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Whatever your taste, there’s a jet flavor for you
Uses of Jet Flavor
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bars on the FONLL predictions indicate numerical uncer-
tainties, and these predictions are then compared to the
corresponding 5 fs scheme predictions at each respective
order. It is found that these two predictions coincide in the
limit mb → 0, which demonstrates that both the finite zero
mass and the logarithmically divergent terms have been
correctly subtracted from the massive computation, thus
providing an important cross-check of our implementation
of Eq. (1).
The physical prediction is obtained for the b-quark

mass as indicated by the dashed vertical line at
mphys

b ¼ 4.92 GeV. At Oðα3sÞ, the FONLL prediction is
σFONLLFiducialðm

phys
b Þ ¼ 3.490þ0.078

−0.078ðscalesÞ pb. As compared to
Oðα2sÞ, a large reduction in the scale uncertainty of the
prediction and a small negative shift on the central value is
observed. Furthermore, it is found that the inclusion of
mass corrections at Oðα3sÞ leads to a negative correction
(−2.3%). The impact of the mass corrections is as large as
the scale uncertainty, which underpins the importance of
including such corrections as part of a precision
computation.
To compare this prediction to data, we perform the

unfolding procedure for the fiducial cross section region
defined in [8], finding a correction of c ¼ 0.883þ0.004

−0.008 . It is
found that the main contribution to this correction is the
subtraction of a “fake” rate from the data, corresponding to
situations where an event that passes the fiducial selection
when the anti-kT clustering is used, but does not pass the
same selection when instead the flavor-kT clustering is
employed. Applying this correction to the data gives

σCMS
Fiducial;f−kT ¼ 3.134% 0.214þ0.013

−0.025 pb, where the first
uncertainty is that of the original measurement and the
second one is due to the unfolding procedure. With respect
to the central value of the FONLLOðα3sÞ prediction, taking
only the experimental uncertainty into account, the agree-
ment with the unfolded data is 1.67σ. In addition to the
scale uncertainty shown in Fig. 1, an uncertainty due to
PDF and variation of αsðMZÞ ¼ 0.118% 0.001 has also
been assessed (at NLO), which gives δσðPDF; αsÞ ¼
%0.074 pb. The uncertainty of the prediction and unfolded
data overlap when these additional sources of uncertainty
are taken into account.
Differential distributions: As part of the measurement

[8], a number of differential observables for the process
pp → Z þ b-jet were considered. Here we have chosen to
focus on the transverse momentum of the leading b-jet
(pT;b) as well as the absolute pseudorapidity of the leading
b-jet (ηb).
The pT;b distribution is shown in Fig. 2, where the

absolute cross section is shown in the upper panel, the ratio
to data in the central panel, and the ratio to the NLO 5 fs
prediction in the lower panel. The FONLL predictions are
provided at the physical b-quark mass, and the uncertainty
due to scale variation is shown. The central result of the
unfolded CMS data is indicated with black error bars, and
the additional uncertainty due to the input model of the
unfolding procedure is overlaid with a gray crossed fill. In
the lower panel, we have included the central (N)NLO
predictions in the 5 fs scheme to indicate the relevance of
the mass corrections. A large reduction in the scale
uncertainties for this distribution is observed at Oðα3sÞ.
The impact of the mass corrections is most relevant at small
values of pT;b, where they approximately amount to −4%,
while for large pT;b they essentially vanish. This behavior is
naively expected, as a scale set by the power corrections is
of the formm2

b=p
2
T;b. Reasonable agreement with the data is

found, although there is a tendency for the data to prefer a
smaller normalization. To better quantify this agree-
ment, we have computed the χ2 for this observable with
respect to the central FONLL predictions, finding
χ2=Ndatðα2s ; pT;bÞ ¼ 23.4=14 and χ2=Ndatðα3s ; pT;bÞ ¼
21.5=14. This is an underestimate of the agreement as
no correlations have been included in this test—they are not
publicly available—and only the experimental (inner)
uncertainty of the unfolded data has been used.
The corresponding figure for the jηbj distribution is

shown in Fig. 3. As before, the Oðα3sÞ corrections are
essential for improving the precision of the theory pre-
dictions. These mass corrections are negative, and range
from −2% at central pseudorapidities to −4% in the
forward region. The mass corrections are observed to be
most important for the qq̄-induced channel, and therefore
become more important at larger pseudorapidity values
where the relative contribution of this channel increases.
These corrections are important for improving the
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FIG. 2. The transverse momentum distribution of the leading
flavor-kT b-jet. The absolute cross section is shown in the upper
panel, the ratio to theunfoldeddata in thecentral panel, and the ratio
to theNLO5fsprediction in the lowerpanel.Theshownuncertainty
of the FONLL distributions are due to scale variations alone.
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Figure 3.3: Comparison between NNPDF3.1 and NNPDF3.0 NNLO PDFs at Q = 100 GeV. From top
to bottom up and antiup, down and antidown, strange and antistrange, charm and gluon are shown.
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Figure 1: Diagrams for (left) the TChiHH-G signal model, ec0
1 ec0

1 ! HH eG eG, in which the ec0
1 NL-

SPs are produced indirectly through the cascade decays of several combinations of neutralinos
and charginos, as described in the text; (center) TChiHH, in which the electroweak produc-
tion of two neutralinos leads to two Higgs bosons and two neutralinos (ec0

1); (right) T5HH, the
strong production of a pair of gluinos, each of which decays via a three-body process to quarks
and a neutralino, with the neutralino subsequently decaying to a Higgs boson and a ec0

1 LSP.
In each diagram, the hatched circle represents the sum of processes that can lead to the SUSY
particles shown.

is the goldstino. In a broad range of scenarios in which SUSY breaking is mediated at a low
scale, such as gauge-mediated supersymmetry breaking (GMSB) models [72, 73], the goldstino
is nearly massless on the scale of the other particles and is the LSP. The ec0

1 is then the next-to-
lightest supersymmetric particle (NLSP) [74]. The NLSPs are produced in the cascade decays
of several different combinations of neutralinos and charginos, and the goldstino is taken to
be approximately massless. An important case arises when the lighter neutralinos ec0

1,2 and
charginos ec±

1 are dominated by their higgsino content and, as a consequence, are nearly mass
degenerate. In this case, all of their cascade decays can lead to the production of the NLSP and
soft particles. Integrating over the contributions from the allowed combinations of produced
charginos and neutralinos (ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 , ec±

1 ec⌥
1 ) leads to an effective rate for ec0

1 ec0
1 pro-

duction [75, 76] that is significantly larger than that for any of the individual primary pairs. We
assume a branching fraction of 100% for ec0

1 ! H eG.

In the TChiHH simplified model (Fig. 1, center), two higgsinos ec0
2 and ec0

3 are produced. The
ec0

1 is the LSP, assumed to be a bino (the superpartner of the SM boson corresponding to the
U(1) weak hypercharge gauge field B), while ec0

2 and ec0
3, nearly degenerate in mass, are the

NLSPs. The other higgsinos have allowed decay channels, such as ec±
1 ! W± ec0

1, that do not
lead to Higgs bosons. This type of mass hierarchy can arise in various scenarios, as discussed
in Refs. [77, 78]. Unlike in the TChiHH-G simplified model described above, where the heavier
higgsino states were assumed to decay directly to the lightest one, here only the exclusive
ec0

2 ec0
3 higgsino production cross section contributes; we are not sensitive to the other higgsino

production channels ec±
1 ec⌥

1 , ec±
1 ec0

3, and ec±
1 ec0

2. (The identical-particle combinations ec0
2 ec0

2 and
ec0

3 ec0
3 are not produced because their couplings to the Z boson are suppressed [78].) The cross

section for ec0
2 ec0

3 alone is about 17% of that for the sum of all six higgsino cross sections [75, 76].

Some SUSY models [79, 80] predict production rates for energetic Higgs bosons that are greater
in gluino cascade decays than in direct higgsino production, because of the much larger strong
production cross section for gluinos. Figure 1 (right) corresponds to a model (T5HH) in which
two gluinos are produced, each of which decays via a three-body process to a quark, an anti-
quark, and a ec0

2. The ec0
2 decays to a Higgs boson and a ec0

1, which is taken to be the LSP.

This paper is organized as follows. Section 2 provides an overview of the analysis strategy,
while Sections 3 and 4 describe the CMS detector and the simulated event samples, respec-
tively. The event triggers and reconstruction of the data are presented in Section 5, while event
selection and the reconstruction of Higgs boson candidates are discussed in Section 6. The



Come on, just sum the flavors of partons in the jet
BSZ Flavor
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Figure 1: (a) Specific qq̄ → qq̄ flavour channel for a 2 → 2 parton scattering process; (b)
higher-order diagram that can be seen as a correction to (a); (c) higher-order diagram that
can be seen as a correction to the process qq̄ → gg, but with the same final-state partons
as (b).

with an existing jet algorithm, such as the kt-clustering [6, 7, 8] or cone [9] algorithm, that
defines jets such that each particle belongs to at most one jet. One can then determine
the net flavour content of each of the jets, as the total number of quarks minus antiquarks
for each quark flavour. Jets with no net flavour are identified as gluon jets, those with
(minus) one unit of net flavour are (anti) quark jets, while those with more than one unit
of flavour (or both a flavour and a different antiflavour) cannot be identified with a single
QCD parton.
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Figure 2: A large-angle soft gluon splitting to a large-angle soft qq̄ pair (k3, k4) with the
q and q̄ then clustered into different jets (k1, k2).

Applied to the kt or cone algorithms, this procedure yields a jet flavour that is infrared
(IR) safe at (relative) order αs discussed in our example above. However at (relative) order
α2

s a large-angle soft gluon can split into a widely separated soft qq̄ pair and the q and
q̄ may end up being clustered into different jets, ‘polluting’ the flavour of those jets, see
fig. 2. Because this happens for arbitrarily soft gluons branching to quarks, the resulting
jet flavours are infrared unsafe from order α2

s onwards. We are not aware of this problem
having been discussed previously in the literature, though there do exist statements that
are suggestive of IR safety issues when discussing flavour [10].

In section 2 we shall discuss IR flavour unsafety with respect to the kt (or ‘Durham’)
algorithm in e+e− [6]. There we shall recall that the kt closeness measure is specifically
related to the divergences of QCD matrix elements when producing soft and collinear
gluons. However there are no divergences for the production of soft quarks and, as we shall
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Unambiguous at LO

Unambiguous at NLO

Soft gluon splitting to quarks

at NNLO spoils IR safety



• Pros


• It works and is IRC safe


• Can be easily implemented in partonic fixed order calculation


• Cons


• Modifies constituents of jets and no one uses kT to find jets anymore


• Complete non-starter in experiment; cannot begin to identify flavored jets

Oh.  What if you changed the clustering algorithm?
BSZ Flavor
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For generic hadron-level jet studies the Durham measure eq. (1) is a good choice because
the majority of emissions are gluons — the correct matrix element to consider in the design
of the measure is that for soft gluon emission (be it from a quark or a gluon) and it always
has both a soft (energy) and collinear (angular) divergence. For flavour algorithms one
should remember that the matrix elements for g → qq̄ or q → qg (with a soft quark) have
no soft divergence, but just the collinear divergence,

[dkj]|M
2
g→qiq̄j

(kj)| "
αsTR

2π

dEj

Ei

dθ2
ij

θ2
ij

, (Ej # Ei , θij # 1) , (4)

(note the index i in the energy denominator) and analogously for q → giqj . With the y(D)
ij

measure, eq. (1), a branching that produces a soft quark, Ej # Ei, has the same closeness
as in the case of the gluon — however this closeness is now spurious because, in contrast
to the gluon-emission case, there is no divergence for Ej → 0. The replacement of the
Ej denominator in the gluon-emission case, eq. (2), with Ei in the ‘soft-quark’ emission
case, eq. (4), suggests that the closeness measure for soft g → qq̄ branching should become
2 max(E2

i , E
2
j )/Q

2(1 − cos θij). A similar argument holds in the case of q → giqj with
Ej # Ei. Thus we should use a distance measure that depends on the flavours of the
particles being considered:

y(F )
ij =

2(1 − cos θij)

Q2
×

{

max(E2
i , E

2
j ) , softer of i, j is flavoured,

min(E2
i , E

2
j ) , softer of i, j is flavourless,

(5)

where the softer of i, j is the one with the smaller energy and where we use the terms
flavoured and flavourless rather than quark-like and gluon-like so as to allow also for sit-
uations with diquarks or other multi-flavoured objects. With eq. (5) soft-quark ‘emission’
leads to no smaller a distance measure than non-soft quark emission, in accord with the
absence of a soft divergence for quark emission. Furthermore if a quark is to recombine
with a harder particle it will favour one that is not too hard, in accord with the presence
of max(Ei, Ej) in the denominator of eq. (4), which implies that the harder the parent, the
less likely it is that it will produce a quark of a given softness.

With such a distance measure, for configurations as in figure 2 the soft q and q̄ will
have similar energies, E3 ∼ E4 # Q. Thus y13 ∼ y14 ∼ y23 ∼ y24 ∼ 1, whereas y34 ∼
E2

3/Q
2 # 1. So independently of the precise (large) angles of the soft qq̄ pair, 3 and 4,

it is that soft pair that will recombine first to give a gluon-like pseudo-jet g. This will
have y1g ∼ y2g ∼ E2

2/Q
2 and now the soft gluon pseudo-jet will recombine with either

1 or 2 (which one depends on the angles) and the net flavour of the hard particles will
remain unchanged. Therefore, at order α2

s, our new measure correctly eliminates the soft
flavour-changing divergence that exists for the plain Durham algorithm.

Sometimes in the above algorithm a quark can be recombined with another quark or
with an antiquark of a different flavour. This can happen for example if there are two large-
angle qq̄ pairs. As long as the resulting ‘doubly-flavoured’ object is treated in the same
way as a quark in the definition of y(F )

ij , the algorithm will remain infrared safe, because

6

Modification to Durham kT algorithm
Phys. Lett. B 269, 432 (1991) 

Only cluster soft quarks together if they have equal and opposite flavor

anti-kT flavor algorithm, 2205.11879



What We Mean By “Jet Flavor”

5

What is a Quark Jet?
From lunch/dinner discussions

A quark parton

A Born-level quark parton

The initiating quark parton in a final state shower

An eikonal line with baryon number 1/3 
and carrying triplet color charge

A quark operator appearing in a hard matrix element 
in the context of a factorization theorem

A parton-level jet object that has been quark-tagged 
using a soft-safe flavored jet algorithm (automatically 
collinear safe if you sum constituent flavors)

A phase space region (as defined by an unambiguous 
hadronic fiducial cross section measurement) that yields 
an enriched sample of quarks (as interpreted by some 
suitable, though fundamentally ambiguous, criterion)

Ill-Defined

Well-Defined What we mean

What people 
sometimes 

think we mean

Quark 
as adjective

Quark 
as noun

Figure 1. Original slide from the June 10, 2015 summary report of the quark/gluon Les Houches
subgroup [1].

2 What is a quark/gluon jet?

As part of the 2015 Les Houches workshop on “Physics at TeV Colliders” [1], an attempt was

made to define exactly what is meant by a “quark jet” or “gluon jet” (see Fig. 1). Here are

some suggested options for defining a quark jet, in (approximate) order from most ill-defined

to most well-defined. Related statement can be made for gluon jets.

A quark jet is...

• A quark parton. This definition (incorrectly) assumes that there is a one-to-one

map between a jet and its initiating parton. Because it neglects the important role of

additional radiation in determining the structure of a jet, we immediately dismiss this

definition.

• A Born-level quark parton. This definition at least acknowledges the importance of

radiative corrections to jet production, but it leaves open the question of how exactly to

define the underlying Born-level process from an observed final state. (For one answer

valid at the parton level, see flavored jet algorithms below.)

• An initiating quark parton in a final state parton shower. We suspect that this

is the definition most LHC experimentalists have in mind. This definition assumes that

the parton-shower history is meaningful, though, which may not be the case beyond the

– 5 –

1704.03878

Les Houches Study



• Many, many results in the literature about “quark vs. gluon 
discrimination”

Focus on in-principle observables
What We Mean By “Jet Flavor”
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Figure 5: The chance that a given jet is a light quark jet rather than a gluon jet. (This ratio does
not include bottom or charm.) The W and Z were nearly identical and combined on this plot, but
they are slightly different from the photon, mostly due to the γ and lepton cuts.
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Figure 6: The top row shows the fraction of events where all jets are quark or gluon, on a log scale.
The bottom row shows the fraction where the highest pT jet is quark, and where the lowest pT jet is
quark, on a linear scale. (One minus this fraction are gluon jets.) Having more jets allows for more
kinematic handles and potentially better purity.

– 6 –

1104.1175
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

Quark Efficiency

G
lu
on
Ef
fic
ie
nc
y

Quark vs. Gluon !Pythia8"
pT ! !400,500" GeV, R0 " 0.6

Τ1 #Jet Axis, Β " 0.1$
Τ1 #Jet Axis, Β " 1.0$
Τ1 #Jet Axis, Β " 2.0$
C1 #Β " 0.2$
LL Approx.

(a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.65

0.70

0.75

0.80

0.85

0.90

0.95

Β

G
lu
on
R
ej
ec
tio
n

50! Quark Eff. !Pythia8"
pT " !400,500" GeV

R0 # 0.6

C1
Τ1 #Broadening Axis$
Τ1 #Jet Axis$
LL Approx.

(b)

Figure 5: Left: Quark/gluon discrimination curves using jet angularities ⌧
(�)
1 (i.e. 1-

subjettiness measured with respect to the jet axis), for several values of � in Pythia. Also

plotted is the leading log approximation for the discrimination curve from Eq. (3.8) and the

discrimination curve for C(0.2)
1 . The jet sample is the same as used in Fig. 3b. Right: Gluon

rejection rate for 50% quark e�ciency as a function of �, for angularities, 1-subjettiness mea-

sured with respect to the broadening axis, and C
(�)
1 . The broadening axis is defined as the

axis which minimizes the � = 1 measure in N -subjettiness. The latter two observables are

recoil-free, and therefore give better discrimination power for small values of �.

transverse momentum in the range [400, 500] GeV and jet radius R = 0.6 in Pythia. As

expected, the gluon curve lies at larger values than the quark curve because of the greater

Sudakov suppression in gluon jets. The quark/gluon discrimination curves for di↵erent values

of � are shown in Fig. 3b, which are directly comparable to the NLL results in Fig. 2, up

to jet contamination e↵ects included in Pythia such as underlying event and initial-state

radiation. Again, we see that � ' 0.2 is the optimal value. In Fig. 4, we show the gluon

rejection rate for 50% quark e�ciency as a function of �, comparing di↵erent pT ranges and

R0 values, all of which favor small values of �. Note that the gluon rejection power degrades

as the jet radius is increased, exhibited in Fig. 4a. This may be associated with the increase

in the amount of underlying event and initial-state radiation captured in the jet as the jet

radius increases. This radiation is uncorrelated with the dynamics of the quark or gluon

which initiates the jet. The degradation is most prominent at large values of �, where wide

angles in the jet are emphasized (which is where most of the uncorrelated radiation resides).

To compare the discrimination power of C(�)
1 to other IRC safe observables, we consider

1-subjettiness ⌧ (�)1 defined in Eq. (2.16). We allow for two di↵erent axis choices: the jet axis

and the broadening axis (i.e. the axis that minimizes the � = 1 measure). When measured

with respect to the jet axis, ⌧ (�)1 is essentially the same as the jet angularities ⌧a with a = 2��.

Angularities coincides with familiar observables for particular values of �: � = 2 is jet thrust

– 21 –

1305.0007

De facto but flawed definition:

jet flavor defined by requested process in event simulation



• Many, many results in the literature about “quark vs. gluon 
discrimination”


• By asymptotic freedom, jet flavor is unambiguous in deep UV

Focus on in-principle observables
What We Mean By “Jet Flavor”

7

User requests short distance process in event simulator



• Many, many results in the literature about “quark vs. gluon 
discrimination”


• By asymptotic freedom, jet flavor is unambiguous in deep UV


• Measurements are performed in the deep IR

Focus on in-principle observables
What We Mean By “Jet Flavor”

8

Flow to IR governed by renormalization group/DGLAP



• Many, many results in the literature about “quark vs. gluon 
discrimination”


• By asymptotic freedom, jet flavor is unambiguous in deep UV


• Measurements are performed in the deep IR


• Flow from UV to IR is not invertible

Focus on in-principle observables
What We Mean By “Jet Flavor”

9

Jet boundary destroys one-to-one UV to IR map



• Many, many results in the literature about “quark vs. gluon 
discrimination”


• By asymptotic freedom, jet flavor is unambiguous in deep UV


• Measurements are performed in the deep IR


• Flow from UV to IR is not invertible


• Give up on trying to get UV jet flavor; just focus on IR

Focus on in-principle observables
What We Mean By “Jet Flavor”

10



• Only returns a QCD parton flavor (up, down, strange,…,gluon)

Your Tastes May Vary
Desired Properties for Jet Flavor

11

Simplifies classification



• Only returns a QCD parton flavor (up, down, strange,…,gluon)


• Can be applied to any set of partons

Your Tastes May Vary
Desired Properties for Jet Flavor

12

Does not require re-associating constituents of a jet



• Only returns a QCD parton flavor (up, down, strange,…,gluon)


• Can be applied to any set of partons


• IR safe, completely insensitive to soft particles

Your Tastes May Vary
Desired Properties for Jet Flavor

13

Ignores contribution to jet flavor from soft particles



• Only returns a QCD parton flavor (up, down, strange,…,gluon)


• Can be applied to any set of partons


• IR safe, completely insensitive to soft particles


• Inclusive over exactly collinear splittings

Your Tastes May Vary
Desired Properties for Jet Flavor

14

Absorb collinear divergences into fragmentation functions



• Only returns a QCD parton flavor (up, down, strange,…,gluon)


• Can be applied to any set of partons


• IR safe, completely insensitive to soft particles


• Inclusive over exactly collinear splittings 


• Described by linear evolution equations

Your Tastes May Vary
Desired Properties for Jet Flavor

15

Use DGLAP as a guide and enables analytic solutions



Welcome to Flavortown!
Definition of WTA Jet Flavor

16

The partonic flavor of a jet is defined to be the net flavor of the

particle(s) whose momentum lies exactly along the WTA axis of the jet

Find closest pair of particles according to clustering metric dij
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Welcome to Flavortown!
Definition of WTA Jet Flavor

17

The partonic flavor of a jet is defined to be the net flavor of the

particle(s) whose momentum lies exactly along the WTA axis of the jet

Sum energies and new momentum points along direction of harder particle
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Welcome to Flavortown!
Definition of WTA Jet Flavor

18

The partonic flavor of a jet is defined to be the net flavor of the

particle(s) whose momentum lies exactly along the WTA axis of the jet

Continue pairwise combination until one particle remains
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Welcome to Flavortown!
Definition of WTA Jet Flavor

19

The partonic flavor of a jet is defined to be the net flavor of the

particle(s) whose momentum lies exactly along the WTA axis of the jet

Final momentum lies along direction of particle in jet
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Ain’t they beautiful?
Properties of Evolution Equations
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• Linear, inhomogeneous evolution equations
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Ain’t they beautiful?
Properties of Evolution Equations
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• Linear, inhomogeneous evolution equations


• Independent of the color of the gluon

Gluon emissions of gluons can’t change WTA flavor



Ain’t they beautiful?
Properties of Evolution Equations
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• Linear, inhomogeneous evolution equations


• Independent of the color of the gluon


• Deep IR fixed points of jet flavor:
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Evolution of WTA Gluon Flavor from Jet pT to IR
Comparison to Parton Shower
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Evolution of WTA Quark Flavor from Jet pT to IR
Comparison to Parton Shower
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Cutoff = 2.8 GeV
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cUV  cIR→

pp  cc or pp  gg events generated in Pythia8→ →
No hadronization; parton shower terminated at fixed IR scale

Study evolution as a function of the UV scale; the jet pT
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Summary
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• Collinear divergences aren’t that scary!


• Let fragmentation functions be your friend


• Other things:


• Can WTA flavor be embedded in a factorization theorem?


• FO matches to pdfs all the time; can they match to WTA flavor?


• WTA axis is extremely robust to contamination


• Observables measured about WTA axis may connect partonic 
flavor to realistic hadronic jets



Bonus
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Energy fraction carried by WTA axis
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Simplest Solution: Parton Shower Monte Carlo
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pT Fraction of WTA Axis

14 TeV LHC, WTA Quark
R = 1.0, pT J > 1600 GeV, Pythia8
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pT Fraction of WTA Axis

14 TeV LHC, WTA Gluon
R = 1.0, pT J > 1600 GeV, Pythia8
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pT Fraction of WTA Axis

14 TeV LHC, WTA Quark
R = 1.0, pT J > 1600 GeV, Pythia8
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Simplest Solution: Parton Shower Monte Carlo

Flavor conservation = only soft emissions

Flavor change = need two hard emissions UV universality of IR gluons
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pT Fraction of WTA Axis

14 TeV LHC, WTA Gluon
R = 1.0, pT J > 1600 GeV, Pythia8
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Figure 2. Two-parameter family of generalized angularities, adapted from Ref. [14]. The dots corre-
spond to the five benchmark angularities used in this study, with “LHA” referring to the Les Houches
Angularity. The horizontal line at  = 1 corresponds to the IRC-safe angularities, e� = �

1
� .

[14], shown in Fig. 2. These are defined as (repeating Eq. (1.1) for convenience)

�

� =

X

i2jet
z

i ✓

�
i , (3.1)

where i runs over the jet constituents, zi 2 [0, 1] is a momentum fraction, and ✓i 2 [0, 1] is a

(normalized) angle to the jet axis. The parameters  � 0 and � � 0 determine the momentum

and angle weighting, respectively. For  = 1, the generalized angularities are IRC safe and

hence calculable in perturbation theory [29] (see also [28, 61–64]), and we will sometimes use

the shorthand

e� ⌘ �
1
� . (3.2)

For general  6= 1, there are quasi-perturbative techniques based on generalized fragmentation

functions [14] (see also [10, 65–67]). In our parton-shower studies, we determine �

� using all

constituents of a jet, though one could also consider using charged-particle-only angularities

to improve robustness to pileup (at the expense of losing some particle-level information).

For our e
+
e
� study, we cluster jets with FastJet 3.2.1 [68, 69] using the ee-variant

of the anti-kt algorithm [70], with |~p|-ordered winner-take-all recombination [29, 71, 72] to

determine the jet axis n̂. Unlike standard E-scheme recombination [73], the winner-take-all

scheme yields a jet axis n̂ that does not necessarily align with the jet three-momentum ~p;

this turns out to be a desirable feature for avoiding soft recoil e↵ects [13, 29, 30, 74, 75]. We

define

zi ⌘
Ei

EJ
, ✓i ⌘

⌦in̂

R
, (3.3)

where EJ is the jet energy, Ei is the particle energy, ⌦in̂ is the opening angle to the jet

axis, and R is the jet radius (taken to be R = 0.6 by default, unless explicitly mentioned

otherwise).

– 8 –
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Generalized Angularities

Flavor-Inclusive Distribution

Ansatz Flavor-Sensitive Distribution
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Les Houches Angularity
14 TeV LHC, Quark WTA
R = 1.0, pT J > 1600 GeV, Pythia8
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Les Houches Angularity
14 TeV LHC, Quark WTA
R = 1.0, pT J > 1600 GeV, Analytic
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Figure 4: Distribution of the Les Houches angularity �0.5 measured about the WTA axis,

for quark-flavor. Di↵erent curves correspond to di↵erent initiating high-energy processes.

Left: Distributions from Pythia8 simulation. Right: Distributions from our simple analytic

calculations.

probability at leading logarithmic accuracy is independent of the WTA flavor after a collinear

splitting. Therefore, we can just multiply the fixed-order collinear distribution by the Sudakov

form factor associated with the total color of the collinear region. To leading-logarithmic

accuracy, the Sudakov form factor is

�(⌧�) = e
�R(⌧�) , (4.8)

where the radiator R(⌧�) is
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Here, Ci is the color factor of the collinear region and ↵s is evaluated at the jet’s UV scale,

Q0 = p?JR. Then, our simple predictions for probability distributions pi k(�0.5) of the LHA

binned by WTA flavor is

pi k(�0.5) /
d�

(0)
i k

d�0.5
�(�0.5) . (4.10)

We compare our analytic predictions to the output of Pythia8 in Figs. 4 and 5, for WTA

quark and gluon flavor, respectively. In general, good qualitative agreement is observed

– 16 –

WTA Flavor Quark Jets

Pythia Analytic

Energy is clustered close to WTA axis
Flavor change starts at order-α2
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Les Houches Angularity
14 TeV LHC, Gluon WTA
R = 1.0, pT J > 1600 GeV, Pythia8
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Les Houches Angularity
14 TeV LHC, Gluon WTA
R = 1.0, pT J > 1600 GeV, Analytic
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Figure 5: Distribution of the Les Houches angularity �0.5 measured about the WTA axis,

for gluon-flavor. Di↵erent curves correspond to di↵erent initiating high-energy processes.

Left: Distributions from Pythia8 simulation. Right: Distributions from our simple analytic

calculations.

between calculation and simulation, demonstrating that dominant e↵ects are accounted for

in our calculation. There are a few things of note. First, the LHA distribution of charm quark

flavored jets in the UV and IR lies at significantly smaller values than the other distributions.

This is expected because if the quark flavor is preserved from the UV to IR then the energy

of the emissions o↵ of the quark must be relatively small, correspondingly ensuring that the

value of the LHA is small, by IRC safety. Second, note that we have no analytic prediction

for the LHA when the quark flavor is changed in flowing from the UV to the IR. To change

quark flavor requires at least two emissions: a hard gluon must be emitted from the initial

quark, and then that gluon must split to two quarks of a di↵erent flavor. As the fixed-order

components of our calculations are only completed to leading-order, no quark flavor changing

e↵ects are included.

4.3 The Jet Shape about the WTA Axis

The final interesting observable we will consider is the jet shape [67, 68] measured about the

WTA axis. The jet shape  (�R) is defined as the energy or transverse momentum fraction

of the jet that lies at angle �R from the WTA axis:

 (�R) =
X

i2J

p?i

p?J
�
�
�R��Rb̂i

�
. (4.11)

We note that because the WTA axis lies along the direction of a particle, this definition of

the jet shape also coincides with the two-point energy-energy correlator [69], where we have

fixed one of the particles in the pairwise correlation to be the WTA axis. A related quantity

is the integrated jet shape  (�R) which is the fraction of the energy that lies within �R of

– 17 –

WTA Flavor Gluon Jets

Pythia Analytic

Good qualitative agreement

Can this be systematic? Is there a factorization that enables calculation?


