign  to   (removing entries involving  from list)

‣ otherwise just remove  [fB] or   and  [ff] from the list

[repeat until list empty] 

• The flavour of each jet is then just the accumulation of its flavour

{j1, . . . , jm} { ̂f1, . . . , ̂fn}

dab
̂fa

̂fb

dab
̂fa jb

daB
̂fa

̂fa jb ̂fa
̂fa

̂fa
̂fb

(3/3 OLD) The flavour dressing algorithm
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Stage 2: Calculate  for all ,dab {j1, . . . , jm} { ̂f1, . . . , ̂fn}
(RG, Huss, Stagnitto arXiv:2208.11138)

dab = ΔR2
ab max (pα

T,a, pα
T,b) min (p2−α

T,a , p2−α
T,b )

daB± = max(pα
T,a, pα

T,B±
(y ̂fa

)) min(p2−α
T,a , p2−α

T,B±
(y ̂fa

))

(this is the original flavour-kT distance)

(rapidity dependent measure of the Beam)

Note: only evaluate  if the  is associated to the jet (e.g. a constituent)dfj f
[complete details in back-up slides]

‣ If min. is  : assign  quantum number to j, [remove  from list]

‣ If min. is:  or  , [remove   from list]

dfj f f

dff dfB f
[repeat until list is empty]

(4/3 OLD) The distance measure
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Now consider the process  in Fiducial region (13 TeV, CMS-like) 
 
(N)NLO at fixed-order w/ NNLOJET,  RG et al. arXiv:2005.03016 
 
NLO+PS Hadron-level with aMC@NLO interfaced to Pythia8 
 
Tests sensitivity to: all-order effects, hadronisation (also FO IRC safety in pp)

pp → Z + b − jet

ηb−jet pT,b−jet pT,Z
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Figure 5: Measured R
c
j distribution (gray bands) for three intervals of forward Z rapidity,

compared to NLO SM predictions [29] without IC [42], with the charm PDF shape allowed to
vary (hence, permitting IC) [39,76], and with IC as predicted by BHPS with a mean momentum
fraction of 1% [38]. The predictions are o↵set in each interval to improve visibility.

Table 3: Numerical results for the R
c
j measurements, where the first uncertainty is statistical

and the second is systematic.

y(Z) R
c
j (%)

2.00–2.75 6.84± 0.54± 0.51
2.75–3.50 4.05± 0.32± 0.31
3.50–4.50 4.80± 0.50± 0.39

2.00–4.50 4.98± 0.25± 0.35

enhancement. Indeed, Fig. 5 shows that, after including the IC PDF shape predicted
by BHPS with a mean momentum fraction of 1%, the theory predictions are consistent
with the data. Incorporating these novel forward R

c
j results into a global analysis should

strongly constrain the large-x charm PDF, both in size and in shape. While the large
enhancement in the forward-most y(Z) interval is suggestive of valence-like IC, no definitive
statements can be made until the R

c
j results are included in a global PDF analysis.

In conclusion, events containing a Z boson and a charm jet are studied for the first
time in the forward region of pp collisions. The data sample used corresponds to an
integrated luminosity of 6 fb�1 collected at a center-of-mass energy of 13TeV with the
LHCb detector. The ratio R

c
j is measured in intervals of y(Z) and compared to NLO

SM calculations. The observed spectrum exhibits a sizable enhancement at forward Z
rapidities, consistent with the e↵ect expected if the proton wave function contains the
|uudcc̄i component predicted by BHPS. However, conclusions about whether the proton
contains valence-like intrinsic charm can only be drawn after incorporating these results
into global PDF analyses.

7

LHCb measurement (13 TeV), arXiv: 2109.08084
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Figure 2: NLO SM predictions [29] for Rc
j without IC [42], allowing for potential IC [39], and

with the valence-like IC predicted by BHPS with a mean momentum fraction of 1% [38]. The
fiducial region from Ref. [41] is used for y(Z) < 2; otherwise the fiducial region of this analysis is
employed. The broadening of the error band that arises in the forward region, when allowing for
IC, is due to the lack of sensitivity to valence-like IC from previous experiments. More details
on these calculations are provided in the Supplemental Material [43]. The error bands shown
for the first two predictions display the 68% confidence-level regions. Only the central value is
shown for BHPS due to the charm PDF being fixed.

Table 1: Definition of the fiducial region.

Z bosons pT(µ) > 20GeV, 2.0 < ⌘(µ) < 4.5, 60 < m(µ+µ�) < 120GeV
Jets 20 < pT(j) < 100GeV, 2.2 < ⌘(j) < 4.2

Charm jets pT(c hadron) > 5GeV, �R(j, c hadron) < 0.5
Events �R(µ, j) > 0.5

This Letter presents the first measurement of Rc
j in the forward region of pp collisions.

The data sample used corresponds to an integrated luminosity of 6 fb�1 collected at
a center-of-mass energy of

p
s = 13TeV with the LHCb detector. The Z bosons are

reconstructed using the Z!µ+µ� decay, where henceforth all Z/�⇤
! µ+µ� production in

the mass range 60 < m(µ+µ�) < 120GeV is labeled Z!µ+µ�. The analysis is performed
using jets clustered with the anti-kT algorithm [44] using a distance parameter R = 0.5.
The fiducial region is defined in terms of the transverse momentum, pT, pseudorapidity, ⌘,
and azimuthal angle, �, of the muon and jet momenta, and includes a requirement on
�R(µ, j) ⌘

p
�⌘(µ, j)2 +��(µ, j)2 to ensure that the muons and jets are well separated,

which suppresses backgrounds from QCD multijet events and electroweak processes like
W+jet production. Charm jets are the subset for which there is a promptly produced
and weakly decaying c hadron within the jet. The fiducial region is defined in Table 1. If
multiple jets satisfy these criteria, the one with the highest pT is selected. No requirement
is placed on the maximum number of jets in the event.

2

IRC unsafe
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dσ3fs = dσmc=0 + dσln[mc] + dσmc

Massless component 
 in 4fs𝒪(α2

s nf )
 effects

(exact kinematics)
𝒪(m2

c )

g

c̄
g

c

γ/Z → ll̄
γ/Z → ll̄

q̄

q

c̄

c

Calculated in the 3fs scheme (i.e.  in PDFs, and  evolution)nmax
f = 3 αs

Note, initial-state mass singularities still there (even with IRC safe jet alg.)
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dσ3fs = dσmc=0 + dσln[mc] + dσmc

g

c̄
g

c

γ/Z → ll̄
γ/Z → ll̄

q̄

q

c̄

c

Calculated in the 3fs scheme (i.e.  in PDFs, and  evolution)nmax
f = 3 αs

Note, initial-state mass singularities still there (even with IRC safe jet alg.)

100%  = +16% +92% -8%

0.220 = +0.203 [pb]   +0.0364 -0.019
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The perturbative corrections are enormous: resummation critical 
(this class of logarithm resummed by PDF evolution)

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

                  Note! αm
s lnn[μ2

F /m2
c ], m ≥ n αs ln[m2

Z /m2
c ] ≈ 1.0
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PDF Set = PDF4LHC21

LL2Reference = N

Q = 100 GeV

LHCb cross-section: Leading Log (1st order) = 0.203pb, Leading Log (resumed) = 0.332pb

< x1 > ∼ 0.2

< x2 > ∼ 6 × 10−4
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‣ Theory study based on SPS predictions (no MPI corrections)

‣ Consider a fiducial region matching that of the LHCb experiment

Predictions are provided in a Massive - Variable Flavour Number Scheme

p

p

g

q
Z/�

`�

`+

recoil

pZT 6= 0

c-jet 

 
  Introduce the constraint

pT(Zjc) ≤ pT( jc)

dσM−VFNS = dσZM−VFNS + dσpc

RG, Gehrmann-De Ridder, Glover, Huss, Maier, arXiv:2005.03016, RG, arXiv:2107.01226

NNLO QCD predictions via the Z+jet antenna subtraction calculation
Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan, arXiv:1507.02850

 scheme, 7-point scale variation around  , and the PDF4LHC21 setαGμ
ET,Z

arXiv:2203.05506

RG, Gehrmann-De Ridder, Glover, Huss, Rodriguez Garcia, Stagnitto, arXiv:2302.12844
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Possibility for multiple hard interactions in a single pp-collision 

e.g. single-parton-scattering (SPS), double-parton-scattering (DPS), …

Hard Process 1 (HP1)  = Z+jet Hard Process 2 (HP2)  = cc̄

The jet is flavour inclusive Large cross-section at LHCb

g

g

c̄

c
p

p

g

q
Z/�

`�

`+

recoil

pZT 6= 0

jet 

 
  

Probability that  leading to a charm tagged jet  

(small phase-space compensated by large  cross-section)

ΔR( jHP1, cHP2) ≤ 0.5
cc̄
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MPI correction required when the considered observable is sensitive to the 
combination of H1 and H2 (a genuine physics effect not described by SPS)
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are obtained with Pythia8 (orange) or Herwig7 (purple) as parton showers. In the upper

panels predictions including (excluding) MPI contributions are depicted in darker (lighter)

colours. The lower panels show the ratios of curves with and without MPI e↵ects.

sensitivity to the quark mass is resummed.

B Multiple Particle Interactions

During the high-energy scattering of two protons, there is a probability for multiple hard-

interactions to occur (i.e. more than one).

For the LHCb kinematics defined at the beginning of Section 3.1, and also applying

the (IRC unsafe) definition of jet flavour as in [9], we observe a large contribution to

the production of a Z boson and a c-jet from MPI. In Fig. 7a we show the cross-section

for Z + c-jet production after fiducial cuts, which is plotted di↵erentially with respect to

the Z-rapidity y
Z. The predictions are provided at NLO+PS accuracy for Z + 1j events

generated with MadGraph5 aMC@NLO interfaced with Pythia8 and Herwig7, where the

role of MPI is subsequently modelled by the two di↵erent Monte Carlo generators. We show

the predictions obtained when including/excluding the MPI contributions, which lead to a
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Z+c-jet (MPI on / MPI off)

Possibility for multiple hard interactions in a single pp-collision 

e.g. single-parton-scattering (SPS), double-parton-scattering (DPS), …



Heavy-quark pair production
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Figure 6: Comparison between the total theoretical uncertainty (sum in quadrature of scale and PDF
uncertainties) for the kinematics of D0 production at LHCb. The results for the three calculations,
aMC@NLO, POWHEG, and FONLL calculations, are normalised to the respective central values.
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Figure 7: Comparison of the LHCb data on B0 meson production, both for central and for forward
rapidities, with the theoretical predictions from POWHEG and aMC@NLO. The theory uncertainty
includes only scale uncertainties.

PDF uncertainty, which arises in turn from poor knowledge of the small-x gluon PDF due to a
lack of direct experimental constraints. In this section we study the dependence of our predictions
on the choice of input PDF set, in particular we compare those of the baseline NNPDF3.0 to
CT10 and MMHT14 NLO sets. The comparison of the small-x gluon PDF between these three
sets shown in Fig. 2 indicates that predictions for charm production cross-sections are expected
to be reasonably similar.

In Fig. 9 we show the comparison of the theoretical predictions for charm production at 7
TeV within the LHCb acceptance found using the POWHEG calculation with NNPDF3.0, CT10
and MMHT14 PDFs. The uncertainty band corresponds to the 68% confidence level for each
PDF set, and the shown results have been normalised to the central value of the NNPDF3.0
prediction. From this comparison, we see that the dependence of the charm cross-section on the
choice of input PDF set is moderate, with the three central values consistent within large PDF
uncertainties. Recall that at fixed rapidity, smaller values of the D meson pT correspond to
probing smaller x values for the gluon PDF, and that, likewise, for a fixed value of pT , forward
rapidities corresponds to smaller x values. It is therefore reasonable that PDF uncertainties are
largest at small pT and forward rapidities, as shown in Fig. 9.

14

These are the theory uncertainties (PDF+scales) for D-cross section at LHCb

With a requirement of  QCD uncertainties >> 50% (at best) 

 

The charm MPI component generates a ~15% contribution to LHCb Z+c-jet  

Extracting the SPS component will lead to increased uncertainties (>>7.5%)

PT,c > 5 GeV

σ

(RG et al., arXiv:1506.08025)



Z+b-jet and unfolding
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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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