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particle momenta are measured by a series of tracking detec-
tors covering a range1 of |η| < 2.5 and immersed in a
2 T axial magnetic field, providing measurements of the
transverse momentum, pT, with a resolution σpT/pT ∼
0.05 % × pT/GeV ⊕ 1 %. Electromagnetic and hadronic
calorimeters surround the tracking detector, with forward
calorimeters allowing electromagnetic and hadronic energy
measurements up to |η| = 4.5. A detailed description of the
ATLAS detector can be found in Ref. [34].

This measurement uses the dataset of pp collisions
recorded by the ATLAS detector in 2012, corresponding to an
integrated luminosity of 20.3 fb−1 at a center-of-mass energy
of

√
s = 8 TeV. The data acquisition and object/event selec-

tion are described in detail in Ref. [35] and highlighted here
for completeness. Jets are clustered using the anti-kt jet algo-
rithm [36] with radius parameter R = 0.4 implemented in
FastJet [37] using as inputs topological calorimeter-cell clus-
ters [38], calibrated using the local cluster weighting (LCW)
algorithm [39,40]. An overall jet energy calibration accounts
for residual detector effects as well as contributions from
multiple proton–proton collisions in the same bunch cross-
ing (pileup) [41] in order to make the reconstructed jet energy
correspond to an unbiased measurement of the particle-level
jet energy. Jets are required to be central (|η| < 2.1) so that
their charged particles are within the |η| < 2.5 coverage of
the tracking detector. Events are further required to have at
least two jets with pT > 50 GeV and only the leading two jets
are considered for the charged-particle multiplicity measure-
ment. To select dijet topologies where the jets are balanced
in pT, the two leading jets must have plead

T /psublead
T < 1.5,

where plead
T and psublead

T are the transverse momenta of the
jets with the highest and second-highest pT, respectively. The
jet with the smaller (larger) absolute pseudorapidity |η| is
classified as the more central (more forward) jet. A measure-
ment of the more forward and more central average charged-
particle multiplicities can exploit the rapidity dependence of
the jet type to extract information about the multiplicity for
quark- and gluon-initiated jets as is described in Sect. 6. The
more forward jet tends to be correlated with the parton with
higher longitudinal momentum fraction x , and is less likely
to be a gluon-initiated jet.

Tracks are required to have pT ≥ 500 MeV, |η| < 2.5, and
a χ2 per degree of freedom (resulting from the track fit)
less than 3.0. Additional quality criteria are applied to select
tracks originating from the collision vertex and reject fake

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r,φ)
are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle
θ as η = − ln tan(θ/2). The variable &R =

√
(&φ)2 + (&η)2 is a

measure of how close two objects are in the (η,φ) plane.
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Fig. 1 The distribution of the number of reconstructed tracks asso-
ciated with a jet (not unfolded) in three example jet pT ranges: 50
GeV< pT < 100 GeV, 100 GeV< pT < 200 GeV, and 1 TeV< pT <
1.2 TeV for data and for Pythia 8 and Herwig++ predictions. The
simulated samples are described in Sect. 3. The data points have sta-
tistical uncertainties which in all bins are smaller than the marker size.
There is one entry per jet

tracks reconstructed from random hits in the detector. In
particular, tracks are matched to the hard-scatter vertex by
requiring |z0 sin(θ)| < 1.5 mm and |d0| < 1 mm, where
z0 and d0 are the track longitudinal and transverse impact
parameters, respectively, calculated with respect to the pri-
mary vertex. Tracks must furthermore have at least one hit in
the silicon pixel detector and at least six hits in the semicon-
ductor microstrip detector. The matching of tracks with the
calorimeter-based jets is performed via the ghost-association
technique [42]: the jet clustering process is repeated with the
addition of ‘ghost’ versions of measured tracks that have the
same direction but infinitesimally small pT, so that they do
not change the properties of the calorimeter-based jets. A
track is associated with a jet if its ghost version is contained
in the jet after reclustering. The distribution of the number of
tracks in three representative jet pT ranges is shown in Fig. 1.
The number of tracks increases with jet pT and the data fall
mostly between the distributions predicted by Pythia and
Herwig++ Monte Carlo simulations.

3 Event simulation

Monte Carlo (MC) samples are used in order to determine
how the detector response affects the charged-particle mul-
tiplicity and to make comparisons with the corrected data.
The details of the samples used are shown in Table 1. The
sample generated withPythia 8.175 [43] using the AU2 [44]
set of tuned parameters (tune) and the Herwig++ 2.6.3 [45]
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parameters, respectively, calculated with respect to the pri-
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ductor microstrip detector. The matching of tracks with the
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addition of ‘ghost’ versions of measured tracks that have the
same direction but infinitesimally small pT, so that they do
not change the properties of the calorimeter-based jets. A
track is associated with a jet if its ghost version is contained
in the jet after reclustering. The distribution of the number of
tracks in three representative jet pT ranges is shown in Fig. 1.
The number of tracks increases with jet pT and the data fall
mostly between the distributions predicted by Pythia and
Herwig++ Monte Carlo simulations.

3 Event simulation

Monte Carlo (MC) samples are used in order to determine
how the detector response affects the charged-particle mul-
tiplicity and to make comparisons with the corrected data.
The details of the samples used are shown in Table 1. The
sample generated withPythia 8.175 [43] using the AU2 [44]
set of tuned parameters (tune) and the Herwig++ 2.6.3 [45]
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Fig. 5 The jet pT dependence of a the difference in the average
charged-particle multiplicity (ptrack

T > 0.5 GeV) between the more
forward and the more central jet. The band for the data is the sum in
quadrature of the systematic and statistical uncertainties and the error
bars on the data points represent the statistical uncertainty. Bands on the
simulation include MC statistical uncertainty. The jet pT dependence
of b the average charged-particle multiplicity (ptrack

T > 0.5 GeV) for
quark- and gluon-initiated jets, extracted with the gluon fractions from
Pythia 8.175 with the CT10 PDF. In addition to the experimental uncer-

tainties, the error bands include uncertainties in the gluon fractions from
both the PDF and ME uncertainties. The MC statistical uncertainties on
the open markers are smaller than the markers. The uncertainty band
for the N3LO pQCD prediction is determined by varying the scale µ by
a factor of two up and down. The markers are truncated at the penulti-
mate pT bin in the right because within statistical uncertainty, the more
forward and more central jet constituent charged-particle multiplicities
are consistent with each other in the last bin

and therefore the curve is normalized in the second pT bin
(100 GeV< pT < 200 GeV) where the statistical uncertainty
is small. The predicted scale dependence for gluon-initiated
jets is consistent with the data within the uncertainty bands
while the curve for quark-initiated jets is higher than the data
by about one standard deviation.

7 Summary

This paper presents a measurement of the pT dependence of
the average jet charged-particle multiplicity in dijet events
from 20.3 fb−1 of

√
s = 8 TeV pp collision data recorded

by the ATLAS detector at the LHC. The measured charged-
particle multiplicity distribution is unfolded to correct for the
detector acceptance and resolution to facilitate direct com-
parison to particle-level models. Comparisons are made at
particle level between the measured average charged-particle
multiplicity and various models of jet formation. Signifi-
cant differences are observed between the simulations using
Run 1 tunes and the data, but the Run 2 tunes for both
Pythia 8 and Herwig++ significantly improve the mod-
elling of the average ncharge. Furthermore, quark- and gluon-
initiated jet constituent charged-particle multiplicities are
extracted and compared with simulations and calculations.
As expected, the extracted gluon-initiated jet constituent
charged-particle multiplicity is higher than the corresponding
quantity for quark-initiated jets and a calculation of the pT-
dependence accurately models the trend observed in the data.

The particle-level spectra are available [68] for further inter-
pretation and can serve as a benchmark for future measure-
ments of the evolution of non-perturbative jet observables to
validate MC predictions and tune their model parameters.
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Figure 1: Pictorial definition of the differential (top) and integrated (bottom) jet shape quanti-
ties. Analytical definitions of these quantities are given in the text.

where dr = 0.1.

The integrated jet shape Y(r) is defined as the average fraction of the transverse momentum of
particles inside a cone of radius r around the jet axis:

Y(r) =
Â

ri<r

pT,i

Â
ri<R

pT,i
.

The sums run over the reconstructed particles, with the distance ri =
q
(yi � yjet)2 + (fi � fjet)2

relative to the jet axis described by yjet and fjet, and R = 0.7.

The observed detector-level jet shapes and true particle-level jet shapes differ because of jet
energy resolution effects, detector response to individual particles, smearing of the jet direc-
tions, smearing of the individual particle directions, and inefficiency of particle reconstruction,
especially at low pT. The data are unfolded to the particle level using bin-by-bin corrections
derived from the CMS simulation based on the PYTHIA 6.4 (PYTHIA6) MC generator [32] tuned
to the CMS data (tune Z2). The Z2 tune is identical to the Z1 tune described in [33], except that
Z2 uses the CTEQ6L [34] parton distribution function (PDF), while Z1 uses CTEQ5L [35] PDF.
The correction factors are determined as functions of r for each jet pT and rapidity bin and vary
between 0 and 20%. Since the MC model affects the momentum and angular distributions and
flavour composition of particles in a jet, and therefore the simulated detector response to the
jet, the unfolding factors depend on the MC model. In order to estimate the systematic un-
certainty due to the fragmentation model, the corrections are also derived using PYTHIA8 [36],
PYTHIA6 tune D6T [32], and HERWIG++ [37]. The largest difference of these three sets of cor-
rection factors from those of PYTHIA6 tune Z2 is assigned as the uncertainty on the correction.
This uncertainty is typically 2–3% in the region where the bulk of the jet energy is deposited
and increases to as high as 15% at large radii where the momentum of particles is very small.
For very high pT jets where the fraction of jet momentum deposited at large radii is extremely
small, the uncertainty is less than 1% at r = 0.1 and reaches 25% at high radii.

The impact of the calibration uncertainties for particles used to measure the jet shapes is studied
separately for charged hadrons, neutral hadrons, and photons. The calibration of each type of
particle is varied within its measurement uncertainty, depending on its pT and h. The resulting
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‣ Quark jets are narrower than gluon jets
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are tested. If both criteria are met, the combined pseudojet is kept. Otherwise, the least massive
of pseudojets i and j is discarded and the procedure continues on the other pseudojet. Typical
parameter choices are µcut = 2/3 and ycut in the range 0.09–0.15. This results in a significant mass
drop, i.e. while the original jet is massive, as expected from the decay of a heavy boson, the subjets
originate from massless quarks. In addition, the momentum splitting between the two subjets is
symmetric, as expected from a two-body decay, whereas soft QCD radiation is rejected. In its
original version, mass drop has been introduced to identify the two-prong structure of H ! bb
decays and distinguish it from QCD background. The algorithm also acts as a jet groomer since it
iteratively removes soft radiation.

Modified Mass Drop Tagger and Soft Drop An improvement of the mass drop tagger has been
suggested in an analytic study [226], where it was found that following the most massive branch
in the declustering can lead to the algorithm following the wrong branch. This happens if a soft
emission results in a large mass, and the MDT recurses into this branch even though it is soft.
A modification has been introduced to avoid these configurations. In the modified Mass Drop
Tagger (mMDT) the symmetry condition is replaced by min(pT,i, pT,j) > zcut(pT,i + pT,j), and the
hardest branch in pT is followed in the declustering. The mass-drop criterion has been found to be
sub-leading and can be dropped without a performance penalty. The mMDT has been found to
greatly facilitate analytic calculations and even slightly improve the performance in relation to the
MDT. The soft drop algorithm [220] is a generalization of the mMDT, obtained by introducing an
angular exponent � in the symmetry condition,

min(pT,i, pT,j) > zcut (pT,i + pT,j)
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The angular exponent results in additional freedom to adjust the grooming strength of the algo-
rithm. In the case � = 0, the mMDT is retained. For values � > 0 the grooming is reduced and
� < 0 results in rejecting more particles in relation to the mMDT. In experimental applications
the value of zcut is typically chosen to be around 0.1. Note that while the soft-drop jet mass is IRC
safe, the jet pT after soft-drop grooming for �  0 is not IRC safe, but only Sudakov safe10. This
means that calculations with higher logarithmic accuracy will be very difficult if needed differential
in groomed jet pT [227]. The soft drop algorithm stops after the symmetry condition has been met
and returns a maximum of two prongs. A larger number of splittings can be obtained with the
recursive soft drop algorithm [228], where the number of hard prongs is a free parameter.

Splitting Scales One of the first variables in use in experimental analyses is the kT splitting scalep
dij , which can be obtained by reclustering jets with the kT algorithm, Eq. (20) with m = 1. The

distance of the final clustering step of pseudojets 1 and 2 is then
p

d12 = min(pT,1, pT,2) �R12, (41)

where the normalisation with the jet distance parameter R has been dropped [35]. In the kT
clustering, pseudojets with large distances dij get clustered last, and therefore the parameter

p
d12

10
When using soft drop in tagging mode, meaning that jets failing the soft drop condition get rejected, the

groomed pT is IRC safe.

Invert clustering history with a veto condition:
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means that calculations with higher logarithmic accuracy will be very difficult if needed differential
in groomed jet pT [227]. The soft drop algorithm stops after the symmetry condition has been met
and returns a maximum of two prongs. A larger number of splittings can be obtained with the
recursive soft drop algorithm [228], where the number of hard prongs is a free parameter.

Splitting Scales One of the first variables in use in experimental analyses is the kT splitting scalep
dij , which can be obtained by reclustering jets with the kT algorithm, Eq. (20) with m = 1. The

distance of the final clustering step of pseudojets 1 and 2 is then
p

d12 = min(pT,1, pT,2) �R12, (41)

where the normalisation with the jet distance parameter R has been dropped [35]. In the kT
clustering, pseudojets with large distances dij get clustered last, and therefore the parameter

p
d12

10
When using soft drop in tagging mode, meaning that jets failing the soft drop condition get rejected, the

groomed pT is IRC safe.

Invert clustering history with a veto condition:

✓
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are tested. If both criteria are met, the combined pseudojet is kept. Otherwise, the least massive
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charges of the jet constituents. Jet charge is sensitive to the charge of the parton initiating the
jet. At the LHC, the mean of the jet charge distribution increases with increasing pT for the more
forward of the leading pT jets, due to the increasing fraction of jets from valence up-type quarks.
The jet charge is sensitive to non-perturbative effects and can be used to test and improve the
modelling of final state radiation. Unfolded measurements of jet charge distributions have been
reported by ATLAS [567] and CMS [568] using 8 TeV data.

Observables less sensitive to non-perturbative effects are kT splitting scales (see Sec. 2.4.3). These
probe the energy scale of the last combination step in the clustering process. An unfolded mea-
surement in W+jets production with 7 TeV data [569] reveals that higher order perturbative cor-
rections are important to model the hard region with

p
dk > 20 GeV, while resummation and

non-perturbative effects are important in softer regions. Another observable characterising the
parton splitting is zg = pT,2/(pT,1 + pT,2) [204], calculated on the branch of a jet fulfilling the
soft drop condition in Eq. (40). This variable is closely related to the QCD splitting function,
which is singular in the collinear limit and thus not experimentally accessible. However, the cross
section as a function of zg approximates the QCD splitting function in the high-energy limit and
can thus be used to probe this universal function. The distribution in zg can be predicted from
first principles because of its Sudakov safety, making zg a potent probe of the underlying 1 ! 2
splittings in QCD. The distribution in zg has first been measured using CMS open data27 on an
inclusive jet sample [571, 572]. The theoretical prediction at modified leading-logarithmic accu-
racy describes the data well, even though the data have not been corrected for detector effects
and the all-particle prediction is compared to zg calculated from reconstructed tracks only. Other
quantities, like the opening angle ✓g = �R12/R or angularities e(g)

�
are not described by the analyt-

ical calculations [572], which can be attributed to larger detector effects. In a later measurement,
ATLAS has reported unfolded distributions of ⇢, zg and ✓g (called rg in this publication) [573].
The analytical calculations, including non-global logarithms to achieve full NLL accuracy [574],
describe the unfolded distributions in ✓g very well. The ✓g distribution for soft drop grooming
with � = 0 is very similar for quark and gluon jets, as expected, since ✓g is independent of ↵S

to leading order. For � > 0, different shapes are observed, where the gluon jet distribution tends
towards a larger splitting. The splitting function zg has also been measured by CMS in pp and
Pb-Pb collisions [575]. The results from pp and peripheral Pb-Pb collisions agree within 15%. The
zg distribution in central Pb-Pb collisions is steeper, indicating that the parton splitting process is
modified by the hot medium created in heavy ion collisions.

The full radiation pattern of a jet can be conceived as emissions in a plane in ln 1/z and ln 1/✓, first
described by Lund diagrams [448], where the ungroomed versions of zg and ✓g are used. The Lund
jet plane [449], also called primary Lund plane, is obtained by reversing the clustering history of
a jet and following the harder branch at each clustering step. Each emission corresponds to one
entry in the Lund jet plane, such that any jet can be represented by a number of entries in the
plane of ln 1/z and ln 1/✓. Different regions in this plane correspond to different physical effects as
shown in Fig. 35. While only primary emissions are followed in the construction of the Lund jet
plane and secondary emissions are discarded, its measurement visualizes the salient features of jet
fragmentation and radiation patterns inside jets. The soft drop splitting variable zg is identical to
the value of z at the first splitting that fulfils the soft drop condition (40), such that the variable

27
In 2014, CMS has publicly released the 7TeV pp collision data recorded in 2010 through the CERN open data

portal [570]. By now, also data from the years 2011 and 2012 have been released.
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Figure 15: Schematic drawing of the phase space configuration describing an energetic jet with a soft subjet
in SCET (a). Different energy regimes, relevant for describing jet dynamics for increasingly differential
measurements (b). Taken from Ref. [271].

The virtue of SCET is that logarithmically enhanced contributions can be resummed at all orders
in the coupling constant, which can be achieved using renormalisation group (RG) evolution in the
effective field theory. The effective Lagrangian provides a systematic way of organising computa-
tions [257]. Factorisation theorems in SCET can also be constructed for jet substructure observ-
ables, allowing the resummation of non-global logarithms [271]. Calculations in SCET predictions
have been performed for jet substructure observables at the LHC at NLL accuracy [272, 273] and
even next-to-next-to-leading-logarithmic (NNLL) [186, 274] and higher accuracy [202].

2.5.2 Non-perturbative Effects

Non-perturbative effects are rarely taken into account in analytical calculations due to the inher-
ent complications when approaching energy scales close to hadron masses O(⇤QCD). However, the
impact of non-perturbative effects on jet observables as been estimated analytically using power cor-
rections [177]. Results were obtained for inclusive jet production near the partonic threshold, con-
sidering gluon emission and separating the phase space into a perturbative and a non-perturbative
region, defined by an infrared factorisation scale µI . Below this scale, in the non-perturbative
regime, the strong coupling ↵S is replaced by an effective, finite constant. This allows for the
phase space integration to be performed down to vanishing scales. The contribution that would be
included in perturbative calculations is subtracted, leaving a purely non-perturbative result that
can be associated with the effects of hadronisation and the underlying event.

The expected modification of a jet’s transverse momentum due to hadronisation is [177]

h�pTih = 2CRA(µI)M

✓
�

1

R
+ O(R)

◆
, (43)

where CR is the colour factor appropriate for the parton initiating the jet, i.e. CR = CF for
quark jets and CR = CA for gluon jets. The hadronisation scale A(µI) is related to event shape

2.6 Event Generators 45

studies, and a rough estimate gives 2CFA(2 GeV) ⇡ 0.5 GeV. The Mellin factor M is an algorithm-
dependent quantity with M = 1.49 for the anti-kT algorithm and M = 1.01 for the kT algo-
rithm [275]. The singular 1/R behaviour originates from the increase of momentum loss as the jet
becomes narrower, which also explains the negative sign of this term in Eq. (43).

Corrections due to the underlying event can be calculated from emissions of dipoles not involving
the outgoing jet and result in a change in pT proportional to R2, i.e. proportional to the jet
area [177],

h�pTiUE =
⇤UE

2

�
R2

� R4/8 + O(R6)
�

. (44)

The scale ⇤UE receives contributions from the interactions of the proton remnants and can not
be calculated, but can be estimated from experimental studies or from event generators. At the
LHC, a rough estimate is ⇤UE ⇠ 10 GeV. A more realistic treatment needs to take into account
the fact that jets are not exactly circular, and the term R2 in Eq. (44) is replaced by the active jet
area [176].

Of particular importance to substructure analyses are non-perturbative corrections to the jet mass.
The leading power corrections to the squared jet mass due to hadronisation are [177]

h�m2
ih = 2CRA(µI)MpT

�
R + O(R3)

�
, (45)

and scale with pT and the jet radius R. The singular 1/R behaviour from Eq. (43) is absent since
gluons emitted outside of the jet do not contribute. The contribution of the underlying event to
the squared jet mass is [55]

h�m2
iUE = CR

A(µI)

4

�
pTR4 + O(R6)

�
, (46)

and is suppressed by three powers of R over the hadronisation correction for R < 1.

Contrary to direct QCD, in SCET non-perturbative effects are taken into account through the soft
functions. These can encode corrections due to hadronisation and the underlying event and can be
computed. Recently, progress has been made in relating quantities calculated for e+e� collisions
to ingredients needed for jet production at hadron colliders [273, 276].

2.6 Event Generators

Multi-purpose event generators have become indispensable tools in high energy physics. Their suc-
cess is due to their ability of simulating processes at all relevant stages of particle collisions, together
with the availability of numerous processes, often sufficient to simulate all relevant processes for a
given type of collision (e+e�, ep, pp, pp), sometimes even including BSM effects. Event generators
rely heavily on an all-order factorisation of the individual contributions simulated, which cannot
be proven formally, but has been shown to be a reasonable approximation.

Event generation starts from the hard interaction obtained with LO or NLO matrix elements. Also
at this stage, underlying event contributions can be simulated. This is followed by the generation of
coloured partons and photons from initial (ISR) and final state radiation (FSR), known as parton
showers. Each simulated physical contribution to a given process is convoluted with a parton
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Figure 15: Schematic drawing of the phase space configuration describing an energetic jet with a soft subjet
in SCET (a). Different energy regimes, relevant for describing jet dynamics for increasingly differential
measurements (b). Taken from Ref. [271].

The virtue of SCET is that logarithmically enhanced contributions can be resummed at all orders
in the coupling constant, which can be achieved using renormalisation group (RG) evolution in the
effective field theory. The effective Lagrangian provides a systematic way of organising computa-
tions [257]. Factorisation theorems in SCET can also be constructed for jet substructure observ-
ables, allowing the resummation of non-global logarithms [271]. Calculations in SCET predictions
have been performed for jet substructure observables at the LHC at NLL accuracy [272, 273] and
even next-to-next-to-leading-logarithmic (NNLL) [186, 274] and higher accuracy [202].

2.5.2 Non-perturbative Effects

Non-perturbative effects are rarely taken into account in analytical calculations due to the inher-
ent complications when approaching energy scales close to hadron masses O(⇤QCD). However, the
impact of non-perturbative effects on jet observables as been estimated analytically using power cor-
rections [177]. Results were obtained for inclusive jet production near the partonic threshold, con-
sidering gluon emission and separating the phase space into a perturbative and a non-perturbative
region, defined by an infrared factorisation scale µI . Below this scale, in the non-perturbative
regime, the strong coupling ↵S is replaced by an effective, finite constant. This allows for the
phase space integration to be performed down to vanishing scales. The contribution that would be
included in perturbative calculations is subtracted, leaving a purely non-perturbative result that
can be associated with the effects of hadronisation and the underlying event.

The expected modification of a jet’s transverse momentum due to hadronisation is [177]

h�pTih = 2CRA(µI)M
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where CR is the colour factor appropriate for the parton initiating the jet, i.e. CR = CF for
quark jets and CR = CA for gluon jets. The hadronisation scale A(µI) is related to event shape
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studies, and a rough estimate gives 2CFA(2 GeV) ⇡ 0.5 GeV. The Mellin factor M is an algorithm-
dependent quantity with M = 1.49 for the anti-kT algorithm and M = 1.01 for the kT algo-
rithm [275]. The singular 1/R behaviour originates from the increase of momentum loss as the jet
becomes narrower, which also explains the negative sign of this term in Eq. (43).

Corrections due to the underlying event can be calculated from emissions of dipoles not involving
the outgoing jet and result in a change in pT proportional to R2, i.e. proportional to the jet
area [177],

h�pTiUE =
⇤UE

2
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R2

� R4/8 + O(R6)
�

. (44)

The scale ⇤UE receives contributions from the interactions of the proton remnants and can not
be calculated, but can be estimated from experimental studies or from event generators. At the
LHC, a rough estimate is ⇤UE ⇠ 10 GeV. A more realistic treatment needs to take into account
the fact that jets are not exactly circular, and the term R2 in Eq. (44) is replaced by the active jet
area [176].

Of particular importance to substructure analyses are non-perturbative corrections to the jet mass.
The leading power corrections to the squared jet mass due to hadronisation are [177]

h�m2
ih = 2CRA(µI)MpT

�
R + O(R3)

�
, (45)

and scale with pT and the jet radius R. The singular 1/R behaviour from Eq. (43) is absent since
gluons emitted outside of the jet do not contribute. The contribution of the underlying event to
the squared jet mass is [55]

h�m2
iUE = CR

A(µI)

4

�
pTR4 + O(R6)

�
, (46)

and is suppressed by three powers of R over the hadronisation correction for R < 1.

Contrary to direct QCD, in SCET non-perturbative effects are taken into account through the soft
functions. These can encode corrections due to hadronisation and the underlying event and can be
computed. Recently, progress has been made in relating quantities calculated for e+e� collisions
to ingredients needed for jet production at hadron colliders [273, 276].

2.6 Event Generators

Multi-purpose event generators have become indispensable tools in high energy physics. Their suc-
cess is due to their ability of simulating processes at all relevant stages of particle collisions, together
with the availability of numerous processes, often sufficient to simulate all relevant processes for a
given type of collision (e+e�, ep, pp, pp), sometimes even including BSM effects. Event generators
rely heavily on an all-order factorisation of the individual contributions simulated, which cannot
be proven formally, but has been shown to be a reasonable approximation.

Event generation starts from the hard interaction obtained with LO or NLO matrix elements. Also
at this stage, underlying event contributions can be simulated. This is followed by the generation of
coloured partons and photons from initial (ISR) and final state radiation (FSR), known as parton
showers. Each simulated physical contribution to a given process is convoluted with a parton

Grooming 

‣ Reduces non-perturbative effects

‣ Gives access to internal jet structure
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studies, and a rough estimate gives 2CFA(2 GeV) ⇡ 0.5 GeV. The Mellin factor M is an algorithm-
dependent quantity with M = 1.49 for the anti-kT algorithm and M = 1.01 for the kT algo-
rithm [275]. The singular 1/R behaviour originates from the increase of momentum loss as the jet
becomes narrower, which also explains the negative sign of this term in Eq. (43).

Corrections due to the underlying event can be calculated from emissions of dipoles not involving
the outgoing jet and result in a change in pT proportional to R2, i.e. proportional to the jet
area [177],

h�pTiUE =
⇤UE

2

�
R2

� R4/8 + O(R6)
�

. (44)

The scale ⇤UE receives contributions from the interactions of the proton remnants and can not
be calculated, but can be estimated from experimental studies or from event generators. At the
LHC, a rough estimate is ⇤UE ⇠ 10 GeV. A more realistic treatment needs to take into account
the fact that jets are not exactly circular, and the term R2 in Eq. (44) is replaced by the active jet
area [176].

Of particular importance to substructure analyses are non-perturbative corrections to the jet mass.
The leading power corrections to the squared jet mass due to hadronisation are [177]

h�m2
ih = 2CRA(µI)MpT

�
R + O(R3)

�
, (45)

and scale with pT and the jet radius R. The singular 1/R behaviour from Eq. (43) is absent since
gluons emitted outside of the jet do not contribute. The contribution of the underlying event to
the squared jet mass is [55]

h�m2
iUE = CR

A(µI)

4

�
pTR4 + O(R6)

�
, (46)

and is suppressed by three powers of R over the hadronisation correction for R < 1.

Contrary to direct QCD, in SCET non-perturbative effects are taken into account through the soft
functions. These can encode corrections due to hadronisation and the underlying event and can be
computed. Recently, progress has been made in relating quantities calculated for e+e� collisions
to ingredients needed for jet production at hadron colliders [273, 276].

2.6 Event Generators

Multi-purpose event generators have become indispensable tools in high energy physics. Their suc-
cess is due to their ability of simulating processes at all relevant stages of particle collisions, together
with the availability of numerous processes, often sufficient to simulate all relevant processes for a
given type of collision (e+e�, ep, pp, pp), sometimes even including BSM effects. Event generators
rely heavily on an all-order factorisation of the individual contributions simulated, which cannot
be proven formally, but has been shown to be a reasonable approximation.

Event generation starts from the hard interaction obtained with LO or NLO matrix elements. Also
at this stage, underlying event contributions can be simulated. This is followed by the generation of
coloured partons and photons from initial (ISR) and final state radiation (FSR), known as parton
showers. Each simulated physical contribution to a given process is convoluted with a parton
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particular choice is given by
J� = E � �PµPµ/E , (28)

where � > 1 and P denotes the total four-momentum, obtained by adding the jet constituents’ four-
momenta. The jet function monotonically increases in energy and decreases in jet mass squared.
It is closely related to parton shower kinematics and can be modified to obtain Lorentz-invariant
jet finding [190]. Maximising Eq. (28) by subsequently adding particles to the jet, leads to conical
a jet with a cone size that goes to 1/

p
� for large values of �. Removing all particles associated to

the jet from the input list and iterating the procedure leads to non-overlapping, IRC safe jets.

For hadron-hadron collisions, the energy E in Eq. (28) is replaced by the transverse energy ET,
resulting in the JET

algorithm [173]. The jets feature a shrinking jet cone size as the jets are closer
to the beam direction. A first analytical calculation at NLO on parton level [191] established a
similar cross section for inclusive jet production in hadron-hadron collisions as for the kT algorithm.
In fact, it can been shown that maximising the jet function, minimising N-jettiness (XCone), and
stable cone finding (SISCone) can be reduced to a more fundamental optimisation problem [192],
explaining the similar behaviour of the cross section.

A promising feature of the JET
algorithm for substructure applications is its global strategy, which

leads to a better reconstruction efficiency for hadronically decaying W bosons into a single jet,
compared to the anti-kT algorithm [173]. A modification to the algorithm has been proposed
recently [174], where an additional term related to Fox-Wolfram moments [193, 194] is added to the
jet function. This results in a better performance in terms of signal acceptance versus background
efficiency for reconstructing boosted hadronically decaying W bosons when compared to strategies
using sequential recombination algorithms together with filtering [37] and pruning [195]. These
studies should be extended, exploiting also other substructure techniques, in order to establish the
usefulness of this algorithm.

2.4 Identifying Particle Decays with Jet Substructure

Once the dynamics of an event in an high energy collisions have been determined using a suitable
jet algorithm, analysing the substructure of these jets reveals valuable information on the particles
produced and their decays. Jet substructure is ubiquitous in the identification of boosted heavy
SM particles in their hadronic decays, but can also be used in the search for exotic decays of BSM
particles.

2.4.1 Jet Mass

The jet mass is the most important observable for identifying jets from heavy particle decays. It is
defined as the square root of the Lorentz-invariant product PµPµ, where the four-momentum Pµ is
obtained by summing the four-momenta of all jet constituents. While partons can be massless, jets
always have mass due to perturbative radiation and hadronisation effects. For a massless parton
the mass generated by the collinear 1 ! 2 splitting can be approximated by [55]

m2 = (p1 + p2)
2

⇡ pT,1pT,2R
2
12 (29)

Mass generated at each splitting:
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Figure 3: Illustration of the multi-stage matching procedure to derive the soft drop fac-

torization theorem. As discussed in the text, we first match QCD to SCET, then factorize

the jet function into collinear and collinear-soft modes. Canonical scales of all modes in the

factorization theorem are shown on the right, ordered in virtuality where we assume that

↵ > 1 and � � 0.

full QCD to get the hard function, then decouple the soft and collinear degrees of freedom

to pull the jet and soft functions apart [15–18]. Alternatively, one can use the method of

regions approach [54, 55], or the on-shell phase space approach [56–58]. Importantly, e(↵)
2

is

insensitive to recoil e↵ects from soft emissions that displace the jet axis from the direction of

hard, collinear particles [20, 40], and so the jet and soft functions are completely decoupled.

Next we write down the hard-soft-jet factorization formula in the presence of soft drop

grooming, assuming the hierarchy e(↵)
2

⌧ zcut ⌧ 1. With this assumption, soft radiation

emitted at large angles must necessarily fail the soft drop criterion. Thus, all wide angle soft

radiation in the jets (in this case, the hemisphere jets) is groomed and cannot contribute to

the observable. All that remains of the global soft function is a zcut-dependent normalization

factor SG(zcut). This leads to

d2�

de(↵)
2,L

de(↵)
2,R

= H(Q2) ⇥ SG(zcut) ⇥ Jze

⇣
zcut, e

(↵)

2,L

⌘
⇥ Jze

⇣
zcut, e

(↵)

2,R

⌘
. (3.8)

SG(zcut) gives the cross section for the radiation from a set of Wilson lines that fails the

soft drop criterion. An explicit calculation of SG for hemisphere jets at one-loop is given in

Appendix C. With the collinear and soft modes decoupled, we can lower the virtuality of the

collinear modes without further matching.

The jet function Jze still depends on multiple scales, so to resum all the large logarithms it

must be re-factorized. To see that it refactorizes, note first that in addition to being collinear,

radiation in the jet function that is sensitive to the scale set by zcut must also be soft, by

the assumption that zcut ⌧ 1. Equivalently, emissions with order-1 energy fractions are not

constrained by the scale zcut. We can thus factorize the jet function into two pieces depending
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Figure 2: Location of modes appearing in the soft drop factorization theorem in the plane

defined by energy fraction z and splitting angle ✓ of emissions in the jet. The solid diagonal

line separates the regions of phase space where emissions pass and fail soft drop. All emissions

along the dashed line that pass soft drop contribute at leading power to the measured value

of e(↵)
2

.

For a jet to have e(↵)
2

⌧ 1, all particles must be either soft or collinear to the jet axis. In

particular, a particle with energy E = zEJ at an angle ✓ from the jet axis must satisfy

z✓↵ . e(↵)
2

. (3.1)

This is a line in the log(1/z)-log(1/✓) plane, as shown in Fig. 2. Anything below the dashed

line in this figure is too hard to be consistent with a given value of e(↵)
2

. The soft drop criterion

is that

zcut . z✓�� , (3.2)

This is the region below the solid line in Fig. 2.

To find the relevant modes for the factorized expression, we need to identify the distinct

characteristic momentum scalings that approach the singular regions of phase space in the

limit e(↵)
2

⌧ zcut ⌧ 1. For a particular scaling, the constraints in Eqs. (3.1) and (3.2) will

either remain relevant or decouple. We can characterize the relevant regions by their scalings

in light-cone coordinates. Defining nµ as the jet direction and n̄µ as the direction backwards

to the jet, then light-cone coordinates are triplets p = (p�, p+, p?) where p� = n̄ ·p, p+ = n ·p

and p? are the components transverse to n. On-shell massless particles have p+p� = p2?.

The energy fraction is z = p0/Q = 1

2
(p+ +p�)/Q and the angle to the jet axis in the collinear

limit is ✓ = p?/p0.
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Figure 31: Normalized distributions in ⇢ for soft drop light quark and gluon jets with � = 0 (left) and � = 1
(right), as measured by ATLAS. Taken from Ref. [535].

observed that the jet mass in W/Z+jet production is better described, suggesting that quark jets
are better modelled than gluon jets. Indeed, quark jets are better constrained by LEP data than
gluon jets when adjusting the free parameters of event generators [447]. Differences between data
and simulation are larger at small mass values, where soft radiation is more important. Grooming
methods are found to reduce these differences, where best agreement is found for pruned jets. In
this study, the parameters of the grooming algorithms have been chosen such that pruning removes
larger fractions of soft contributions to the jets than the other grooming algorithms, suggesting
that the removal of soft radiation leads to the improved modelling.

Measurements of the soft drop (scaled) jet mass distribution in bins of pT using 13TeV data have
been performed by ATLAS [535] and CMS [419]. Both collaborations have used anti-kT R = 0.8
jets in a dijet sample, where the soft drop parameters were chosen to be zcut = 0.1 and � = 0 (� = 1
and 2 have also been considered in the ATLAS measurement). The usage of soft drop grooming
allows for the data to be compared to semi-analytical resummation calculations at next-to-leading
order with next-to-leading-logarithm (NLO+NLL) accuracy [227] and leading order with next-
to-next-to-leading-logarithm (LO+NNLL) accuracy [274]. While ATLAS and CMS use different
detector technologies, reconstruction algorithms, calibration methods, unfolding techniques and
simulations, the results are compatible. In both measurements, uncertainties related to the jet
and cluster energy response dominate the experimental uncertainties with a relative size of about
5%. Uncertainties due to the QCD modelling are typically between 5–10%, but can be as large
as 20% at low mass where non-perturbative effects are important. The ATLAS measurement in
⇢ = log(m2

SD/p2T) is shown in Fig. 31, where mSD is the soft drop jet mass and pT is the transverse
momentum of the ungroomed jet. Good agreement between data and the predictions is observed
for �3.7 < ⇢ < �1.7, where the resummation is expected to yield accurate results. At high values
of ⇢ perturbative radiation is important, such that the NLO+NLL calculations describe the data
better than the LO+NNLL calculations. As � increases, the fraction of radiation removed by the
soft drop procedure decreases and the impact of non-perturbative effects increases. For ⇢ < �3.7
the LO+NNLL calculation does not describe the data for � = 1 since it does not include non-
perturbative corrections. However, for � = 0 non-perturbative effects are reduced by the soft
drop grooming and the NLO+NLL and LO+NNLL calculations describe the data equally well.

Soft drop
‣ Enables precise calculations

‣ Allows tests of QCD in different 
energy regimes

[ATLAS, PRL 121, 092001 (2018)]
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1.  Angularities and energy correlations
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n̂2

n̂1⌧3
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Figure 7: Comparison of the functional structure of (a) 2e4 and (b) ⌧3. The 2e4 observable

correlates quadruplets of particles (and two of their six pairwise angles), while the ⌧3

observable correlates particles with axes.

Therefore, on groomed jets, the N3 and ⌧3,2 observables are parametrically identical:

N
(�)
3 = 2e

(�)
4

(1e
(�)
3 )2

⇠
⌧
(�)
2 ⌧

(�)
3

(⌧ (�)2 )2
=

⌧
(�)
3

⌧
(�)
2

. (4.10)

This result is quite surprising. By summing over groups of four particles and taking double

products of their pairwise angles, we have achieved an observable that behaves parametri-

cally like an N -subjettiness ratio.

The observables N3 and ⌧3,2 achieve their discrimination power in substantially di↵er-

ent ways, as shown schematically in Fig. 7. Each term in 2e4 is sensitive to multiple energies

and angles and contains cross terms like ✓
�
12✓

�
cc. By contrast, N -subjettiness does not con-

tain such cross terms; after determining the axes, each term in the N -subjettiness sum is

independent of the presence of other subjets. Despite these di↵erences, Eq. (4.9) shows

that the 4-point correlation function factorizes into a product of lower-point N -subjettiness

observables, yielding the same parametric behavior in the resolved limit.

While there are no parametric di↵erence between N3 and ⌧3,2, our parton shower study

will show that N3 exhibits improved discrimination power on groomed jets, particularly at

high e�ciencies. Part of the reason this occurs is because N3 is defined without respect

to subjet axes. This not only o↵ers the practical advantage of not needing to specify an

axes-finding algorithm, but it also has an e↵ect on the behavior of N3 away from the power-

counting regime. Recall that N -jettiness was originally designed to isolate regions of phase

space where there are N well-resolved jets [91]. In this limit, the axes are well defined and

independent of the particular axes definition up to power corrections. When used in jet

substructure, however, N -subjettiness is used both in the limit of well-resolved subjets as

well as in the limit of unresolved subjets. Indeed, in many substructure analyses, relatively

loose requirement are placed on N -subjettiness, such that the ⌧3,2 cut is placed precisely

in the unresolved region. Here, N -subjettiness can exhibit pathological behavior related to

the axes choice [94]. By contrast, the N3 observable, being composed simply as sums over

– 21 –

N-subjettiness

[I. Moult et al, JHEP 12, 153 (2016)]
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and angles and contains cross terms like ✓
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cc. By contrast, N -subjettiness does not con-

tain such cross terms; after determining the axes, each term in the N -subjettiness sum is

independent of the presence of other subjets. Despite these di↵erences, Eq. (4.9) shows
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observables, yielding the same parametric behavior in the resolved limit.

While there are no parametric di↵erence between N3 and ⌧3,2, our parton shower study

will show that N3 exhibits improved discrimination power on groomed jets, particularly at

high e�ciencies. Part of the reason this occurs is because N3 is defined without respect

to subjet axes. This not only o↵ers the practical advantage of not needing to specify an

axes-finding algorithm, but it also has an e↵ect on the behavior of N3 away from the power-

counting regime. Recall that N -jettiness was originally designed to isolate regions of phase

space where there are N well-resolved jets [91]. In this limit, the axes are well defined and

independent of the particular axes definition up to power corrections. When used in jet

substructure, however, N -subjettiness is used both in the limit of well-resolved subjets as

well as in the limit of unresolved subjets. Indeed, in many substructure analyses, relatively

loose requirement are placed on N -subjettiness, such that the ⌧3,2 cut is placed precisely

in the unresolved region. Here, N -subjettiness can exhibit pathological behavior related to

the axes choice [94]. By contrast, the N3 observable, being composed simply as sums over
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Energy Flow Polynomials

[P. T. Komiske et al, JHEP 12, 153 (2016)]

1 Introduction

Jet substructure is the analysis of radiation patterns and particle distributions within the

collimated sprays of particles (jets) emerging from high-energy collisions [1–5]. Jet substruc-

ture is central to many analyses at the Large Hadron Collider (LHC), finding applications in

both Standard Model measurements [6–19] and in searches for physics beyond the Standard

Model [20–43]. An enormous catalog of jet substructure observables has been developed

to tackle specific collider physics tasks [44–48], such as the identification of boosted heavy

particles or the discrimination of quark- from gluon-initiated jets.

The space of possible jet substructure observables is formidable, with few known com-

plete and systematic organizations. Previous e↵orts to define classes of observables around

organizing principles include: the jet energy moments and related Zernike polynomials to

classify energy flow observables [49]; a pixelated jet image [50] to represent energy deposits

in a calorimeter; the energy correlation functions (ECFs) [51] to highlight the N -prong

substructure of jets; the generalized energy correlation functions (ECFGs) [52] based around

soft-collinear power counting [53]; and a set of N -subjettiness observables [54–56] to capture

N -body phase space information [57]. With any of these representations, there is no simple

method to combine individual observables, so one typically uses sophisticated multivariate

techniques such as neural networks to fully access the information contained in several

observables [57–73]. Furthermore, the sense in which these sets “span” the space of jet

substructure is often unclear, sometimes relying on the existence of complicated nonlinear

functions to map observables to kinematic phase space.

In this paper, we introduce a powerful set of jet substructure observables organized

directly around the principle of infrared and collinear (IRC) safety. These observables are

multiparticle energy correlators with specific angular structures which directly result from

IRC safety. Since they trace their lineage to the hadronic energy flow analysis of Ref. [74],

we call these observables the energy flow polynomials (EFPs) and we refer to the set of EFPs

as the energy flow basis. In the language of Ref. [74], the EFPs can be viewed as a discrete

set of C-correlators, though our analysis is independent from the original C-correlator logic.

Crucially, the EFPs form a linear basis of all IRC-safe observables, making them suitable for

a wide variety of jet substructure contexts where linear methods are applicable.

There is a one-to-one correspondence between EFPs and loopless multigraphs, which

helps to visualize and calculate the EFPs. A multigraph is a graph where any two vertices

can be connected by multiple edges; in this context, a loop is an edge from a vertex to itself,

while a closed chain of edges is instead referred to as a cycle. For a multigraph G with N

vertices and edges (k, `) 2 G, the corresponding EFP takes the form:

EFPG =
MX

i1=1

· · ·

MX

iN=1

zi1 · · · ziN
Y

(k,`)2G

✓iki` , (1.1)

where the jet consists of M particles, zi ⌘ Ei/
PM

j=1 Ej is the energy fraction carried by

particle i, and ✓ij is the angular distance between particles i and j. The precise definitions of
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Degree Connected Multigraphs
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Table 3: All non-isomorphic, loopless, connected multigraphs organized by the total number

of edges d, up to d = 5, sorted by their number of vertices N . Note that for a fixed number of

edges d, the total number of multigraphs (connected or not) is finite. These graphs correspond

to the d  5 prime EFPs counted in Table 2a. Image files for all of the prime EFP multigraphs

up to d = 7 are available here.
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2.  Grooming and N-prong taggers
Trimming 
(standard in ATLAS)

also studied:
Filtering, Pruning,  
soft drop…

[ATLAS, JHEP 09, 076 (2013)]Jet mass [GeV]
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[F.  A. Dreyer, R. Grabarczyk, P. F. Monni,  
EPJC 892, 564 (2022)]

The Lund plane(s) in practice: cluster with Cambridge/Aachen

larger angles smaller angles

closely follows our beloved
angular ordering

i.e. mimics partonic cascade

can be organised in Lund planes
primary
secondary
...

ln kt ⇡ z✓

⌘ ⇡ ln 1/✓

watch out:
at commensurate angles
details of C/A matter

Gregory Soyez Quarks, gluons and Lund plane(s) CERN, June 3 2022 5 / 22

[G. Soyez, 2022]

‣ Decluster a jet to access shower history

‣ Separate emissions in angular scale and hardness

[F.  A. Dreyer, G. P. Salam, G. Soyez, JHEP 12, 064 (2018)]
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BW→had = 67.5%
BZ→had  = 69.2%

12 2 Phenomenology of Jet Substructure

!W→ f f̄ ′ = C
GFM3

W

6
√
2π

, (2.2)

where GF is the Fermi constant and MW is the mass of the W boson. The colour
factor C is 1 for decays into leptons and 3 for decays into quarks, thus one obtains
at tree level

!W→hadrons

!W→leptons
= BW→had

BW→lep
= 6

3
. (2.3)

The W boson decays twice as often to hadrons as to leptons. Higher order correc-
tions and fermion masses can affect the numerator and denominator in (2.3) differ-
ently, leading to small deviations from this result. Known corrections include one-
loop quantum electrodynamic (QED) and EW corrections for massless and massive
fermions [81–88], one-loop QCD corrections for massive quarks [89, 90], QCD cor-
rections up to four loops for massless [91–93] quarks, where the two- and three-loop
corrections include quadratic quark mass effects [94], and mixed EW/QCD correc-
tions [95].Numerical results for the calculated partialwidths including all known cor-
rections are!W→leptons = 680.34± 0.05MeVand!W→hadrons = 1409.4± 0.8MeV,
resulting in a total width of !W = 2089.7± 0.8MeV [78]. The predicted branching
fraction of BW→had = 67.45± 0.04% is about one percent larger than the LO result.
These predictions agree very well with the combination of the LEP and the Tevatron
measurements, !W = 2085± 42MeV and BW→had = 67.60± 0.27% [78–80]. It is
noteworthy that the decay W+ → cb is Cabibbo-suppressed with a factor of |Vcb|2,
which is about 1.7 · 10−3 [78]. This results in BW→cb ≈ 5 · 10−4, and thus the con-
tribution from b quarks to the decay of the W boson is small enough to be neglected
in all practical uses of jet substructure.

The angular distribution of the fermions from the W boson decay depends on the
W boson polarisation. For W+ decays, the angular distribution is at Born level [96]

1
σ

dσ
d cos θ∗ = f+

3
8

(
1+ cos θ∗)2 + f−

3
8

(
1 − cos θ∗)2 + f0

3
4
sin2 θ∗ . (2.4)

The decay angle θ∗ is defined in the W rest frame and is the angle between the
charged lepton (or the quark) and the W flight direction in the laboratory rest frame.
The fractions f+ and f− refer to transversely polarisedW+ bosons with helicities+1
and −1, respectively. The fraction of longitudinally polarised W+ bosons is given
by f0. For W− bosons the fractions f− and f+ are interchanged in (2.4). Since the
quark charge is impossible to reconstruct experimentally, only the absolute values are
accessible for hadronic decays. The angular distribution can then be written as [97]

1
σ

dσ
d|cos θ∗| = f±

3
4

(
1+ | cos θ∗|2

)
+ f0

3
2
| sin θ∗|2 , (2.5)

where f± = f− + f+ has been used. The helicity composition ofW bosons depends
strongly on their productionmechanism. For example, in certain BSM scenarios only
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Fig. 2.5 Polarisation fractions for W+ bosons from top quark decays, in the top quark rest frame
(solid) and laboratory rest frame (dashed), as a function of W+ boson pT in the laboratory rest
frame. The fractions fL and fR correspond to f− and f+ as used in the main text, respectively.
Taken from [96]

Fig. 2.6 Kinematics of a
two-body decay in the CM
frame (left) and in the
laboratory rest frame (right)

θ∗

M

p∗

−p∗

CM Lab

P

pa

pb

θa

The decay angle θ∗
a in the CM frame denotes the angle of particle a with respect

to the parent particle’s direction of flight, as shown in Fig. 2.6. Relating this to the
corresponding decay angle in the laboratory rest frame, one obtains

tan θa =
sin θ∗

a

γ
(
β/β∗

a + cos θ∗
a

) (2.11)

where γ = E/M , β = P/E and β∗ = p∗/E∗, and P = |P| denotes the magnitude
of the parent particle’s momentum. The minimum of θa is obtained when θ∗ = π/2,
and hence tan θa = β∗

a/(γβ). This expression can be simplified if the masses of the
daughter particles are negligible compared to M , which results in p∗ = E∗ = M/2
and β∗ = 1. Consequently, one obtains
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Fig. 2.3 Distribution of the
opening angle α between the
two quarks from W decays,
calculated in the laboratory
rest frame. Distributions are
shown for longitudinal (solid
lines) and transversal
(dashed lines) W boson
polarisations, for different
momenta pW
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longitudinally polarisedW bosons are produced via the decay of a heavy resonance.
The helicity fractions forW bosons produced via SM processes at the LHC depends
on the transverse momentum of the W boson and receives non-negligible QCD
corrections [98–101].At high transversemomenta, theW− bosons are predominantly
left-handed and W+ bosons are mostly right-handed [102–104].

The opening angle α between two quarks from the W boson decay obtained in
the laboratory rest frame is the figure of merit for jet substructure applications, as
it controls the degree of collimation. The distribution of α is shown in Fig. 2.3 for
longitudinally and transversely polarised W bosons with three different simulated
values of the momentum. For transverse polarisations, the distributions have more
pronounced tails due to decays collinear to the W boson flight direction. This can
lead to differences in identification efficiencies in jet substructure analyses, due to
lost decay products. Additionally, the shapes of jet substructure observables which
take angular correlations into account can be different for different polarisation states.

2.2.3 Z Boson Decay

The Z boson was discovered in 1983 by the UA1 and UA2 collaborations [105, 106].
With a mass of mZ = 91.1875± 0.0021GeV [107], it is about 10GeV heavier than
theW boson. At LO in EW perturbation theory, the decay width of the Z boson into
a fermion-antifermion pair is

"Z→ f f̄ = C
GFM3

Z

6
√
2π

(|gV, f |2 + |gA, f |2) , (2.6)

where fermion masses have been neglected. The mass of the Z boson is given by
MZ , and gV, f and gA, f are the vector and axial-vector couplings of the Z boson
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tan θa,min =
1

γβ
= M

P
→ θa,min ≈ M

P
, (2.12)

where the last relation is obtained by taking only the first term of the Taylor expansion
of tan θa,min. Since θ∗ = π/2 it follows that θa = −θb, and thus the minimum value
of the opening angle α = |θa − θb| can be approximated by

αmin ≈ 2M
P

. (2.13)

The minimum opening angle between the particles a and b observed in the labora-
tory rest frame decreases as 1/P . Equation (2.13) holds irrespective of the chosen
coordinate system, as no specific direction is needed for the derivation of αmin.

In a realistic experimental environment the relationship in (2.13) needs to be
modified to preserve its usefulness. The reason is the coordinate system implied by
the beam axis and the detector geometry. Typically, at the LHC one chooses a right-
handed coordinate system, where the x-axis points to the centre of the LHC ring,
the y axis points upwards, perpendicular to the LHC plane, and the z-axis points
along the anti-clockwise beam direction. Angular distances are measured using the
azimuthal angle φ, measured from the positive x-axis in the x-y plane, and the
pseudorapidity defined as η = − ln[tan(θ/2)], where θ is the polar angle measured
from the positive z axis in the y-z plane. The advantage of using η instead of θ is that
differences in η are invariant under longitudinal Lorentz-boosts. Hence, the opening
angle α is replaced by the angular distance (R =

√
(φ2 + (η2 in the azimuth-

pseudorapidity plane, where (φ = φa − φb is the distance in azimuthal angles and
(η = ηa − ηb is the distance in pseudorapidity between particles a and b. This
results in an angular distance measure invariant under boosts in the beam direction,
which is also the reason why (R is used in jet finding algorithms (see Sect. 2.3).
For centrally produced particles X (η ≈ 0), with P > 2M and M % ma,mb, the
difference between α and (R is small. For increasing |η|, the value of (R becomes
increasingly larger than α at fixed values of P . In the limiting case of P = Pz , it
follows that(φ = π and therefore(R > π . The reason for this behaviour is that(η

is not affected by longitudinal boosts, so only the size of the transverse component
PT is responsible for decreasing values of (R in the laboratory rest frame with
respect to the CM frame. Hence, replacing P with PT in equation (2.13) results in
(R being invariant under variations of η for fixed values of PT. This results in

(R ≈ 2M
PT

, (2.14)

which can be found extensively in the literature to approximate the angular distance
between the decayproducts of a twoparticle decay.One should note that this is only an
approximate relation, which in fact gives a lower bound on(R. The 1/PT behaviour
can also be altered by additional kinematic requirements on the decay particles. The
relation (2.14) is only valid for small values of (R since the expansion in (2.12) has

and consequently
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tan θa,min =
1

γβ
= M

P
→ θa,min ≈ M

P
, (2.12)

where the last relation is obtained by taking only the first term of the Taylor expansion
of tan θa,min. Since θ∗ = π/2 it follows that θa = −θb, and thus the minimum value
of the opening angle α = |θa − θb| can be approximated by

αmin ≈ 2M
P

. (2.13)

The minimum opening angle between the particles a and b observed in the labora-
tory rest frame decreases as 1/P . Equation (2.13) holds irrespective of the chosen
coordinate system, as no specific direction is needed for the derivation of αmin.

In a realistic experimental environment the relationship in (2.13) needs to be
modified to preserve its usefulness. The reason is the coordinate system implied by
the beam axis and the detector geometry. Typically, at the LHC one chooses a right-
handed coordinate system, where the x-axis points to the centre of the LHC ring,
the y axis points upwards, perpendicular to the LHC plane, and the z-axis points
along the anti-clockwise beam direction. Angular distances are measured using the
azimuthal angle φ, measured from the positive x-axis in the x-y plane, and the
pseudorapidity defined as η = − ln[tan(θ/2)], where θ is the polar angle measured
from the positive z axis in the y-z plane. The advantage of using η instead of θ is that
differences in η are invariant under longitudinal Lorentz-boosts. Hence, the opening
angle α is replaced by the angular distance (R =

√
(φ2 + (η2 in the azimuth-

pseudorapidity plane, where (φ = φa − φb is the distance in azimuthal angles and
(η = ηa − ηb is the distance in pseudorapidity between particles a and b. This
results in an angular distance measure invariant under boosts in the beam direction,
which is also the reason why (R is used in jet finding algorithms (see Sect. 2.3).
For centrally produced particles X (η ≈ 0), with P > 2M and M % ma,mb, the
difference between α and (R is small. For increasing |η|, the value of (R becomes
increasingly larger than α at fixed values of P . In the limiting case of P = Pz , it
follows that(φ = π and therefore(R > π . The reason for this behaviour is that(η

is not affected by longitudinal boosts, so only the size of the transverse component
PT is responsible for decreasing values of (R in the laboratory rest frame with
respect to the CM frame. Hence, replacing P with PT in equation (2.13) results in
(R being invariant under variations of η for fixed values of PT. This results in

(R ≈ 2M
PT

, (2.14)

which can be found extensively in the literature to approximate the angular distance
between the decayproducts of a twoparticle decay.One should note that this is only an
approximate relation, which in fact gives a lower bound on(R. The 1/PT behaviour
can also be altered by additional kinematic requirements on the decay particles. The
relation (2.14) is only valid for small values of (R since the expansion in (2.12) has

(holds for PT ≫ M)

[RK, STMP 284, 2021]
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to hold. Consequently, PT ! M needs to be fulfilled to ensure its validity. Practically,
PT > 2M is sufficient to ensure that (2.14) gives a reliable lower bound on !R.

2.2.7 Kinematics of Vector and Higgs Boson Decays

The hadronic two-body decaysW/Z/H → qq (′) are themost important applications
of the above considerations in jet substructure analyses. In the following, results
are presented from numerical calculations using realistic decay angle distributions.
Quark mass effects are included, albeit small. The considerations are based on the
kinematics of the plain 1 → 2 process with coloured quarks in the final state, not
including radiation or hadronisation effects.

In realistic applications there exist a minimum detection threshold for the quarks
from the boson decay. This threshold is introduced due to the inability to distin-
guish soft and wide-angle radiation from uncorrelated radiation in hadron-hadron
collisions, such as contributions from the underlying event or pileup. Typically, pT
thresholds on the reconstructed quarks are applied, either directly or indirectly, when
using jet substructure observables. The effect such a pT threshold has on the detec-
tion efficiency depends on the decay angle distribution, and thus on the nature and
polarisation state of the heavy particle. In Fig. 2.7 (left) the detection efficiency is
shown for different quark pT thresholds for longitudinal (WL) and transverse (WT)
polarisations of the W boson, as a function of pT of the W boson. For WL bosons,
the efficiency is larger than 90% for pT > 200GeV, even for quark pT thresholds
as large as 30GeV, and quickly reaching the plateau at almost 100%. In contrast to
this, the efficiency is much smaller for WT, where it is 70–80% at low values of pT,
with only a moderate rise as a function of pT. The efficiency never reaches 100%,
even at very high values of pT. The reason for this are decays collinear to the boson
flight direction, i.e. θ∗ ≈ 0 and θ∗ ≈ π , which only occur for WT states (see (2.5)).
In this case the flight direction of one of the quarks will be anti-parallel to that of
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Fig. 2.7 Relative occurrence (efficiency) of both quarks from a W (left) and H (right) boson
decay having a pT larger than indicated, as a function of the boson pT. For W bosons, results for
longitudinal (WL) and transverse (WT) polarisations are shown
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Table 2.2 Numerical values of ρ90 and α for the calculation of the 90th percentile #R90, as given
in (2.16). The top part is obtained without a kinematic requirement on the decay quarks, the bottom
part is obtained for pT,q > 20GeV
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Fig. 2.8 Angular distance #R between the two quarks from the decay of transversely polarised
W (left) and a H bosons (right), as a function of the boson pT. The transverse momenta of the two
quarks from the decay are required to be pT,q > 20GeV. The fraction of events contained within a
given interval in #R are shown by shaded areas, the most probable value (MPV) is depicted by a
dashed line. For comparison, also shown are the naive expectations 2MW /pT and 2MH /pT (solid
lines), and the functions (370GeV)/pT and (500GeV)/pT (dotted lines)

see (2.16), parametrisations can be found that describe the shapes of the percentiles
well. An example is given in the bottom part of Table2.2, where the parameters for
the #R90 percentiles are given for the requirement pT,q > 20GeV. Another obser-
vation from Fig. 2.8 is that the minimum value of #R can be accurately predicted by
(2.14), which also coincides with the MPV. Only for H decays with pT < 300GeV
the approximation (2.14) starts to deviate from the realistic shape, since for small
values of pT the approximation of small angles in (2.12) is not valid any more.

2.2.8 Kinematics of Top Quark Decays

In the SM, the top quark decays to bW with a branching fraction larger than 99.9%.
The subsequent hadronic decay of theW boson leads to the decay chain t → bW →
bqq ′, with three quarks in the final state. The narrow width approximation, where
the top quark and the W boson are on-shell, is sufficiently accurate to study the
kinematics of this decay for substructure related applications. Thus, the decay can

‣ Similar picture for top quarks
[RK, STMP 284, 2021]
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One-pass clustering with  
integrated subjet finding
‣ jet distance measures (with variable R)

‣ clustering veto at each step

‣ store objects i and j as subjets if
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efficiency (depending on the needs of the analysis). In order to achieve a flat signal
efficiency, ATLAS developed a pT-dependent selection on the value of D(β=1)

2 , as
this distribution shows a strong dependence on pT [484]. No pT-dependent selection
is made on the trimmed jet mass, as the calibrated jet mass is used to define the V
tagging working point. While the jet mass resolution increases with pT, a constant
window of ±15GeV around the mean reconstructed W or Z boson mass is used.
This results in a pT-dependent signal and background efficiency, which can also
be countered with the pT-dependent cut on D(β=1)

2 . This leads to a constant signal
efficiency, while the background efficiency shows a residual pT dependence [484].

Another possibility has been explored by CMS. Instead of introducing pT-
dependent selection criteria, a linear transformation of the ratio τ21 has been stud-
ied [436], given by τDDT

21 = τ21 − M · log(m2/pT/1GeV) [251], where M is a con-
stant determined from simulation. The replacement of τ21 with DDT version τDDT

21
does not affect the overall performance of the tagger, but results in an approximately
flat misidentification rate as a function of pT, as shown in Fig. 3.8 (left). The effect
of the DDT method on the V tagging efficiency is shown in Fig. 3.8 (right). The effi-
ciency increases as a function of pT with a slope somewhat smaller than the slope for
the decreasing efficiency obtained with plain τ21. The development of decorrelated
jet substructure taggers is an active field with new techniques e.g. described in [252,
496, 497].

A less-studied possibility to lift the pT-dependence of substructure observables
is the application of variable-R jets [187]. By shifting the pT-dependence to the
jet-clustering level with a distance parameter proportional to p−1

T , a stable position
of the jet mass and jet substructure variables with respect to changes in pT can be
achieved [498]. This can lead to a stable tagging performance without the necessity
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‣ Local calorimeter calibration based on test beam data and simulation

‣ Pileup corrections based on jet area and average energy density

4 

Jet Energy Correction data/MC SF 
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This symmetric pT binning also cancels out to first order the relative biases from ISR+FSR.

In general, hy/xi , hyi/hxi, unless x is constant, which is generally the case only for a su�ciently
narrow bin in x. To avoid biases in the ratio variables, the denominator must therefore also use
pT,ave. This leads to the following definitions for pT balance and MPF in dijet events:

RpT
rel =

1 + hAi
1 � hAi

, where (6.3)

A =
pT, probe � pT, tag

2pT, ave
, and (6.4)

RMPF
rel =

1 + hBi
1 � hBi

, where (6.5)

B =
~pmiss

T · (~pT, tag/pT, tag)
2pT, ave

. (6.6)

With su�ciently fine binning in pT, ave, and by extrapolating the additional jet activity, not
coming from the leading jet, to zero with ↵ = pT, 3rd jet/pT, ave, both variables RpT

rel and RMPF
rel reduce

to Rrel = hpT, probei/hpT, tagi. Under the assumption that hpT, probe, ptcli = hpT, tag, ptcli, which is true
after correcting for the various small second-order biases from JER and ISR+FSR, this is equivalent
to the ratio of the jet responses for the tag and probe jets such that Rrel = Rjet, probe/Rjet, tag. The
residual ⌘-dependent corrections are based on results obtained with the MPF method, the pT balance
results are used as a crosscheck.

As shown in figure 15, the relative ⌘- and pT-dependent correction Rrel,MC/Rrel,data varies
between 0.99 and 1.01 in the barrel at |⌘ | < 1.3, between 0.99 and 1.06 at 1.3 < |⌘ | < 2.9, and
increases to 1.15 in HF. Some pT dependence is observed in the endcaps relative to the barrel,
with the residual corrections approaching unity at high pT, where nonlinearities in calorimeter
response are reduced. In the following we will review the corrections for ISR+FSR, JER, and jet
pT dependence, as well as the associated uncertainties for the ⌘-dependent corrections.

Initial- and final-state radiation correction. For central-forward jet pairs there is a higher
probability for the ISR to be radiated opposite to the central jet, and the FSR activity may di�er
slightly for the jets at di�erent ⌘, which leads to some residual dependence of the measured value of
the pT-balance or MPF response, Rrel, on additional jet activity ↵. We evaluate this dependence in
bins of ⌘, for the linearly extrapolated ↵ ! 0 and ↵ < 0.2 respectively, and compute the following
data/simulation double ratio:

kFSR(↵ = 0.2) = *
,

Rdata
rel (↵ ! 0)

RMC
rel (↵ ! 0)

+
-
,*
,

Rdata
rel (↵ < 0.2)

RMC
rel (↵ < 0.2)

+
-. (6.7)

The correction factor kFSR (we use the subscript FSR instead of ISR+FSR for brevity) is
determined separately for the MPF and pT-balance methods and for ������ 6.4 and ������++ 2.3,
as shown in figure 16, and is then parameterized versus |⌘ | with the same functional form as in
ref. [13]. The di�erences between ������ 6.4 and ������++ 2.3 for the pT-balance method are
up to 6% at |⌘ | < 5.2 prior to the application of ISR+FSR corrections, as seen in figure 16 (left).
Both agree well after the ISR+FSR correction, as shown in figure 16 (right), but the MPF method is
much less sensitive to ISR and FSR biases than the pT-balance method, because the entire hadronic
recoil is used for the MPF balance.
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Figure 14. Response correction factors with their systematic uncertainty band from simulation for the 2012
data collected at 8 TeV for PF jets with CHS and R = 0.5, compared to corrections at 7 TeV corresponding to
36 pb�1 of data taken in 2010 [13] and 5 fb�1 taken in 2011 [46]. The comparison is shown at |⌘ | = 0 versus
pT,corr (top left), and as a function of |⌘ | at pT,corr = 30 GeV (top right), pT,corr = 100 GeV (bottom left) and
pT,corr = 1000 GeV (bottom right). The plots are limited to a jet energy E = pT cosh ⌘ = 3500 GeV so as to
show only the correction factors for reasonable pT in the considered data-taking periods.

6.1 Relative ⌘-dependent corrections

Residual ⌘-dependent corrections to the jet response are obtained using dijet events, where the “tag"
jet has |⌘ | < 1.3, and the “probe" jet pseudorapidity is unconstrained. In this way, the response for
all jets is corrected relative to the response for central jets (|⌘ | < 1.3). These residual corrections
are derived from jets already corrected with the simulation-based corrections and account for any
residual di�erence between data and simulation, as a function of both ⌘ and pT.

For dijet events, where the reference object (barrel jet) has poor resolution, the biases from
JER are minimized by binning in average jet pT instead of pT,tag: pT,ave = 0.5(pT,tag + pT,probe).
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Figure 1. An example event which has been clustered using the anti-kt R = 1.0 (left) and with
anti-kt R = 1.0 re-clustered r = 0.3 anti-kt jets (right). The shaded regions show the jet area
determined by clustering ghost particles. Only large radius jets with pT > 50 GeV are shown and
small radius jets are required to have pT > 15 GeV.

Due to the increased catchment area of large radius jets over small radius jets, they are
more susceptible to contributions from pileup. Just as there are pileup correction techniques
for large radius jets and their subjets, one can benefit from pileup corrections to the small
radius jet inputs that propagate to re-clustered jets. In particular, one can remove jets
from pileup interactions with techniques like JVT [19] or pileup jet identification [20] and
can correct the remaining jets with methods like the four-vector jet areas subtraction.

In the growing field of jet substructure, there are many jet observables which depend
explicitly on the jet constituents, not just the jet four-vector. These techniques are still
applicable for re-clustered jets. Section 5 discusses two approaches to jet substructure in
the re-clustering paradigm. In a top-down approach, large radius re-clustered jets inherit
the constituents of the small radius jets clustered within. Clearly, any constituents that
might be part of large radius jets that are not clustered within a small radius jets are not
considered under this scheme. However, this removal of radiation also impacts trimmed
large radius jets. More details on substructure for trimmed and re-clustered trimmed jets
is presented in Section 5.1. An alternative bottom-up approach to jet substructure is to use
the radius r jets directly as the inputs to jet substructure. The advantages and limitations
of bottom-up substructure are described in Section 5.2.
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considered under this scheme. However, this removal of radiation also impacts trimmed
large radius jets. More details on substructure for trimmed and re-clustered trimmed jets
is presented in Section 5.1. An alternative bottom-up approach to jet substructure is to use
the radius r jets directly as the inputs to jet substructure. The advantages and limitations
of bottom-up substructure are described in Section 5.2.

– 3 –

[B. Nachmann, JHEP 02, 075 (2015)]

re-cluster

Pileup-per-particle identification (PUPPI)

0 10 20 30 40 50
Number of vertices

76

77

78

79

80

81

82

M
ed

ia
n 

je
t m

as
s 

[G
eV

]

CHS W boson jets

PUPPI W boson jets

 < 600 GeV
T

400 < p
, R = 0.8TAnti-k

Bulk graviton

(13 TeV)

CMS
Simulation

[CMS, JINST 15, P09018 (2020)]



Roman Kogler

Jet mass calibration

37 The Coming of Age of Jet Substructure at the LHC

[ATLAS-CONF-2020-022]

‣ ATLAS: Forward-folding approach for absolute scale and resolution

‣ CMS: Template fit to W peak in tt and W+jets
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‣ Uncertainties of 1-2% (scale) and 10-20% (resolution) achieved
CMS Collaboration

Jet mass scale correction factor measured with Substructure tagger

14

Figure 8: Jet mass scale correction factor as function of )A
measured in 2017 data using substructure variables for jet
tagging. The plot shows scenario 3 where one mass scale for
0 and top jets is assumed.
The purple triangles corresponds to the purple triangles on the
last slide. The purple band has the results of fits, where the pre-
fit templates have been derived with up and down variation of
the jet energy correction uncertainty propagated to the jet soft
drop mass *BC, added in quadrature to the total purple error
bar. The green circles show the results with an additional
nuisance parameter to account for the uncertainty of jet energy
corrections propagated to the jet mass.
The blue squares show the fit result, where the jet energy
correction has been applied to the jet )A, but not on the jet soft
drop mass *BC.

The measurements with and without jet energy correction applied to ($% (blue squares and purple triangles respectively) show, that the jet energy 
corrections bring the jet mass scale close to unity, but not completely. The small difference of the jet mass scale correction factor from unity (<1σ) hints 
that the jet mass scale and jet energy scale are not fully correlated, and thus the jet energy corrections may not fully apply to the jet mass scale. The 
purple band shows the systematic uncertainty coming from the jet energy correction uncertainty propagated to the soft drop mass (i.e. assuming they are 
100% correlated). This shows that this deviation from unity can be covered by the jet energy correction uncertainties. The green circles yield a value close 
to unity and demonstrate that jet mass scale differences between data and simulation can be covered by the jet energy uncertainties under the 
assumption of 100% correlation between jet mass scale and jet energy scale. Overall the jet mass scale correction factor is below 1% from unity. 

[CMS, DP-2023/044]
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Tag-and-probe measurements

‣ tt production for W and t tagging

‣ Extrapolations to Z and H from simulation
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Fig. 3.12 Softdrop mass distributions for anti-kT jets with PUPPI and pT > 300GeV in CMS data
recorded in 2018. Shown are the top tagging fail (left) and pass (right) regions, where pass is defined
by τ32 < 0.46. The simulation is shown after the template fit to data of themerged, semi-merged and
un-merged contributions. In the ratio at the bottom, the inner area displays the statistical uncertainty
of the simulation and the outer area shows the total uncertainty. Taken from [531]

events start from pT > 400GeV or higher, whereas it is possible to probe pT >

200GeV in γ+jets samples thanks to lower thresholds in photon triggers [525, 526].
Another approach is to use a non-isolated electron trigger, where the electron fails
offline identification criteria. This yields events mainly from light-flavour multijet
production, where a jet is misidentified as an electron at the trigger level. While the
top-tag misidentification rate can be measured starting from smaller values of pT
with this strategy, a non-negligible amount of t t contamination has to be subtracted
after requiring a top-tagged jet [520].

3.5.5 Machine Learning Taggers

Soon after the first studies were conducted on jet substructure at the LHC, it was
realised thatmultivariate analyses can help to identify variables of importance for tag-
ging. Due to the wealth of substructure observables based on different approaches, it
is far from obvious which ones carry additional information relative to other observ-
ables. In addition, the information carried by an observable changes when calculated
on groomed jets, and usually gets reduced by detector effects. Studies by ATLAS
and CMS have used boosted decision trees (BDTs) [532, 533] and multilayer per-
ceptron (MLP) neural networks [534, 535] to gain information on the importance of
variables for substructure taggers [411, 435, 459, 535]. Typically, these BDTs and
MLPs take jet substructure variables as input and perform a classification into signal
and background, where the output distribution is obtained through an optimisation of
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Fig. 3.12 Softdrop mass distributions for anti-kT jets with PUPPI and pT > 300GeV in CMS data
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events start from pT > 400GeV or higher, whereas it is possible to probe pT >

200GeV in γ+jets samples thanks to lower thresholds in photon triggers [525, 526].
Another approach is to use a non-isolated electron trigger, where the electron fails
offline identification criteria. This yields events mainly from light-flavour multijet
production, where a jet is misidentified as an electron at the trigger level. While the
top-tag misidentification rate can be measured starting from smaller values of pT
with this strategy, a non-negligible amount of t t contamination has to be subtracted
after requiring a top-tagged jet [520].

3.5.5 Machine Learning Taggers

Soon after the first studies were conducted on jet substructure at the LHC, it was
realised thatmultivariate analyses can help to identify variables of importance for tag-
ging. Due to the wealth of substructure observables based on different approaches, it
is far from obvious which ones carry additional information relative to other observ-
ables. In addition, the information carried by an observable changes when calculated
on groomed jets, and usually gets reduced by detector effects. Studies by ATLAS
and CMS have used boosted decision trees (BDTs) [532, 533] and multilayer per-
ceptron (MLP) neural networks [534, 535] to gain information on the importance of
variables for substructure taggers [411, 435, 459, 535]. Typically, these BDTs and
MLPs take jet substructure variables as input and perform a classification into signal
and background, where the output distribution is obtained through an optimisation of

[CMS, DP-2020/025]
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The Standard Model
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⎫
｜
⎬
｜
⎭

c (SLAC, Brookhaven ’74) 
τ (SLAC ’75)
b (Fermilab ’77)
g (DESY, ’78-79)
W/Z (CERN ’83)
t (Fermilab ’95)

H (CERN ’12) 
and its gauge interactions

Yukawa interactions  
(CERN ’16-18)

… did not mention the ν sector

⎫
⎬
⎭⎫
⎬
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Jet mass of q/g jets

‣ Sudakov peak shifts to smaller values for soft drop grooming

‣ Soft drop grooming reduces modelling uncertainties
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Jet mass of top quark jets

‣ XCone clustering improves mass resolution by a factor of two

‣ Measurement of top quark mass: mt = 172.6 ± 2.5 GeV

• Equal size of stat, modelling and JES uncertainties
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Constraining the Parton Shower 
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[CMS, EPJC 83, 560 (2023)]
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‣ Reconstruct mW using the two light-flavoured subjets 

‣ Measure mW in four regions 

‣ Measure jet mass scale (JMS) by adjusting XCone and JES corrections
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After many improvements…
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[CMS, EPJC 83, 560 (2023)]
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Dedicated Measurements

‣ Unfolded measurement of Lund jet plane

‣ Can be used to test new PS / hadronization models and tunes
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Ad-hoc Corrections with LJP
‣ Derive corrections ‘per prong’ to calibrate N > 3 prong jets

‣ Use merged W two-prongs to derive corrections, test on top quarks

47Roman Kogler Searches for New Physics at 13 TeV

20

Derivation of Correction
● Recluster AK8 jets from W-

region into 2 subjets

● Construct LJP’s of data and 
sim. → take ratio

– Done in 6 bins of subjet pT

● Use this ratio to correct 
simulated jets

● For each prong, reweight 
based on the multiplication 
of the LJP ratio of prong’s 
splittings

18

Semi-lep. tt 
● Extract & test data-

driven subjet correction 
using semi-leptonic tt 
events

● Derive data/sim. ratio 
of Lund Jet Plane from 
boosted W’s

● Test calibration on W’s 
and top’s

W-region

top-region

[CMS, DP-2023/046]



Ad-hoc Corrections with LJP

‣ Correction works perfectly for boosted Ws

‣ Improvement for boosted top quarks, but uncertainties of 15-20%

‣ Best way to calibrate high-prong decays (H→4q, BSM)

48Roman Kogler Searches for New Physics at 13 TeV

[CMS, DP-2023/046]

21

Application to W Jets

Application of correction 

to W jets signi"cantly 

improves data/sim. 

agreement!

NB: Non-perfect closure b/c bkg 
processes are not corrected

24

Application to Top Jets
● Recluster top jets into 3 subjets

● Apply data/sim LJP correction derived from W’s

NB: Non-perfect 
closure b/c bkg 
processes are not 
corrected

Correction significantly improves agreement!
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Higgs production in VH(bb)
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Fig. 4.9 Signal and background distributions in the jet mass for a SM H boson with a mass of
115GeV, as obtained in a phenomenological study in 2008; taken from Ref. [40] (left). The same
distributions as obtained by an ATLAS measurement in 2020, taken from Ref. [610] (right)

sculpting of the jet mass, which is difficult to model. To overcome this challenge, the
DDTmethod [251] is used, where the N (1)

2 ratio of generalised ECFs is transformed,
such that the selection on N (1),DDT

2 yields a constant QCD background efficiency
across the entire ρ and pT range considered. A simultaneous fit to the distributions in
m jet for events passing and failing the double-b tagger requirement is then possible,
allowing the extraction of the H → bb and Z → bb production cross sections and
the determination of the normalisation and shape of the QCD multijet background.
A complication arising in this method is that the distributions inm jet are not exactly
identical in the regions failing and passing the substructure selections. To take the
residual differences into account, the pass-fail ratio is parametrised with a polynomial
in ρ and pT. Its free parameters are determined in the fit to the m jet distributions.
Besides the mentioned sensitivity to H+jet production in ggF,4 Z+jets production
has been observed with a significance of 5.1 standard deviations (5.8 expected). This
is the first time the Z+jets process has been observed in a single-jet topology.

An update of this result using 137 fb−1 of 13 TeV data has been published recently
by CMS [613]. Besides the larger dataset, the most important improvement with
respect to the above analysis is the use of the deep double-b tagger. The algorithm
is an improved version of the double-b tagger, based on a deep neural network. It
improves the H → bb tagging efficiency by a factor of about 1.5 for the same QCD
misidentification probability [614]. This improvement comes at the cost of an anti-
correlation at high tagger discriminator values and low m jet, meaning that the jet
mass distributions are different in the passing and failing regions. This difference
needs to be accounted for, which in this case is done by deriving it in simulation
and parametrizing residual differences between data and simulation using Bernstein

4Also other Higgs boson production mechanisms contribute to this analysis, but to a lesser degree
of about 12% for weak vector boson fusion, 8% for VH and 5% for t t H .

2008

[J. M. Butterworth et al, PRL 100, 242001 (2008)]
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Fig. 4.9 Signal and background distributions in the jet mass for a SM H boson with a mass of
115GeV, as obtained in a phenomenological study in 2008; taken from Ref. [40] (left). The same
distributions as obtained by an ATLAS measurement in 2020, taken from Ref. [610] (right)

sculpting of the jet mass, which is difficult to model. To overcome this challenge, the
DDTmethod [251] is used, where the N (1)

2 ratio of generalised ECFs is transformed,
such that the selection on N (1),DDT

2 yields a constant QCD background efficiency
across the entire ρ and pT range considered. A simultaneous fit to the distributions in
m jet for events passing and failing the double-b tagger requirement is then possible,
allowing the extraction of the H → bb and Z → bb production cross sections and
the determination of the normalisation and shape of the QCD multijet background.
A complication arising in this method is that the distributions inm jet are not exactly
identical in the regions failing and passing the substructure selections. To take the
residual differences into account, the pass-fail ratio is parametrised with a polynomial
in ρ and pT. Its free parameters are determined in the fit to the m jet distributions.
Besides the mentioned sensitivity to H+jet production in ggF,4 Z+jets production
has been observed with a significance of 5.1 standard deviations (5.8 expected). This
is the first time the Z+jets process has been observed in a single-jet topology.

An update of this result using 137 fb−1 of 13 TeV data has been published recently
by CMS [613]. Besides the larger dataset, the most important improvement with
respect to the above analysis is the use of the deep double-b tagger. The algorithm
is an improved version of the double-b tagger, based on a deep neural network. It
improves the H → bb tagging efficiency by a factor of about 1.5 for the same QCD
misidentification probability [614]. This improvement comes at the cost of an anti-
correlation at high tagger discriminator values and low m jet, meaning that the jet
mass distributions are different in the passing and failing regions. This difference
needs to be accounted for, which in this case is done by deriving it in simulation
and parametrizing residual differences between data and simulation using Bernstein

4Also other Higgs boson production mechanisms contribute to this analysis, but to a lesser degree
of about 12% for weak vector boson fusion, 8% for VH and 5% for t t H .
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sculpting of the jet mass, which is difficult to model. To overcome this challenge, the
DDTmethod [251] is used, where the N (1)

2 ratio of generalised ECFs is transformed,
such that the selection on N (1),DDT

2 yields a constant QCD background efficiency
across the entire ρ and pT range considered. A simultaneous fit to the distributions in
m jet for events passing and failing the double-b tagger requirement is then possible,
allowing the extraction of the H → bb and Z → bb production cross sections and
the determination of the normalisation and shape of the QCD multijet background.
A complication arising in this method is that the distributions inm jet are not exactly
identical in the regions failing and passing the substructure selections. To take the
residual differences into account, the pass-fail ratio is parametrised with a polynomial
in ρ and pT. Its free parameters are determined in the fit to the m jet distributions.
Besides the mentioned sensitivity to H+jet production in ggF,4 Z+jets production
has been observed with a significance of 5.1 standard deviations (5.8 expected). This
is the first time the Z+jets process has been observed in a single-jet topology.

An update of this result using 137 fb−1 of 13 TeV data has been published recently
by CMS [613]. Besides the larger dataset, the most important improvement with
respect to the above analysis is the use of the deep double-b tagger. The algorithm
is an improved version of the double-b tagger, based on a deep neural network. It
improves the H → bb tagging efficiency by a factor of about 1.5 for the same QCD
misidentification probability [614]. This improvement comes at the cost of an anti-
correlation at high tagger discriminator values and low m jet, meaning that the jet
mass distributions are different in the passing and failing regions. This difference
needs to be accounted for, which in this case is done by deriving it in simulation
and parametrizing residual differences between data and simulation using Bernstein

4Also other Higgs boson production mechanisms contribute to this analysis, but to a lesser degree
of about 12% for weak vector boson fusion, 8% for VH and 5% for t t H .

2020

[ATLAS, PLB 816, 136204 (2021)][J. M. Butterworth et al, PRL 100, 242001 (2008)]
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‣ Multijet background prediction from pass-to-fail ratio

‣ Observed significance of 2.5σ (0.7 expected)
[CMS, JHEP 12, 085 (2020)]
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‣ Made possible by ParticleNet tagger (graph-based NN)

‣ Observed significance 14 × SM (7.6 × SM expected)

[CMS, PRL 131, 061801 (2023)]

Anna Benecke

Doing the impossible?
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Figure 3: Combined m (Hcand) distribution in all channels of the merged-jet analysis. The fitted
m (Hcand) distribution in each SR is weighted by S/(S + B), where S and B are the postfit
VH(H ! cc) signal and total background yields. The lower panel shows data (points) and
the fitted VH(H ! cc) (red) and VZ(Z ! cc) (grey) distributions after subtracting all other
processes. Error bars represent pre-subtraction statistical uncertainties in data, while the gray
hatching indicates the total uncertainty in the signal and all background processes.

where the best fit is µVH(H!cc ) = 7.7+3.8
�3.5. The fitted m (Hcand) distribution in the merged-jet

topology is displayed in Fig. 3. No significant excess over the background-only hypothesis is
observed. An upper limit on µVH(H!cc ) is extracted using the CLs criterion [97, 98]. The test
statistic is the profile likelihood ratio modified for upper limits [95], and the asymptotic ap-
proximation [96] is used in the limit setting procedure. The observed (expected) 95% CL upper
limit on µVH(H!cc ) is 14 (7.6+3.4

�2.3), which is equivalent to an observed (expected) upper limit on
s (VH)B (H ! cc) of 0.94 (0.50+0.22

�0.15) pb. Contributions from the individual channels are sum-
marized in Fig. 4. Tabulated results are provided in the HEPData record for this analysis [99].

The result is interpreted in the k-framework [60, 100] by reparameterizing µVH(H!cc ) in terms
of the Higgs-charm Yukawa coupling modifier kc , assuming only the Higgs boson decay widths
are altered:

µVH(H!cc ) =
k2

c

1 + BSM (H ! cc) (k2
c � 1)

. (1)

The observed 95% CL interval is 1.1 < |kc | < 5.5, and the corresponding expected constraint is
|kc | < 3.4.

In summary, a search for the SM Higgs boson decaying to a pair of charm quarks in the CMS
experiment is presented. Novel jet reconstruction and identification tools, and analysis tech-
niques are developed for this analysis, which is validated by measuring the VZ(Z ! cc) pro-
cess. The observed Z boson signal relative to the SM prediction is µVZ(Z!cc ) = 1.01+0.23

�0.21, with
an observed (expected) significance of 5.7 (5.9) standard deviations above the background-only
hypothesis. This is the first observation of Z ! cc at a hadronic collider.

The observed (expected) upper limit on s (VH)B (H ! cc) is 0.94 (0.50+0.22
�0.15) pb, correspond-

ing to 14 (7.6+3.4
�2.3) times the theoretical prediction for an SM Higgs boson mass of 125.38 GeV.

The observed (expected) 95% CL interval on the modifier, kc , for the Yukawa coupling of the
Higgs boson to the charm quark is 1.1 < |kc | < 5.5 (|kc | < 3.4). This is the most stringent con-
straint on kc to date.

CMS-HIG-21-008 

C. Lange - Jets and Jet Substructure at Future Colliders18.08.2022

>CMS TDR (2006): “The [Higgs] decay modes into cc [..] pairs [..] do not 
play a relevant role at the LHC.”

2

An underestimated tool set (1)
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                      68% expected   
                      95% expected   

CMS
 (13 TeV)-1138 fb

CMS-HIG-21-008 - accepted by PRL

Z/W + H( → cc̄)

• CMS TDR (2006): “The [Higgs] decay modes into cc [..] pairs [..] do not play a relevant 
role at the LHC.”

[as pointed out by Clemens last year]
• The BOOST community made it possible :)
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1.2 Introduction 5

Big
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Figure 1-2. Overlap between the questions and ideas discussed in the text.

equivalent (or ‘dual’) to composite theories. This has led to a deeper understanding of both extra
dimensions and compositeness, and led to many interesting and detailed proposals for new phyics
based on these ideas.

• Unification of forces. The idea that all elementary interactions have a unified origin goes back to
Einstein, and has its modern form in grand unification and string theory. There is experimental
evidence for the unification of gauge couplings at short distances, and string theory generally predicts
additional interactions that may exist at the TeV scale.

• Hidden Sectors. Additional particle sectors that interact very weakly with standard model particles
are a generic feature of string theory, and may play an important role in cosmology, for example dark
matter.

• ‘Smoking Gun’ Particles. Some kinds of new particles give especially important clues about the big
questions and ideas discussed here. Top partners are required in most solutions to the naturalness
problem; additional Higgs bosons are present in many models of electroweak symmetry breaking;
contact interactions of dark matter with standard model particles are the minimal realization of WIMP
dark matter; and unified theories often predict new gauge bosons (W 0/Z 0) that mix with the electroweak
gauge bosons.

• The Multiverse. String theory apparently predicts a ‘landscape’ of vacua, and eternal inflation gives
a plausible mechanism for populating them in the universe. The implications of this for particle
physics and cosmology are far from clear, but it has the potential to account for apparently unnatural
phenomena, such as fine-tuning.

These questions and ideas are summarized in Fig. 1-2, along with the connections between them.

Community Planning Study: Snowmass 2013

[Snow
m

ass W
hite Paper, arX

iv:1311.0299]

New matter fields /  
interactions

Complete models
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ranged symmetrically with respect to the hori-
zontal median plane in order to detect both JLt.

'
and p. in each arm.
The data sets presented here are listed in Ta-

ble I. Low-current runs produced -15000 J/g
and 1000 g' particles which provide a test of res-
olution, normalization, and uniformity of re-
sponse over various parts of the detector. Fig-
ure 2(b) shows the 1250-A J/P and P' data. The
yields are in reasonable agreement with our ear-
lier measurements. '
High-mass data (1250 and 1500 A) were collect-

ed at a rate of 20 events/h for m„+&-& 5 GeV us-
ing (1.5-3)&& 10"incident protons per accelerator
cycle. The proton intensity is limited by the re-
quirement that the singles rate at any detector
plane not exceed 10' counts/sec. The copper
section of the hadron filter has the effect of low-
ering the singles rates by a factor of 2, permit-
ting a corresponding increase in protons on tar-
get. The penalty is an ™15%worsening of the res-
olution at 10 GeV mass. Figure 2(a) shows the
yield of muon pairs obtained in this work.
At the present stage of the analysis, the follow-

ing conclusions may be drawn from the data [Fig.
3(a)]:
(1) A statistically significant enhancement is ob-

served at 9.5-GeV p.'p. mass.
(2) By exclusion of the 8.8-10.6-GeV region,

the continuum of p+p, pairs falls smoothly with
mass. A simple functional form,

[d(r/dmdy], ,=Ae '~,

IO

US p p.+ANYTHING

~ 81
o~ p+We

8
C

0
E

-37
~IO

b~
~ E"o

IO'
j

5

g
2
N)

2-

b.)

'o
II

b4
E

f
CALCULATEO APf%RATUS
RESOUJTION AT 9.5 GeV

(FWHM)

8 IO
m(GeV}

-39
I s0 6 8 IO l2 l4 l6

m(GeV)

I2

with A = (l.89+ 0.23)&& 10 "cm'/GeV/nucleon and
b = 0.98+ 0.02 GeV ', gives a good fit to the data
for 6 GeV&m&+& &12 GeV (g'=21 for 19 degrees
of freedom), "
(3) In the excluded mass region, the continuum

fit predicts 350 events. The data contain 770
events.
(4) The observed width of the enhancement is

greater than our apparatus resolution of a full
width at half-maximum (FWHM) of 0.5+0.1 GeV.
Fitting the data minus the continuum fit [Fig.
3(b)] with a simple Gaussian of variable width
yields the following parameters (B is the branch-.
ing ratio to two muons):

Mass = 9.54+ 0.04 GeV,

[Bdo/dy]„,= (3.4+ 0.3)x 10 "cm'/nucleon,

with F+7HM=1, 16+0.09 GeV and X =52 for 27

FIG. 3. {a)Measured dimuon production cross sec-
tions as a function of the invariant mass of the muon
pair. The solid line is the continuum fit outlined in the
text. The equal-sign-dimuon cross section is also
shown. {b) The same cross sections as in (a) with the
smooth exponential continuum fit subtracted in order to
reveal the 9-10-GeV region in more detail.

degrees of freedom (Ref. 5). An alternative fit
with two Gaussians whose widths are fixed at the
resolution of the apparatus yields

Mass = 9.44+ 0.03 and 10.17+0.05 GeV,
[Bd(r/dy], o=(2.3+ 0.2) and (0.9+0.1)

x 10 "cm'/nucleon,
with y'=41 for 26 degrees of freedom (Ref. 5).
The Monte Carlo program used to calculate the

acceptance [see Fig. 2(c)] and resolution of the

254

[PRL 39, 252 (1977)]

Volume 129, number 1,2 PHYSICS LETTERS 15 September 1983 

The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant mas sM is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 

133 

[UA1, PLB126, 398 (1983) 
 UA2, PLB129, 130 (1983)]

p p

ℓ

ℓ

p

ℓ

ℓ



Roman Kogler

ℓℓ Resonances

54 The Coming of Age of Jet Substructure at the LHC

VOLUME $9, NUMBER 5 PHYSICAL RKVIKW LKTTKRS 1 AUGUsT 1977

ranged symmetrically with respect to the hori-
zontal median plane in order to detect both JLt.

'
and p. in each arm.
The data sets presented here are listed in Ta-

ble I. Low-current runs produced -15000 J/g
and 1000 g' particles which provide a test of res-
olution, normalization, and uniformity of re-
sponse over various parts of the detector. Fig-
ure 2(b) shows the 1250-A J/P and P' data. The
yields are in reasonable agreement with our ear-
lier measurements. '
High-mass data (1250 and 1500 A) were collect-

ed at a rate of 20 events/h for m„+&-& 5 GeV us-
ing (1.5-3)&& 10"incident protons per accelerator
cycle. The proton intensity is limited by the re-
quirement that the singles rate at any detector
plane not exceed 10' counts/sec. The copper
section of the hadron filter has the effect of low-
ering the singles rates by a factor of 2, permit-
ting a corresponding increase in protons on tar-
get. The penalty is an ™15%worsening of the res-
olution at 10 GeV mass. Figure 2(a) shows the
yield of muon pairs obtained in this work.
At the present stage of the analysis, the follow-

ing conclusions may be drawn from the data [Fig.
3(a)]:
(1) A statistically significant enhancement is ob-

served at 9.5-GeV p.'p. mass.
(2) By exclusion of the 8.8-10.6-GeV region,

the continuum of p+p, pairs falls smoothly with
mass. A simple functional form,
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with A = (l.89+ 0.23)&& 10 "cm'/GeV/nucleon and
b = 0.98+ 0.02 GeV ', gives a good fit to the data
for 6 GeV&m&+& &12 GeV (g'=21 for 19 degrees
of freedom), "
(3) In the excluded mass region, the continuum

fit predicts 350 events. The data contain 770
events.
(4) The observed width of the enhancement is

greater than our apparatus resolution of a full
width at half-maximum (FWHM) of 0.5+0.1 GeV.
Fitting the data minus the continuum fit [Fig.
3(b)] with a simple Gaussian of variable width
yields the following parameters (B is the branch-.
ing ratio to two muons):

Mass = 9.54+ 0.04 GeV,

[Bdo/dy]„,= (3.4+ 0.3)x 10 "cm'/nucleon,

with F+7HM=1, 16+0.09 GeV and X =52 for 27

FIG. 3. {a)Measured dimuon production cross sec-
tions as a function of the invariant mass of the muon
pair. The solid line is the continuum fit outlined in the
text. The equal-sign-dimuon cross section is also
shown. {b) The same cross sections as in (a) with the
smooth exponential continuum fit subtracted in order to
reveal the 9-10-GeV region in more detail.

degrees of freedom (Ref. 5). An alternative fit
with two Gaussians whose widths are fixed at the
resolution of the apparatus yields

Mass = 9.44+ 0.03 and 10.17+0.05 GeV,
[Bd(r/dy], o=(2.3+ 0.2) and (0.9+0.1)

x 10 "cm'/nucleon,
with y'=41 for 26 degrees of freedom (Ref. 5).
The Monte Carlo program used to calculate the

acceptance [see Fig. 2(c)] and resolution of the
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The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant mas sM is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 
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QCD NLO cross sections and the consistent treatment for including the QCD NLO effects

of KK graviton decay width. In Sec. III we present the numerical predictions for inclusive

and differential cross sections at the LHC. We simulate the signal for RS KK graviton at the

LHC and update the constraints on the KK graviton mass using recent measurement with

the NLO results. Some of the lengthy analytic expressions are summarized in Appendix.
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parts, i.e., KK graviton produced at the NLO with a subsequent decay at the LO, and

produced at the LO with a subsequent decay at the NLO, similar to the cases of Refs. [22, 23].

We neglect interference between radiation in the two stages, which are expected to be small,
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A. Leading Order Results

FIG. 1: Tree-level Feynman diagrams for KK graviton production and decay into dijet.

The LO Feynman diagrams for the production and decay of the KK graviton are shown

in Fig. 1. After summing over spin and color of the final state particles and averaging over
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where Gi/P is the bare PDFs.

FIG. 4: Real correction Feynman diagrams for the decay of the KK graviton.

Final state collinear radiation The real emission diagrams from final states are

shown in Fig. 4. The treatment of the final state collinear singularities is much the same

as that in the previous case of initial state situation. But for indistinguishable final states,

there is no need to introduce fragmentation functions. For process 1 + 2 → 3+ 4+ 5 with 5

splitting from parton 4, following similar treatment as for the initial state, we have

dσ1+2→3+4+5
HC = dσ1+2→3+4′

0

αs

2π
Dε

(
−
1

ε

)
δ−ε
c

∫
dzz−ε(1− z)−εP44′(z, ε) . (37)

Expanding the integrand and performing the integration over z yields the final state hard-

collinear terms

dσ1+2→3+4+5
HC,F = dσ1+2→3+4′

0

αs

2π
Dε

(
A4′→45

1

ε
+ A4′→45

0

)
, (38)

where

Aq→qg
1 = CF (3/2 + 2 ln δs) , (39)

Aq→qg
0 = CF [7/2− π2/3− lnδs − ln δc(3/2 + 2 ln δs)] ,

Ag→qq̄
1 = −nf/3 ,

Ag→qq̄
0 = nf/3(ln δc − 5/3) ,

Ag→gg
1 = CA(11/6 + 2 ln δs) ,

Ag→gg
0 = CA[67/18− π2/3− ln2 δs − ln δc(11/6 + 2 ln δs)] .
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Diboson-tagged dijet event, MJJ = 5.0 TeV  

Image credit: CERN
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Figure 8: Background-only fits to the dijet mass (mJJ) distributions in data after tagging in the combined (a) WW +W Z ,
and (b) WW + Z Z signal region. The shaded bands represent the uncertainty in the background expectation calculated
from the maximum-likelihood function. The lower panels show the significance, defined as the z-value as described
in Ref. [68]. Selected theoretical signal distributions are overlaid on top of the background.

shape of the signal, and N(✓) is a log-normal distribution for the nuisance parameters, ✓, modelling the
systematic uncertainty in the signal normalisation. The expected number of events is the bin-wise sum of
those expected for the signal and background: nexp = nsig + nbg. The expected number of background
events in dijet mass bin i, n

i
bg, is obtained by integrating dn/dx obtained from Eq. (1) over that bin. Thus

nbg is a function of the dijet background parameters p1, p2 and p3. The expected number of signal events,
nsig, is evaluated from MC simulation assuming the cross-section of the model under test multiplied by the
signal strength, including the e�ects of the systematic uncertainties described in Section 8.

The significance of observed excesses over the background-only prediction is quantified using the local
p0-value, defined as the probability of the background-only model to produce a signal-like fluctuation at
least as large as that observed in the data. The most extreme p0 has a local significance of 1.8 standard
deviations, and is found when testing the HVT W

0 ! WW hypothesis at a resonance mass of 1.8 TeV.
This is within the expected fluctuation of the background.

Limits at 95% confidence level (CL) on the production cross-section times branching fraction to diboson final
states for the benchmark signals are set with sampling distributions generated using pseudo-experiments.
All systematic uncertainties are considered. The uncertainty in the W/Z-tagging e�ciency is dominant
at lower masses, while the uncertainty in the background modelling has largest impact at high masses.
Uncertainties in the jet pT scale are at the percent level but are subordinate across the full mass range. The
cross-section limits extracted for the di�erent benchmark scenarios in the WW +W Z and WW + Z Z signal
regions are shown in Figure 9 and Table 2. Table 3 presents the resonance mass ranges excluded at the
95% CL in the various signal regions and signal models considered in the search.
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‣ Sensitivity to excited b* quarks and vector-like quarks
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‣ Extend sensitivity down to 700 GeV using lepton triggers and HOTVR

‣ Background from misidentified t jets extrapolated from sideband
[CMS, JHEP 04, 048 (2022)]
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5.3 Vector-Like Quarks 151
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Fig. 5.10 Example leading-order Feynman diagrams for T T (left) and BB (right) production with
subsequent decays. Taken from [860]

carried out. Often more than one analysis is sensitive to a VLQ decay, for example
analyses in the all-hadronic and !+jets final states complement each other. The best
overall sensitivity to the complete model is then achieved by a combination of the
experimental results. A prevalent feature of all VLQ searches are decays of highly
boosted t , Z ,W and H , such that in nearly all LHCanalyses at 13 TeV jet substructure
techniques are being used.

The situation was different when only 8 TeV data were available. ATLAS per-
formed analyses in final states with leptons and small-R jets, searching for T T and
BB production [863–866]. The sensitivity of these searches reaches lower limits on
T masses of 715–950GeV at 95% CL, where theW , Z , H and t are not too strongly
boosted, such that their decays can be reconstructed with separate small-R jets. The
first search using jet substructure methods is an inclusive search for T T produc-
tion in final states with one, two or three leptons, carried out by CMS using 8 TeV
data [867]. The search uses CA R = 0.8 jets forW and t tagging in the single-lepton
channel to categorise events and as input to a BDT. No attempt is made to reconstruct
specific decays, but the general character of the search, where a potential signal is
searched for based on the BDT discriminator distribution, results in sensitivity for
all three T decays. Besides improving the sensitivity at high masses, jet substructure
methods allowed for VLQ searches in all-hadronic final states. The first search in
the all-hadronic channel targeted the T → Ht decay, where the HEPTopTagger and
H tagger with subjet b tagging are used for the suppression of the large multijet
background [868]. An analysis targeting the T → Wb decay in the !+jets and all-
hadronic channels used pruned CA R = 0.8 jets, complemented with mass drop, to
identify W jets [869]. A combination of T searches achieves mass limits between
770–920GeV [869]. These mass limits are comparable to the ones from ATLAS, but
at higher mVLQ the upper cross section limits are considerably better because of the
use of jet substructure in the CMS searches. Similar results have been obtained for
BB and XX production at 8 TeV, with mass limits between 740 and 900GeV for
B [870] and 740–840GeV for X [864, 866, 871].2

2For completeness, note that the limits on T → Wb can be interpreted as limits on Y , since the
decays T T → (W+b)(W−b) and YY → (W−b)(W+b) are indistinguishable in searches.
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Fig. 5.20 Schematic diagrams showing dark matter (DM) interactions and their corresponding
experimental detection techniques. Dark matter annihilation to SM particles is sought by indirect
detection (ID) experiments (a). The scattering of dark matter and SM particles is targeted by direct
detection (DD) experiments (b). At colliders, searches are designed to measure the production of
dark matter particles from the interaction with SM particles (c), which can also occur through a
mediator particle (d). Image by Doglioni and Boveia (ATLAS Collaboration), taken from [999]

detector technologies have been considered [1011]. Examples of recent experiments
are XENON1T [1012], LUX [1013], PANDA-X [1014] and SuperCDMS [1015,
1016]. At the LHC, dark matter particles can be produced through their interaction
with SM particles, either by the annihilation of a particle with its anti-particle or by
radiation off a particle produced in the collision, Fig. 5.20c. The interaction of dark
matter with SM particles can be described by an effective field theory (EFT) if the
darkmatter candidate is the only particle kinematically accessible at the LHC. In this
case, the higher-dimensional operators allow todescribe the interactions in a universal
way [1017–1019]. This approach has been very successful in LHC searches of 7 and
8 TeV data, because the obtained bounds on the new physics scale! could be readily
compared with results from direct and indirect detection experiments [1020]. How-
ever, the high energy of the LHC raises the question of the validity of EFTs, where
the momentum expansion might break down [1021–1024]. A solution is offered by
simplified dark matter models, which include a mediator particle, responsible for
the interaction between dark matter and SM particles, Fig. 5.20d. The advantage is
that diagrams involving s- and t-channel exchange of this mediator can be reliably
included and thus the full kinematics of dark matter production are described [1025].
The price for this more complete description are additional parameters, describing
themass and couplings of the darkmatter mediator. An extensive overview of simpli-
fied models and their parameter space is given by the report of the LHC Dark Matter
Working Group [1026]. More complete models offer an even richer phenomenology
and can provide guidance for unexplored signatures at the LHC [1027].

While many of the LHC searches have been designed with a WIMP dark matter
particle in mind [1028], the results are usually applicable to a broad class of dark
mattermodels. Inwhat follows, the darkmatter candidateswill generically be referred
to as χ with mass mχ . In simplified models, the dark matter mediator φ has a mass
mφ with couplings gχ and gSM to dark matter and SM particles, respectively. Note
that the mediator can either be a scalar or pseudo-scalar, usually denoted by φ or a,
but this distinction is not relevant for the results presented here. The presence of one
or more dark matter particles in the final state results in an imbalance in transverse

[CMS, JHEP 08, 177 (2018)]

[https://atlas.cern/updates/atlas-feature/dark-matter]

196 5 Direct Searches for New Physics

A prime example where jet substructure methods help to improve the sensitivity
are searches for top squark production, where squarks denote superpartners of the SM
quarks. The two supersymmetric partners of the tL and tR SMchiral states are denoted
by t̃1 and t̃2, where the lighter state will be denoted simply by t̃ in the following.
The lightest neutralino χ̃0

1 is in many models the stable, lightest supersymmetric
particle (LSP). In simplified models [1153–1155], the t̃ can decay directly through
a two-body decay, t̃ → t χ̃0

1 , or it can decay via the three-body decay t̃ → bW χ̃0
1 . The

direct production of t̃ pairs with these subsequent decays are shown in Fig. 5.27 (left,
middle). For large t̃ masses and large mass differences with the χ̃0

1 , a large boost for
the t is obtained in the two-body decay. The three body decay is predicted to happen
only for mass differences "m between the t̃ and χ̃0

1 smaller thanmt , such that theW
is produced with small pT. The relevant signature for boosted t̃ searches is t t̄ + pmiss

T ,
where the pmiss

T arises from the undetectable χ̃0
1 s, which is similar to signatures of

dark matter searches. Another scenario is motivated by compressed models [1157–
1159], where"m is comparable tomt . In this case, the signature of t̃ pair production
is similar to that of t t production, and therefore difficult to discriminate from the SM
background. However, in scenarios where the superpartner of the gluon, the gluino g̃,
is heavy and decays to a light t̃ , the resulting signature g̃ → t̃ t with t̃ → t χ̃0

1 , results
in a boosted top quark from the gluino decay and an accompanying top quark with
lower pT, which is often described by an effective interaction as shown in Fig. 5.27
(right).

The t t̄+pmiss
T signature has been targeted by an ATLAS t̃ search using 3.2 fb−1 of

13 TeV data [457]. Events with a lepton, pmiss
T and jets are selected. Large-R jets are

built from a reclustering of small-R jets, and the trimmedmass is used to select events
with semi-merged and fully merged t decays. Three signal regions with increasing
values of pmiss

T are used to search for a signal. Updates of this analysis, based on
36.1 and 139 fb−1 of data [528, 1160], consider more signal regions, optimised for
various t̃ decays and mass splittings, and for t t + χχ̄ production. The t tagging has
been refined using an iterative reclustering of small-R jets, where the reclustering
is repeated with decreasing R until an optimal distance parameter of R = 2mt/pT
is obtained. This iterative reclustering can be seen as an approximation to the VR
algorithm, and is related to the optmimal-R parameter of theHTTv2 [234]. No further

Fig. 5.27 Feynman diagrams of SUSY production in simplified models for the direct production of
top squarks (left, middle) and gluino-mediated production (right). Taken from [528] (left, middle)
and [1156] (right)

[ATLAS, JHEP 06, 108 (2018)]

[ATLAS, JHEP 10, 062 (2020)]

Leptoquarks

Properties
• New scalar (S=0) or vector (S=1) bosons
• Simultaneous coupling to quark and lepton
• Occur in various BSM models

I GUTs, compositeness models, RPV
SUSY, ...

• B = BR(LQ ! q`) = 1 � BR(LQ ! q⌫)
free parameter

Production at the LHC
• Pair production via strong interaction

I Depends only on MLQ

• Single production via LQ radiation
I Depends on MLQ and LQ! q` coupling �
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Pileup Subtraction 
•  Grooming is great for removing pileup/UE. No doubt. 

•  Bump hunting 
•  Jet substructure 
•  New physics searches 
•  not QCD 

Alternatives 
•  Observable specific subtraction 

•  See Thaler’s talk on n-subjettiness 
•  Parameterize, fit shapes 
•  Pileup-insensitive observables 

Summary
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Jet substructure ubiquitous at the LHC
‣ Remarkable progress in the last 15 years

‣ Exciting interplay between:
• theory
• model building 
• tools development
• commissioning
• application 

‣ Jet substructure is past its adolescence:  
Precision QCD!

‣ Coming years will bring many  
novel measurements, searches and  
algorithms with jet substructure

[M. Schwartz at BOOST 2012]

Image credit: Acton Memorial Library 
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