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Isolating color-singlet boson jets at the LHC
using telescoping jet substructure
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We demonstrate that jets from hadronic decays of moderately boosted color-singlet bosons at the LHC
can be isolated. The telescoping jet substructure method is used to carve out dominant energy flows along
subjets and identify the radiation surrounding the dipole, and it achieves excellent performance in
identifying boosted W boson and top quark jets at the LHC energy. We show that telescoping jet variables
efficiently isolate subjets, and we compare with standard N-prong taggers and isolation cone methods.
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The Large Hadron Collider (LHC) has been probing the
physics above the electroweak scale, and the energies of
produced massive Standard Model particles such as the
weak bosons or top quarks can be much larger than their
invariant masses. This results in hadronic jets with sub-
structure of multiple prongs, and a variety of useful
variables have been designed and combined in multivariate
analysis [1-7] in order to identify such jets. Color-flow
variables [8§—12] which probe the color connections among
energy flow directions have also been studied. Additional
discrimination power can be gained by including the
variable volatility v® [13-15] of a jet observable O
(e.g., jet mass M) with a parameter a (e.g., jet radius
R). It is defined as the ratio of the standard deviation and the
mean of the set of values {O,} from a sampling of
telescoping parameter {a;},

v =70 (1)

The volatility ¥© measures the change of the observable O
with respect to the change of the phase-space boundary set
by the parameter a. It gives a trend of the observable
variation which itself can be used as a distinguishing
feature to classify jets.

It is well known that, in the boosted regime the decay
products of a color-singlet heavy particle are localized
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within an angle of 6y~ O(2M/pr) along the particle
direction where M and p; are the mass and transverse
momentum of the particle. Therefore these particles can
be straightforwardly isolated within a cone of radius
R;s, > 6. This forms the basis of the isolation of hadronic
T jets [16,17]' and extremely boosted weak boson jets at
the proposed 100 TeV future circular collider [18,19] where
6y ~ 0.02. Note that even in the extremely boosted case
the use of a number of telescoping radii increases the
performance significantly [19], which was pioneered and
discovered in [15,20,21].

In this paper, we show that hadronic jets from decays of
even only moderately boosted, color-singlet bosons at the
LHC (i.e., 6y ~ 0.2-0.4) can be isolated from the rest of the
event using telescoping jets and volatility. In order to
demonstrate that hadrons from boson decays are isolated,
one needs to separate such radiation from event-wide soft
radiation contributions such as initial-state radiation, final-
state radiation from other jets, underlying events and
pileup. Since the volatility probes the variation of the jet
radiation pattern surrounding dominant energy flows along
subjets with multiple angular resolutions, it is sensitive to
the isolation effect and the total color charge of the jet-
initiating boson.

We will show that the volatility exhibits intrinsic proper-
ties of boson isolation. Indeed, boson isolation does not
require resolving the two-prong structure [19]; therefore it
is a new class of jet observable distinct from two-prong
taggers. We will check this feature using “pseudocalorim-
eter cells” that the tagging performance of the volatility is
robust against the finite angular segmentation existing in

'Since m, ~ 1.8 GeV is too small for extra QCD radiation to
be emitted, the few hadronic 7 decay products are typically
extremely boosted and can be easily isolated.
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realistic detectors, which smears out jet substructure
beyond this angular resolution. While detailed studies of
detector effects and the use of tracks with higher angular
resolution are practical issues, these are beyond the scope
of this paper.

We focus on the jet mass volatility 2 (or simply denoted
as v) as defined in the telescoping subjets procedure.2
A number of N subjets of radius R are reconstructed within
the Voronoi regions [20,22-24] of a jet partitioned by
dominant energy flow directions. We choose the subjet axes
to be the N-subjettiness axes [25] with f = 1. Particles are
assigned to the nearest axis according to the distance AR;;
between the axis 71; and particle p;,
subjet; = {p;|AR;; < Rrand AR;; <ARy;, Y k#i},  (2)
where k is the index of the other axes 71;.. The jet mass My, is
then defined as the invariant mass of the sum of N subjets
of radius R, and the volatility vy is defined with a sampling
of the telescoping parameter a = Ry € (0.1, 1.0) x R uni-
formly within the range. Note that we scan through the entire
catchment area of the jet. We focus on N = 2 and 3 for W
tagging, and N = 2, 3, and 4 for top tagging. However, N
could be chosen differently for different boosted topologies.

The ability to reconstruct the volatility accurately in
experiment may be obscured by the presence of underlying
events and pileup. However, these contributions can be
efficiently mitigated through a grooming procedure
[26-29] or background subtraction technique [30-33].
Photon isolation has also been shown to be successful in
heavy ion collisions after mitigating an enormous under-
lying event background [34]. In this paper we focus on
analyzing the intrinsic boson isolation feature at the LHC,
and the jets in our analysis are groomed using the trimming
algorithm with Ry, = 0.3 and f_, = 0.05. We leave the
detailed study of the impact of underlying events and pileup
for future work.

Note that the generality of the telescoping algorithm
allows a variety of other applications which are beyond the
scope of this paper. Nevertheless, in telescoping pruning
one can fix zq, and construct vy, the volatility of the
pruned jet mass with the telescoping parameter a in
Doy = a2mie/ pr,,- In telescoping trimming, one can fix
the subjet radius Rg,, and construct v, the volatility of
the trimmed jet mass with the telescoping parameter
a = fey. One can also construct v, , the volatility of the
N-subjettiness with the telescoping parameter a = f [35].
Correlations among the observable variations with respect
to multiple varied parameters can also be explored.

Our analysis is performed using samples generated from
Monte Carlo simulations of proton-proton collisions at
\/s = 13 TeV using PYTHIAS [36]. Particles are clustered

*A similar method using the leading subjets in a reclustered jet
was explored in [21].

into jets with FASTJIET3 [37] using the anti-k; algorithm [38]
with R = 1.0, and the jets are required to be central with
a pseudorapidity |7| < 1.2. We consider two kinematic
regimes where the jet pr is either between 350 GeV and
500 GeV or 800 GeV and 1 TeV. Signal W boson and top
quark jets are generated using decays of heavy Kaluza-
Klein gravitons with invariant masses at 1 or 2 TeV for the
two pr bins in fully hadronic G* - WTW~ and G* — 17
processes. Background QCD jets are generated from the
Standard Model inclusive jet processes. To quantify the
impact of finite angular segmentation, we compare with
the results using the “cell particles” clustered in “pseudo-
calorimeter cells” of size (17, ¢): 0.1 x 0.1, with each cell
particle momentum constructed from the total energy
deposited in the cell with zero mass and direction from
the primary vertex. Note that the N-prong structure with
angles among the prongs smaller than 0.1 is smeared away.
A selection on the trimmed jet mass is made between
70 GeV and 90 GeV for W tagging and between 160 GeV
and 190 GeV for top tagging.

For top tagging, in order to exploit the three-prong
structure of top jets we also consider the ratio vy, between
vy and v, for N =3, 4 inspired by the N-subjettiness
ratios,

(3)

Uny = —.
U2
Shown in Fig. 1 are the distributions of v,, v3, and v, for
top and QCD jets. We find that top jets have a broader v,
distribution and a narrower v distribution compared to
those of QCD jets. The large variation of the top jet mass
when telescoping around two subjet axes is mostly caused
by the partial reconstruction of the W boson. There is not
an intrinsic mass scale dictating the hard emissions in QCD
jets. On the other hand, the three prongs of top jets are
quark-initiated subjets, two of them coming from the decay
of the color-singlet W which is isolated, whereas the subjets
in QCD jets can be initialed by gluons. Since the color
charge of quarks is smaller than that of gluons, quark
subjets are narrower than gluon subjets and the v5 of top
jets tend to be smaller. While intuitively one expects that
the ratio v3/v, improves the tagging performance, inter-
estingly we find that »3, achieves a very similar perfor-
mance as the combination of {v,, w3} using boosted
decision trees (BDTs) implemented in TMVA [39]. This
suggests that the v, ratio approaches the optimal perfor-
mance of the two volatilities.
Note an interesting feature of v3,: it cuts off naturally at
1, most clearly seen in QCD jets. Crucially, v; < v, in the
collinear limit. The two-prong structure in QCD jets
implies that v, and w3 contain similar information. The
third energy flow axis can not locate far away from the two
axes determined at N = 2. Hence, limited information is
extracted from constructing a third subjet, and the distri-
bution of »3, for QCD jets peaks at 1. In the case where

114006-2



ISOLATING COLOR-SINGLET BOSON JETS AT THE LHC ...

PHYS. REV. D 101, 114006 (2020)

R R T T T T 0.16 T T
0121 Top Tagging (Pythia8)  _ op jeis © Top Tagging (Pythia8)  — ropjers 1 [ Top Tagging (Pythia8)  _ ropjes |
[ Antik,R=10,M<12 _ ocpjes ] 0141 Anti-k, R=1.0,M<12 _ ocpgers 0.14F Anti-k, R=1.0,M<1.2  _ ocpjes
04 800 GeV <p, <1000 GeV . - 800 GeV <p, <1000 GeV ] F 800 GeV <p, <1000 GeV ]
» [ 160 GeV <m < 190 GeV 1 & 912[ 160GeV <m <190 GeV 1 & 012 160GeV <m <190 GeV -
= L 1 2 F 1 2 r .
£ 008 1 € 1 € o1 -
w L w B w E 1
° F o J B ; ]
2 006 41 8 1 8 %% ]
) 1 ® 1 ® . ]
£ 1 E 1 € 006 7
S 004 1 S 1 o r ]
z 1 =2 -] Z 004 N ]
0.02 b 4 0.02 =
ol bl ol n ol I N S Iul...lw: ri N TSN T T T N S ' T ]
0 005 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5 0 0.020.040.060.08 0.10.120.140.160.18 0.2 0 02 04 06 08 1
vz Vs Va2
FIG. 1. The distributions of the variabilities v, (left panel) and v; (middle panel), as well as their ratio v3, (right panel) for top and

QCD jets with 800 GeV < py < 1 TeV and 160 GeV < m < 190 GeV using the truth-particle information.

there is a third, semihard emission, such emission is captured
by the telescoping subjets at N = 3; therefore v; < v,. In
general, for larger N more particles are by-default captured,
so the volatility is expected to decrease (vy, | < vy).

The background efficiency as a function of the signal
efficiency is illustrated by receiver operating characteristic
(ROC) curves, where a lower curve indicates a better
tagging performance. Shown in Fig. 2 are the ROC curves
of v; and a standard two-prong tagger such as the N-
subjettiness ratio 7,; = 7,/7; for W tagging as a compari-
son. The upper and lower panels correspond respectively to
two jet pr regions of (350 GeV, 500 GeV) and (800 GeV,
1 TeV). Overall, the tagging performance increases at
higher p, demonstrating the general advantage of applying
telescoping jets to the boosted regime. In the lower panel,
we compare the tagging performance using truth particles
and pseudocalorimeter clusters, which degrade information
about structures smaller than the cell size. We find excellent
performance of v3. Also, the v observable is robust against
angular segmentation especially at high p;. The telescop-
ing procedure in the v; observable utilizes the rapid
depletion of radiation around the W at larger angles in
the boosted regime. This W isolation effect is the mani-
festation of the fact that the W is a color singlet which
affects the color structure of the subjets and the radiation
pattern at large angles. The time dilation that occurs before
W hadronically decays can also result in a period of time,
about O(1) fm/c [40], during which no QCD radiation can
be emitted. There is not such a delay in the jet formation
process for QCD jets. Note that the observable v3 captures
any significant third, semihard emission in W and QCD
jets; therefore it can better quantify the isolation of W jets.

Shown in Fig. 3 are the ROC curves for top tagging
performance including v4, and a standard three-prong
tagger of the N-subjettiness ratio 73, = 73/7, as a com-
parison. Again, the upper and lower panels correspond to
the two kinematic regimes p; € (350 GeV, 500 GeV) and
pr € (800 GeV, 1 TeV), and we note that the tagging
performance increases at higher p7. In the lower panel, the

ROC curves plot both truth-particle and pseudocalorimeter
information. We find the excellent performance of v4, and
its robustness against angular segmentation especially at
high p;. The vy, observable can capture any significant
fourth, semihard emission, and it seems to exploit the W
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FIG. 2. The W tagging ROC curves of the volatility v; and the
two-prong tagger 7,; = 7,/7; in the (300 GeV, 500 GeV) jet py
bin (upper panel) and the (800 GeV, 1 TeV) bin (lower panel).
Solid curves correspond to the ones with the truth-particle
information, and the dashed curves are the ones using the
pseudocalorimeter cell particle information.
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FIG. 3. The top tagging ROC curves of the volatility ratio v4,
and the three-prong tagger 73, = 73/7, in the (300 GeV,
500 GeV) jet py bin (upper panel) and the (800 GeV, 1 TeV)
bin (lower panel). Solid curves correspond to the ones with the
truth-particle information, and the dashed curves are the ones
using the pseudocalorimeter cell particle information.

isolation within the top jet in the boosted regime since v4,
exhibits corresponding properties as the v; in W tagging.

While the insensitivity of volatility to N-prong structure
suggests that the volatility carries new jet substructure
information, in Fig. 4 we show the scatter plots of »; and
75; of W (upper panel) and QCD (lower panel) jets in the
(350 GeV, 500 GeV) jet py region. We can see that v5 is
quite correlated with 7,,. However, in the higher p; region
of (800 GeV, 1 TeV) (upper panel of Fig. 5) where the
isolation effect is more prominent, the correlation between
v3 and 7,; for W jets decreases (with correlation coefficient
0.463). We also check that the combination of v3 and 7,
using BDTs significantly increases the performance. In
contrast, the lower panel of Fig. 5 shows that the 2-prong
taggers D, [41] and 7,; are significantly correlated (with
correlation coefficient 0.721). On the other hand, while
isolation cone variables have been successful for identify-
ing localized objects, the volatility variable is able to
exploit isolation of an object with substructure.

To conclude, we have demonstrated that the isolation of
color-singlet boson jets is possible at the LHC. It is an
important feature which, to the best of our knowledge, has
not been exploited in jet substructure tools used at the LHC
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although it has been known to be even more important at
future, higher energy colliders. Such isolation feature is
qualitatively different from the N-prong hard jet substructure
and roots from the color coherence of the jet-initiating dipole.
We have demonstrated that boson isolation indeed becomes
more prominent in the boosted regime and is robust again
finite angular segmentation via a comparison of the perfor-
mance between reconstruction from using truth particles and
from pseudocalorimeter cell particles. These are the basic
properties of isolation and serve as consistency checks of the
nature of the isolation feature. In contrast, the performance of
typical N-prong taggers such as N-subjetiness degrades
dramatically because of detector smearing as one would
expect.

We would like to emphasize that, in this paper, boson
isolation at the LHC is exposed through the use of the
telescoping jet substructure method which systematically
organizes jet information along energy flow directions with
multiple angular scales [42]. Specifically, we find excellent
performance of telescoping subjets using the volatility
observables v;3 in W tagging and v4, in top tagging.
This promising tagging strategy is expected to work also
in the contexts with the production of heavy, color-singlet

Standard Model particles including the W, Z and the Higgs
boson at the LHC.
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