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where pti, yi and �i are respectively the transverse mo-
mentum, rapidity and azimuth of i (yi = 1

2 ln
Ei+pzi
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).

The algorithm has two parameters, the jet radius R,
which sets the angular reach of the jets, and the power p,
which sets the nature of the algorithm: �1, 0, 1 respec-
tively for the anti-kt [6], Cambridge/Aachen [22, 23] and
kt algorithms [4, 5]. The algorithm starts with all event
particles and proceeds as follows:

1. identify the smallest of the dij and diB among all i
and j at this stage of the clustering;

2. if it is a dij , recombine i and j into a single new
pseudojet and return to step 1;

3. if it is a diB , declare i to be a jet and remove it from
the list of pseudojets to be considered at subsequent
clustering steps; return to step 1.

The clustering stops once no pseudojets are left to be
clustered. Given the resulting jets, it is common to con-
sider only the subset that pass minimum pt (and maxi-
mum rapidity or pseudo-rapidity3) constraints.

B. Flavour via recombination scheme

A crucial element of the jet definition is the choice
of recombination scheme. The most common is the
(somewhat inappropriately named) E scheme, in which
4-momenta are simply added. Flavour is usually not con-
sidered within standard jet algorithms, but it is useful to
introduce three potential flavour recombination schemes:

• Any-flavour scheme: This scheme is relatively
close to typical experimental practice for b- and
c-tagging. Here, any recombination that involves
non-zero flavour, e.g. q+ g, q̄+ g, or q+ q̄, yields a
flavoured result. From a theoretical point of view,
this scheme is collinear unsafe for massless quarks
due to the collinear divergence of g ! qq̄ splitting.
For massive quarks, as in the case of b and c pro-
duction, this scheme is logarithmically sensitive to
the quark mass. We will further consider this “any-
flavour” scheme only in a phenomenological context
in Sec. VB.

3 The jets may be massive, and as a result pseudo-rapidity is not
advised [28].
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FIG. 1. Classic problematic flavour configuration at NNLO.
A soft gluon at large angle splits to a q̄q pair (labelled 1 and
2), and the flavour of the hard jet (numbered 3) is polluted
by the flavour of 2, while 1 ends up outside the jet.

• Net-flavour scheme: This is a theoretically
better-motivated scheme that considers the net
flavour in the recombination. In this scheme, a q

carries flavour, a q̄ carries anti-flavour, and a qq̄ car-
ries no flavour. This “net-flavour” scheme resolves
the collinear unsafety for g ! qq̄ splitting.

• Flavour modulo-2 scheme: Typically for heavy
flavour at hadron level, it is not conceptually pos-
sible to distinguish flavour from anti-flavour, e.g.
because of B0�B̄0 oscillations. In such a situation,
one may consider a “flavour modulo-2” scheme (see
e.g. Ref. [2]). Specifically, b and b̄ are treated as
equivalent while bb̄, bb and b̄b̄ are all considered to
be flavourless. This scheme also resolves the issue
of collinear unsafety for g ! qq̄ splitting.

While the net flavour and modulo-2 options ensure
that the jet flavour is una↵ected by collinear divergences
for g ! qq̄ splittings, they still exhibit IRC safety issues
for jet flavour at higher orders, at least when used with
standard jet algorithms. This occurs at next-to-next-to-
leading order (NNLO), as discussed in Ref. [1] and illus-
trated in Fig. 1 (see App. A for further discussion about
the matrix element for this process). Specifically, when a
soft gluon splits to a large-angle qq̄ pair, one or other of
the resulting soft quarks can be clustered with a hard jet
and the net-flavour and modulo-2 recombination schemes
result in an IRC-unsafe flavour for hard jets, with the di-
vergence appearing as ↵

2
s
ln pt,jet/mq for a finite quark

mass mq. This is the classic problem when attempting
to obtain IRC-safe jet flavour.
When considering more than one flavour (e.g. all of

udscb), flavour recombination is typically applied sepa-
rately for each flavour. This may be done either within a
single run of the algorithm or (for algorithms where the
flavour does not a↵ect the jet kinematics) applying the

To make jet flavour collinear safe: just add flavours at 
each recombination; but→ infrared divergent  

To make it collinear & IR safe: at each kinematic 
recombination, examine and combine flavour globally  
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FIG. 10. Stress-tests of the performance of the plain anti-kt algorithm (with net flavour summation, left column), the flavour-
kt,⌦ algorithm (middle left column), and the anti-kt algorithm with flavour neutralisation (with ↵ = 1, middle right column,
and ↵ = 2, right column). The stress-tests are performed in pp ! Z + q collisions with ptZ > 1TeV, as simulated with
Pythia 8.3 at parton level with multi-parton interactions disabled (enabled) on the upper row (lower row). As a function of
the jet radius parameter R, the plots show the fraction of leading jets that are multi-flavoured, i.e. whose flavour is neither
that of a gluon nor a single quark or anti-quark (red band), singly flavoured (blue band) and flavourless (green band). The key
observation is the large fraction of multi-flavoured jets with the standard anti-kt algorithm, which occur due to contamination
of the hard jet flavour from low-momentum particles. With the flavour-kt,⌦ algorithm, we see some reduction, while anti-kt
with IFN shows a further reduced rate, especially for ↵ = 2.

we expect the flavour contamination to be worsened by
MPI, insofar as it adds significant numbers of additional
low-pt qq̄ pairs.

In Fig. 10, we show the fraction of leading-pt jets that
are flavourless (green), singly-flavoured (quark or anti-
quark, blue) or multi-flavoured (neither flavourless or
singly-flavoured, red), as a function of the jet radius pa-
rameter R used in the clustering. We perform this com-
parison with Pythia at parton level, where the underlying
event is turned o↵ (upper row), and with MPI turned on
(lower row). From left to right, the columns show results
with the standard anti-kt algorithm, flavour-kt,⌦ (↵ = 2),
and anti-kt with our IFN algorithm for two values of
↵ = {1, 2} (and ! = 3�↵). A first point to observe is the
large multi-flavoured contribution for the plain anti-kt al-
gorithm, about 14% at R = 0.4 without MPI, increasing
to 19% with MPI. Increasing R substantially worsens the
situation with over 40% multi-flavoured jets for R = 1
when MPI is on.

Flavour-kt,⌦ improves the situation somewhat, giving
a multi-flavoured contribution of 5% (10%) with MPI o↵
(on) at R = 0.4. The anti-kt algorithm with IFN brings
a more substantial improvement, yielding 2% (4%) for

↵ = 1 and 1.5% (3%) for ↵ = 2.16

Examining instead the unflavoured (“gluon”) jet frac-
tions, we find that all flavour algorithms give a ⇠ 4%
gluon-jet fraction at R = 0.4, relatively una↵ected by
the presence of MPI. This figure is important to keep
in mind for quark/gluon discrimination studies [49]: the
fact that a jet was initiated by a quark in Pythia does not
mean that the corresponding jet observed after showering
is always a quark jet. In particular, Fig. 10 implies that if
one is attempting to tag gluon-jets and reject quark-jets,
and one is using Pythia’s Z + q and Z + g samples as
the sources of quark and gluon jets, then even a perfect
gluon tagger will still show an acceptance of about 4%
on the Z + q sample.
Ultimately, we would argue that the “truth” flavour

labels should be derived not from the generation pro-
cess, but by running a jet flavour algorithm such as anti-
kt+IFN. Nevertheless the anti-kt+IFN labelling remains
subject to some ambiguities, and the multi-flavoured jet
fraction discussed above is probably a good measure of

16 For the CMP⌦ algorithm there is freedom in how one extends
it to multi-flavoured events, and accordingly we defer study of
multi-flavoured events with that algorithm to future work.
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we expect the flavour contamination to be worsened by
MPI, insofar as it adds significant numbers of additional
low-pt qq̄ pairs.

In Fig. 10, we show the fraction of leading-pt jets that
are flavourless (green), singly-flavoured (quark or anti-
quark, blue) or multi-flavoured (neither flavourless or
singly-flavoured, red), as a function of the jet radius pa-
rameter R used in the clustering. We perform this com-
parison with Pythia at parton level, where the underlying
event is turned o↵ (upper row), and with MPI turned on
(lower row). From left to right, the columns show results
with the standard anti-kt algorithm, flavour-kt,⌦ (↵ = 2),
and anti-kt with our IFN algorithm for two values of
↵ = {1, 2} (and ! = 3�↵). A first point to observe is the
large multi-flavoured contribution for the plain anti-kt al-
gorithm, about 14% at R = 0.4 without MPI, increasing
to 19% with MPI. Increasing R substantially worsens the
situation with over 40% multi-flavoured jets for R = 1
when MPI is on.

Flavour-kt,⌦ improves the situation somewhat, giving
a multi-flavoured contribution of 5% (10%) with MPI o↵
(on) at R = 0.4. The anti-kt algorithm with IFN brings
a more substantial improvement, yielding 2% (4%) for

↵ = 1 and 1.5% (3%) for ↵ = 2.16

Examining instead the unflavoured (“gluon”) jet frac-
tions, we find that all flavour algorithms give a ⇠ 4%
gluon-jet fraction at R = 0.4, relatively una↵ected by
the presence of MPI. This figure is important to keep
in mind for quark/gluon discrimination studies [49]: the
fact that a jet was initiated by a quark in Pythia does not
mean that the corresponding jet observed after showering
is always a quark jet. In particular, Fig. 10 implies that if
one is attempting to tag gluon-jets and reject quark-jets,
and one is using Pythia’s Z + q and Z + g samples as
the sources of quark and gluon jets, then even a perfect
gluon tagger will still show an acceptance of about 4%
on the Z + q sample.
Ultimately, we would argue that the “truth” flavour

labels should be derived not from the generation pro-
cess, but by running a jet flavour algorithm such as anti-
kt+IFN. Nevertheless the anti-kt+IFN labelling remains
subject to some ambiguities, and the multi-flavoured jet
fraction discussed above is probably a good measure of

16 For the CMP⌦ algorithm there is freedom in how one extends
it to multi-flavoured events, and accordingly we defer study of
multi-flavoured events with that algorithm to future work.
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FIG. 3. Determinations of ⌃(ps)
nsl /⌃sl for the transverse en-

ergy in a slice. Left: parton showers without double-soft cor-
rections illustrating NSL di↵erences between them. Middle:
with double-soft corrections but nreal

f = 0 (cf. text for de-
tails), for comparison with the Gnole NSL code. Right: with
full double-soft corrections, showing NSL agreement between
the three PanGlobal showers.

where Nps is the parton-shower result and Nnndl (Ndl) is
the known analytic NNDL (DL) result [43]. The ↵s ! 0
limit follows the procedure from earlier work [2]. Eq. (7)
is expected to be zero if the parton shower is NNDL ac-
curate. The original showers, without double-soft correc-
tions (left), clearly di↵er from each other and from zero,
by up to ⇠ 100%. With double-soft corrections turned on
(right), all three PanGlobal variants are consistent with
zero, i.e. with NNDL accuracy, to within ⇠ 1%.

Next we turn to the study of non-global logarithms at
leading colour. These were recently calculated at NSL ac-
curacy [45, 46, 48], ↵n

sL
n�1, and are available in the cor-

responding “Gnole” code [46]. We again consider e
+
e
�

events, and sum the transverse energies (Et) of particles
with |y| < 1, where y is the rapidity with respect to an
axis determined by clustering the event to two jets with
the Cambridge algorithm [75]. The fraction of events
where the sum is below some Et,max is denoted by ⌃ and
for a given shower we define

⌃(ps)
nsl = lim

↵s!0

⌃(ps)
� ⌃sl

↵s

����
fixed ↵sL

, L ⌘ ln
Et,max

Q
. (8)

Fig. 3 (left) shows ⌃(ps)
nsl /⌃sl for our three PanGlobal vari-

ants without double-soft corrections. As expected, they
di↵er.

Fig. 3 (middle) compares our PGsdf
�=0 shower with

double-soft corrections to the NSL Gnole code, show-
ing good agreement, within < 1%. Gnole has nf = 0
in the real contribution and counterterm, but keeps the
full nf = 5 in the running of the coupling and inclusive
Kcmw (“nreal

f = 0”). Among our showers it is relatively

straightforward to make the same choice with PGsdf
�=0, in

particular because �K = 0. Also, Gnole uses the thrust
axis, while we use the jet axis; this is beyond NSL as the
two axes coincide for hard three-parton events.

FIG. 4. Distribution of energy in a slice |y| < 0.5 for the
PanGlobal shower without double-soft corrections (left) and
with them (right). The bands represent renormalisation scale
variation, with NLO scale-compensation enabled only for the
results with double-soft corrections.

Fig. 3 (right) shows the results from our three Pan-
Global showers with complete (full-nf ) double-soft cor-
rections included. They agree with each other to within
1% of the NSL contribution, providing a powerful test of
the consistency of the full combination of the double-soft
matrix element and �K across the variants. That plot
also provides the first NSL calculation of non-global log-
arithms to include the full nf dependence. An extended
selection of results and comparisons is provided in § 3 of
Ref. [60].

We close with a brief examination of the phenomeno-
logical implications of the advances presented here. We
consider e

+
e
�

! Z
⇤
! jets at Q = 2TeV. This choice

is intended to help gauge the size of non-global e↵ects
at the energies being probed today at the LHC. Fig. 4
shows results for the distribution of energy flow in a ra-
pidity slice, defined with respect to the 2-jet axis, with-
out double-soft corrections (left) and with them, i.e. at
NSL accuracy (right). It uses the nested ordered double-
soft (NODS) colour scheme, which while not full-Nc ac-
curate for non-global logarithms, numerically coincides
with the full-Nc single logarithmic results of Refs. [38–
40], to within their percent-level numerical accuracy [74].
With a central scale choice (solid lines), the impact of the
NSL corrections is modest. This is consistent with the
observation from Fig. 3 that the NLL PanGlobal showers
are numerically not so far from NSL accurate. However,
the NSL double-soft corrections do bring a substantial
reduction in the renormalisation scale uncertainty, from
about 10% to just a few percent. Conclusions are similar
for H⇤

! gg.

The results here provide the first demonstration that
it is possible to augment parton-shower accuracy be-
yond NDL/NLL. Specifically, our inclusion of real and
virtual double-soft e↵ects has simultaneously brought
NNDL/NSL accuracy for two phenomenologically impor-
tant classes of observable: multiplicities, and energy flows
as relevant for isolation. It has also enabled the first

Double soft emission kernel + single-soft virtual

Iterated consistently within shower

Achieves:


 for multiplicities (NNDL) 
 for non-global logarithms (“NSL”)

αn
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FIG. 1. Top: one shower history that produced a proximate
{1, 2} soft pair. Bottom: other histories that could have led to
the same configuration of momenta, also taken into account
in correcting the branching. The dashed parton is emitted
second in the showering history.

NLL shower, the splitting probability was given by

dPn!n+1

d ln v
=

X

{ı̃,|̃}2dip

Z
d⌘̄

d�

2⇡

↵s(kt)

⇡

✓
1 +

↵s(kt)Kcmw

2⇡

◆

⇥ [f(⌘̄)akPı̃!ik(ak) + f(�⌘̄)bkP|̃!jk(bk)] . (2)

Here Pı̃!ik(ak) is a leading-order QCD splitting func-
tion, ⌘̄ = 1

2 ln ak/bk + const., with the constant arranged
so that ⌘̄ = 0 when the emission bisects the dipole in
the event centre-of-mass frame, and f(⌘̄) = 1/(1 + e

�2⌘̄)
is a partitioning function. Additionally, the MS cou-
pling, ↵s(kt), uses at least 2-loop running, and Kcmw =�
67/18� ⇡

2
/6

�
CA � 5/9nf [61].

In moving towards higher accuracy, the two relevant
elements are the analogues of the real and virtual correc-
tions in a fixed-order calculation. We focus first on the
real term, where we require the shower to generate the
correct double-soft matrix element when two particles are
produced at commensurate angles and (small) energies,
while well-separated from all other particles.

Our approach is illustrated in Fig. 1. Consider the
case where a dipole ab first emits a soft gluon 1̃, followed
by a splitting of the dipole 1̃b whereby a new particle
2 is emitted, and 1̃ becomes 1 after recoil. When the
branching from Eq. (1) produces a particle 2 from the
1̃b dipole, if p1.p2 < p2.pb, we select the {1, 2} pair as
the one whose double-soft e↵ective matrix element needs
correcting. To evaluate the double-soft correction to this
configuration, we first identify all shower histories that
could have produced the same nearby {1, 2} pair. This
includes the history actually followed by the shower, as
well as the case where 2 was emitted from the a1̃ dipole,
and two extra configurations where the shower produced
a particle 2̃ before 1, i.e. where, in the second splitting,
gluon 1 was radiated with 2 taking the recoil.

Each history h is associated with an e↵ective squared
shower matrix element |Mshower,h|

2, reflecting the proba-
bility that the shower, starting from the ab system, would
produce the {1, 2} pair in that order and colour configu-
ration (we address the question of the flavour configura-

tion below). |Mshower,h|
2 is evaluated in the double-soft

limit ([60], § 2 a). In principle, emission 2 should be ac-
cepted with probability

Paccept =
|Mds|

2

P
h |Mshower,h|

2
. (3)

where |Mds|
2 is the known double-soft matrix element

for emitting the {1, 2} soft pair from the ab dipole [62–
64]. In practice, however, there are regions where the
shower underestimates the true matrix element, leading
to Paccept > 1. Nevertheless, we find that Paccept al-
ways remains smaller than some finite value ⌦. We there-
fore enhance the splitting probability Eq. (2) by an over-
head factor ⌦, and accept the emission with probability
Paccept/⌦.
The numerator and denominator in Eq. (3) are evalu-

ated in the same double-soft limit, defined by rescaling
p1 ! �p1, p2 ! �p2 and taking the limit � ! 0. This
ensures that Paccept = 1 when 1 and 2 are well separated,
thus not a↵ecting regions where the shower was already
correct.
The acceptance procedure is su�cient to ensure the

proper generation of the {1, 2} kinematics, but not the
relative weights of the a12b and a21b colour connec-
tions, which is crucial to reproduce the pattern of sub-
sequent much softer radiation from the {a, 1, 2, b} sys-
tem, as required for NSL accuracy. To address this prob-

lem, we evaluate F
(12)
shower, the fraction of the shower ef-

fective double-soft matrix element associated with the
a12b colour connection, and similarly F

(12)
ds for the full

double-soft matrix element, in its large-Nc limit [63, 64].
If the shower has generated the a12b colour connection

and F
(12)
shower > F

(12)
ds , then we swap the colour connection

with probability

Pswap =
F

(12)
shower � F

(12)
ds

F
(12)
shower

. (4)

We apply a similar procedure when the shower generates
the a21b connection. In practice, we precede the colour
swap with an analogous procedure for adjusting the rela-
tive weights of gg and qq̄ flavours for the {1, 2} pair. An
alternative would have been to apply Paccept separately
for each colour ordering and flavour combination, how-
ever when we investigated that option for the PanGlobal
class of showers, we encountered regions of phase space
where the acceptance probability was unbounded. Illus-
trative plots of the shower matrix element and corrections
are given in the supplemental material [60], § 2 b.
Next, we address the question of virtual corrections.

When 1̃ is produced in the deep soft-collinear region of
the ab dipole, i.e. ✓a1̃ ⌧ ✓ab or ✓1̃b ⌧ ✓ab, the inclusion
of Kcmw in Eq. (2) already accounts for second order
contributions to the branching probability in the soft-
collinear region, as required for NLL accuracy for global
event shapes. However, in general, Kcmw alone is not
su�cient when ✓a1 ⇠ ✓1b ⇠ ✓ab, notably because of the
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The accuracy of parton-shower simulations is often a limiting factor in the interpretation of data
from high-energy colliders. We present the first formulation of parton showers with accuracy one or-
der beyond state-of-the-art next-to-leading logarithms, for classes of observable that are dominantly
sensitive to low-energy (soft) emissions, specifically non-global observables and subjet multiplici-
ties. This represents a major step towards general next-to-next-to-leading logarithmic accuracy for
parton showers.

Parton showers simulate the repeated branching of
quarks and gluons (partons) from a high momentum scale
down to the non-perturbative scale of Quantum Chromo-
dynamics (QCD). They are one of the core components
of the general-purpose Monte Carlo event-simulation pro-
grams that are used in almost every experimental and
phenomenological study involving high-energy particle
colliders, such as CERN’s Large Hadron Collider (LHC).
Parton-shower accuracy is critical at colliders, both be-
cause it limits the interpretation of data and because of
the increasing importance of showers in training powerful
machine-learning based data-analysis methods.

In the past few years it has become clear that it is
instructive to relate the question of parton-shower ac-
curacy to a shower’s ability to reproduce results from
the field of resummation, which sums dominant (loga-
rithmically enhanced) terms in perturbation theory to
all orders in the strong coupling, ↵s. Given a logarithm
L of some large ratio of momentum scales, resumma-
tion accounts for terms ↵

n
sL

n+1�p, NpLL in a leading-
logarithmic counting for L ⇠ 1/↵s, or ↵

n
sL

2n�p, NpDL
in a double-logarithmic counting, for L ⇠ 1/

p
↵s.

Several groups have recently proposed parton showers
designed to achieve next-to-leading logarithmic (NLL)
and next-to-double logarithmic (NDL) accuracy for vary-
ing sets of observables [1–10]. A core underlying require-
ment is the condition that a shower should accurately re-
produce the tree-level matrix elements for configurations
with any number of low-energy (“soft”) and/or collinear
particles, as long as these particles are well separated in
logarithmic phase space [2, 11, 12].

In this letter we shall demonstrate a first major step
towards the next order in resummation in a full parton
shower, concentrating on the sector of phase space in-
volving soft partons. This sector is connected with two
important aspects of LHC simulations, namely the total
number of particles produced, and the presence of soft
QCD radiation around leptons and photons (“isolation”),
which is critical in their experimental identification in a
wide range of LHC analyses. The corresponding areas
of resummation theory, for subjet multiplicity [13–15]

and so-called non-global logarithms [16–42], have seen
extensive recent developments towards higher accuracy
in their own right, with several groups working either
on next-to-next-to-double logarithmic (NNDL) accuracy,
↵
n
sL

2n�2, for multiplicity [43, 44] or next-to-single log-
arithmic (NSL) accuracy, ↵n

sL
n�1, for non-global loga-

rithms [45–48].
To achieve NSL/NNDL accuracy for soft-dominated

observables, a crucial new ingredient is that the shower
should obtain the correct matrix element even when there
are pairs of soft particles that are commensurate in en-
ergy and in angle with respect to their emitter. Sev-
eral groups have worked on incorporating higher-order
soft/collinear matrix elements into parton showers [49–
58]. Our approach will be distinct in two respects: firstly,
that it is in the context of a full shower that is already
NLL accurate, which is crucial to ensure that the cor-
rectness of any higher-order matrix element is not broken
by recoil e↵ects from subsequent shower emissions; and
secondly in that we will be able to demonstrate the log-
arithmic accuracy for concrete observables through com-
parisons to known resummations.
We will work in the context of the “PanGlobal” fam-

ily of parton showers, concentrating on the final-state
case [2]. As is common for parton showers, it organises
particles into colour dipoles [59], a picture based on the
limit of a large number of colours Nc. Such showers iter-
ate 2 ! 3 splitting of colour dipoles, each splitting thus
adding one particle to the ensemble, and typically break-
ing the original dipole into two dipoles. The splittings are
performed sequentially in some ordering variable, v, for
example in decreasing transverse momentum kt. Given
a dipole composed of particles with momenta p̃i and p̃j ,
the basic kinematic map for producing a new particle k

is

p̄k = akp̃i + bkp̃j + k? , (1a)

p̄i = (1� ak)p̃i , (1b)

p̄j = (1� bk)p̃j . (1c)

followed by a readjustment involving all particles so as to
conserve momentum [60], § 1. For the original PanGlobal
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Jets as a probe of the quark-gluon plasma in heavy-ion collisions

• New opportunities in 
heavy flavor substructure 
modification

• Medium modification 
of ! → # ̅# splitting

jet

• Flavor dependence 
of jet modification

JB, Jesse Thaler, Andrew Patrick Turner [2008.08596]; Ying, JB, Chen, Lee [2204.00641]

!!

"!!

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann 
[2203.11241], [2209.13600], and ongoing work

Separating quark and gluon 
substructure and their modification

• Medium-enhanced production of ! ̅! pairs
• Signatures of momentum broadening and 

formation time dependence?

#
!!

Leveraging different modification of 
quark and gluon substructure?

JB, Takacs, Zardoshti [ongoing work]

Jasmine Brewer



Thermalization in QCD and 
connection to jet physics

hydrodynamicsfar from equilibrium

0.4 fm/c

<latexit sha1_base64="7nz6hIORkALHsFp/c9hEkX+kbAw=">AAAB+XicjVDLSgNBEOz1GeNr1aOXwSB4WjcS0WPQi8cI5gHJEmYns8mQmd1lpjcYlvyJFw+KePVPvPk3Th4HFQULGoqqbrqoMJXCoO9/OEvLK6tr64WN4ubW9s6uu7ffMEmmGa+zRCa6FVLDpYh5HQVK3ko1pyqUvBkOr6d+c8S1EUl8h+OUB4r2YxEJRtFKXdf1vQrpIL/HnETqlE26bqns+TOQv0kJFqh13fdOL2GZ4jEySY1pl/0Ug5xqFEzySbGTGZ5SNqR93rY0poqbIJ8ln5Bjq/RIlGg7MZKZ+vUip8qYsQrtpqI4MD+9qfib184wugxyEacZ8pjNH0WZJJiQaQ2kJzRnKMeWUKaFzUrYgGrK0JZV/F8JjTOvXPHObyul6tWijgIcwhGcQBkuoAo3UIM6MBjBAzzBs5M7j86L8zpfXXIWNwfwDc7bJwrMkqY=</latexit>
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• Universal features of 
QCD equilibration

• Intersection of jets 
and equilibration

Fixed points of weak-coupling QCD: different paths to hydrodynamics

free streaming 
quarks and gluons

Slow decay of initial-state momentum anisotropies far-from-equilibrium
JB, Ke, Yan, Yin [2212.00820]

JB, Scheihing-Hitschfeld, Yin [2203.02427]

Zhou, JB, Mazeliauskas [2308.01177]

“BMSS” fixed point

“dilute” fixed point

hydrodynamics

Equilibration of high-momentum partons in QCD kinetic theory

very small coupling

intermediate coupling



d�̂0

Hard Interaction
Resonance Decays

MECs, Matching & Merging

FSR

ISR*
QED

Weak Showers

Hard Onium
Multiparton Interactions

Beam Remnants*
Strings

Ministrings / Clusters

Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
Primary Hadrons

Secondary Hadrons

Hadronic Reinteractions
(*: incoming lines are crossed)

Peter Skands 

Hard Interaction
Resonance Decays

MECs, Matching & Merging

FSR

ISR*
QED

Weak Showers

Hard Onium
Multiparton Interactions

Beam Remnants*
Strings

Ministrings / Clusters

Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
Primary Hadrons

Secondary Hadrons

Hadronic Reinteractions
(*: incoming lines are crossed)

1: Parton-Level MC Models
RS Wolfson Visiting Fellow 
U of Oxford / Monash U.

VINCIA Resonance Decays [Brooks, PS, Verheyen, ’19, ’22] 
New treatments of unstable particles: Resonance-Final (RF) 
Showers (initial-final coherence) and Interleaved Resonance 

Decays (decays as ~ shower branchings)

Main Project: VINCIA sector showers  [with C. Preuss] 
One shower history instead of a factorial number [Villarejo & PS, ’11] 

This can be exploited to formulate comparatively simple and fully-
differential ME+PS matching/merging strategies at LO, NLO, NNLO, … 

+highly efficient: may even be faster than pure fixed order?

VINCIA QED (& Weak) Showers [Brooks, PS, Verheyen, ’20, ’22] 
Unique QED multipole antenna shower [Verheyen & PS, ’20] 

(all soft & collinear limits whereas YFS captures only soft)  
+ can be interleaved with QCD and/or resonance decays 

Now considering applications to QED in B decays       
 [with LHCb / Warwick]

VINCIA



B meson

D meson

B

D

Hard Interaction
Resonance Decays

Matrix Elements

Final-State Radiation

Initial-State Radiation
Electromagnetic Radiation

Weak Radiation

Hard Onium
Multiparton Interactions

Beam Remnants*
Strings

Clusters

Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
Primary Hadrons

Secondary Hadrons

Hadronic Reinteractions
QED in Hadron Decays

(*: incoming lines are crossed)

2: Hadron-Level MC Models

Colour Reconnections 
Empirically known since ~ 80s to be important for Min-Bias/Underlying- 

Event description (e.g., ). Many models over the years. 

Stochastic sampling of SU(3) correlations at end of shower [Christiansen & PS, ’15]

⟨p⊥⟩(nch)

String Junctions [with J. Altmann] 
Y-shaped string topologies [Sjöstrand & PS, ’02] 

Arise naturally in QCD-CR model, e.g., according to   

Made a prediction of factor-10 enhancements in heavy-flavour baryon-to-
meson ratios at LHC. Observed by ALICE!

3 ⊗ 3 = 6 ⊕ 3̄

String Dynamics [with J. Altmann] 
Strings with modified tension: invariant-time dependence (cooling down), 

non-trivial backgrounds / higher-representations (Casimir scaling), …  

String-string interactions in momentum space: repulsion / attraction 
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➢ Maps partons to hadrons 

➢ Uses strings to model the colour confinement field, i.e. stretched between 

colour-charged particles to form overall colour singlet

WITH JUNCTIONS

NO JUNCTIONS

JunctionsHadronisation - The Lund String Model

Mercedes frame

➢ Mechanism for baryon production 
➢ Perform fragmentation in junction rest frame (JRF)


➢ In practice, use an average junction rest frame

➢ ~40% of baryons are from junctions in PYTHIA         


Red, green and blue colour singlet state

Pearl-on-a-string

J. Altmann       Monash University

Junction Fragmentation Updates in PYTHIA

If Mercedes frame isn’t possible, junction gets “stuck” to the quark 

➢ More likely to occur for heavy quark endpoints


For a junction to make a heavy baryon, the junction leg with the heavy 
quark can’t fragment (i.e. a “soft” junction leg) = pearl-on-a-string!

NEW

Preliminary

Updates to junction fragmentation: 
➢ New iterative procedure without reliance on convergence  

➢ Includes pearl-on-a-string

➢ Approximates light pearls as a gluon kink

Junction Rest Frame

120º between each 
junction leg

➢ Partons move apart and “break” the 
string, creating new quark-antiquark pair

~70% of heavy baryons are from junctions in PYTHIA 
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ALICE pp 13 TeV

Monash

CR new

CR new with gluon-approx

CR old 

Javira 
Altmann



0 5 10 15 20 25 30 35 40 45 50
|y|<0.5
)

Ch
(n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(p
>0
)

Pr
ob
ab
ilit
y

8

2715
6442 90 12521

3

Monash

QCD

Close-packing  
+ strange junctions  
+ diquark suppression

J. Altmann       Monash University

Collective Effects

Diquark formation via successive colour 
fluctuations (popcorn mechanism)

vs.

Strange Junctions

Strangeness Enhancement

Dense string environments 

→ Casimir scaling of effective string tension 

→ Higher probability of strange quarks

String tension could be different from the 
vacuum case compared to near a junction

Close-packing

String breaks

Diquark Suppression

What if we allow the blue fluctuation to 
break a nearby string?

Multiplets (y=0, pp 7 TeV) 

 Note: LHC  smaller 
than at LEP

p/π



Jack Helliwell
Postdoctoral research assistant
University of Oxford

Specific interests: Resummation, Parton Showers, Jet Substructure

Today: collinear logarithms at NNLL (exp(↵n
s Ln�1))

S = exp
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dq2
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collinear logarithms at NNLL ! B2 (which is observable dependent)

J.Helliwell (U.O.O) November 23 1 / 2



NNLL Collinear Logarithms

⌅ Can extract B2 from a fixed order
calculation in the collinear limit (Anderle,
Dasgupta, El-Menoufi, JH, Guzzi, 2007.10355)

⌅ Can be used e.g. in resummation of
groomed angularities (see plot) (Dasgupta,
El-Menoufi, JH, 2211.03820)

⌅ Can define a more differential object -
B2(z)(Dasgupta, El-Menoufi 2109.07496) Calculated
for gluons in (van Beekveld, Dasgupta, El-Menoufi, JH,
Monni, 2307.15734)

⌅ B2(z) can be used with generating
functionals to address a wide class of
collinear resummation problems (van Beekveld,
Dasgupta, El-Menoufi, JH, Monni, 2307.15734)

⌅ Also an ingredient for NNLL parton showers

J.Helliwell (U.O.O) November 23 2 / 2



Silvia Zanoli 
Postdoctoral Research Assistant  
Fulford Junior Research Fellow at Somerville College

• PhD at Max Planck Institute for Physics - supervision of Giulia Zanderighi 
• Postdoc at University of Oxford - joint position between Fabrizio Caola’s and Gavin Salam’s groups

PhD research: matching between fixed-order computations and parton showers (LL) at NNLO 
accuracy in QCD using the MiNNLOPS method.

B̄MiNNLOPS ∼ e−S{dσ(1)
FJ (1 + S(1)) + dσ(2)

FJ + (D − D(1) − D(2))}
dσMiNNLOPS = B̄MiNNLOPS dΦFJ {Δpwg(Λ) + Δ(pT) R(ΦF, Φrad)

B(ΦF) dΦrad}

[Monni, Nason, Re, Wiesemann, Zanderighi  ’19]



2019 H/Z  [1908.06987]

2020
Z!

tt

W

[2010.10478] 

[2012.14267]

[2006.04133]

2021
WW

ZZ


VH (H→bb)

[2103.12077]

[2108.05337]

[2112.04168]

2022

VH (H→bb) 

(SMEFT)


!! 
WZ

[2204.00663]


[2204.12602]

[2208.12660]

2023 bb [2302.01645]
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Precision Higgs 
physics

Possible SMEFT  
effects in Higgs sector

Inclusion of 
NLO EW effects

Ongoing projects: 
• Inclusion of NLO EW effects 

without a-posteriori reweighting 
• Extension to F+1jet processes

Current research: 
NNLO+PS(LL) → NLO+PS(NLL)


