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We present a new tagger which aims at identifying partially reconstructed objects, in which only some of
the constituents are collected in a single jet. As an example, we focus on top decays in which either part
of the hadronically decaying W or the b jet is soft or falls outside of the top jet cone. We construct an
observable to identify remnant substructure from the decay and employ aggressive jet grooming to reject
QCD backgrounds. The tagger is complementary to existing ones and works well in the intermediate

boost regime where jet substructure techniques usually fail. It is anticipated that a similar tagger can be
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used to identify non-QCD hadronic jets, such as those expected from hidden valleys.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The successful discovery of the Higgs boson at the Large Hadron
Collider (LHC) [1,2] together with null results in new physics
searches stresses the need to improve and develop more sophis-
ticated techniques to search for rare or exotic phenomena. Con-
siderations related to the hierarchy problem typically predict new
physics which couples to the top quark and which is often charged
under QCD. As a consequence, such new physics may be buried
under immense hadronic background.

Interesting classes of models that may escape detection are
ones that admit partially reconstructed objects. These occur when,
for example, constituents from the decay or shower of a heavy
particle are soft, not confined to a single jet, or escape detection
altogether. Two examples are hadronic tops in which either part
of the hadronically decaying W or the b-quark falls outside of
the top-jet cone, and hidden valleys [3,4], in which some of the
hidden-sector particles are stable and escape detection while the
others decay to hadrons. In both cases, some of the information
on the hard parton which initiates the jet is missing and the jet
no longer has an obvious hard scale to distinguish it from QCD. As
a consequence it is hard to identify such events and with existing
tools new physics of this kind will go unnoticed.
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To improve on the situation, a better understanding of the
substructure of such jets is needed. In recent years, significant
progress has been made in developing tools for studying the sub-
structure of hadronic events in order to disentangle new physics
signals from background (see Ref. [5-7]| and references therein).
Most existing techniques are effective when used on boosted ob-
jects, and are therefore useful at discovering heavy new physics
particles that decay hadronically. On the other hand, partially re-
constructed jets are best studied in the intermediate regime of
moderate boost. The production rates in this regime are often en-
hanced by many orders of magnitude and hence may play a cru-
cial role in discovering new physics. The available tools, however,
have significantly reduced sensitivity in this region of parameter
space [8] despite its discovery potential. This letter focuses on
this moderate-boost region, demonstrating its utility by studying
partially reconstructed tops. The case of hidden valleys will be pre-
sented elsewhere.

Top quarks are a standard testing ground for boosted techniques
and are considered a standard candle for comparison between
methods [5,6]. The LHC experiments have used a variety of tech-
niques to identify boosted top quarks, and used them to search
for new physics signals [10-16]. In the case of fully reconstructed
boosted tops, the jets typically admit 3 subjets and counting them
provides a powerful discrimination against QCD background. How-
ever, when only two of the top decay products are reconstructed
as clear subjets, the resulting substructure exhibits only 2 subjets
and does not reconstruct the top. This sample is significantly more
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Fig. 1. Subjet fractions for top (left) and QCD (right) jets as a function of jet pr. The number of subjets is calculated using the Johns Hopkins top tagger [9], and we group
the subjets into two categories: 1 or 2 (“1+2") subjets and 3 or 4 (“3+4") subjets, with plain and slashed numbers indicating tagged and untagged jets, respectively. The
shaded regions correspond to the N-subjettiness top tagger, with the tagged fractions shown in blue and the untagged in gray. For pr <400 GeV, we show, hatched in blue,
the additional fraction of untagged jets from N-subjettiness that are tagged by our top tagger. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

difficult to separate from background since there is no resonance
mass to cut on, and due to the large QCD background in which a
hard gluon splitting yields 2 subjets.

Despite the above, we argue below that partially reconstructed
tops may be efficiently identified. Our key observation is that such
jets have radiation patterns that differ from a vast majority of QCD
jets, even though the partially reconstructed tops may not have
kinematic invariants on which to base selection. We introduce an
observable that is sensitive to these differences, and utilize ag-
gressive jet grooming to further remove QCD jets with multiple
subjets which may fake a partially reconstructed top. The com-
bination results in a robust top tagging tool which works well in
the intermediate-boost regime and that is complementary to exist-
ing techniques. While we focus on top quarks as a case study, the
variables we consider are useful beyond this example, and may be
used to identify other partially reconstructed objects in the inter-
mediate boosted regime.

2. Kinematics properties of unreconstructed decays

The tagging of boosted heavy particles is a balance between
two competing effects. On the one hand, the direct produc-
tion cross-section of heavy objects (which decay into colored fi-
nal states) falls with increasing momentum, while on the other,
tagging with substructure techniques becomes more efficient at
higher boost. Consequently, there is often a kinematic regime at
intermediate boost where the cross section is large compared to
the boosted regime but where most taggers do not effectively
function [8]. These unreconstructed decays can be targeted with
some simple considerations about their kinematics, as we now ex-
plain.

When a boosted particle such as a Z undergoes a 1 — 2
hadronic decay, some fraction of those decays can be reconstructed
in a single jet. The decays can be characterized by the angle 0 be-
tween the forward decay product and the boost direction in the
rest frame of the Z. When 6 ~ m /2, the two quarks from the
decay will have similar momenta in the lab frame and the subse-
quent hadronic final states can be reconstructed in a fat jet. For
6 ~ 0, the decay products become asymmetric, with one softer
than the other, and further apart. As a consequence, the soft par-
ticle is emitted away from the jet direction, which lies along the
hard decay product, and reconstruction is challenging. Thus, while
symmetric decays can be reconstructed in a single jet, asymmet-
ric ones may not be. Furthermore, these asymmetric decays mimic
QCD-like topologies with a hierarchy of parton energies, and so the
ability to differentiate these already challenging decays from QCD

backgrounds degrades. Thus, the efficiency to tag boosted Z bosons
significantly decreases in this region of phase space.

Consider now the more complex case of a top quark which un-
dergoes two successive 1 — 2 decays. Two main parameters are of
interest to understand the top reconstruction efficiency: 6y, the
angle of the W to the top boost direction in the top rest frame,
and 6y, the angle of the forward quark from the W decay (defined
in the W rest frame) to the W boost direction in the top rest
frame. When 6y ~ 0, the W will carry most of the top quark’s
momentum and the b quark will be soft and at a wide angle. Such
a decay will lead to the boosted W being easily reconstructed, but
the top will not be. When 6y ~ m, the W has a small boost in the
lab frame and hence the two quarks from the W decay are not re-
constructed in the same jet. Similarly, if 6; ~ 0, then the W decay
products are asymmetric in energy and at wide angles, also lead-
ing to an unreconstructed top. It is only when 6y and 6, are both
not extremal that the top has a large reconstruction efficiency. Fur-
thermore, when the top is not reconstructed, it is often one of the
quarks from the W decay that is lost, meaning the b and the other
quark are clustered in the same jet, which is a configuration with-
out any resonance mass to select on.

The above considerations hold in both the intermediate- and
highly-boosted regimes. As an illustration, in Fig. 1 we show the
fraction of tagged and untagged tops (left) and the fraction of
mistagged and vetoed QCD jets (right), using the N-subjettiness
top tagger [17] operating at the 50% efficiency point. (Unless ex-
plicitly stated otherwise, a jet tagged by N-jettiness will be taken
to mean a jet tagged at this efficiency point, computed over the
pr range shown as defined in Ref. [18], i.e. with 8 =1 and a mass
window of m; e (160, 240) GeV.) Each sample is further divided
according to the number of subjets (as defined by the Johns Hop-
kins (JHU) tagger [9]) found in the event. We note that the fraction
of 4 subjets is numerically small for both tops and QCD, and top
jets additionally only rarely have a single subjet. We see that as the
jet pr decreases, the rate of untagged jets significantly increases,
and a non-negligible fraction of untagged jets with <2-subjets per-
sists. The hashed regions for pr < 400 GeV in each plot indicate
the fraction of untagged jets (by N-subjettiness) that are tagged by
the tagger we describe below.

From the above discussion we identify two interesting types of
unreconstructed tops in which not all constituents are found in
a single jet: the ones in which the b jet is soft and the ones in
which the W is soft. In the former, the W is boosted into a single
jet but the b is at a wide angle, while in the latter we typically find
that the b is clustered with one of the quarks from the W decay
and the other quark is at a wide angle. In both cases, one expects
roughly equal energy sharing between the quarks in the same jet,
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which is uncharacteristic of QCD jets that preferentially have soft
splittings. Therefore, a useful kinematic handle is the intrinsic two-
prong nature of unreconstructed top jets, in which neither of the
two subjets are soft. We will focus our tagger around observables
and techniques that exploit this feature.

A variety of different methodologies have been adopted in or-
der to tag the hadronic decays of boosted tops [9,19-26,17,27,18,
28-32]. All of these search strategies are focused on tops where
the decay may be reconstructed in a single jet, typically by iden-
tifying 3 well-separated subjets. Although combinations of tech-
niques show improved tagging power, they are often limited by the
fact that the subsets of tops being tagged are significantly over-
lapping (to a greater degree than the QCD jets that fake these
tops). However, the tagger discussed below targets a kinemati-
cally distinct sample of tops and therefore is largely orthogonal to
other techniques, meaning that the combination with other taggers
shows increased power in top tagging.

3. Tagging partially reconstructed objects

The common currency for jet substructure is subjets: isolated
clusters of high-pr radiation in the jet. Most substructure tagging
methods count the number of subjets in a jet (sometimes subject
to some additional cuts per subjet) and select those matching the
expected number from the boosted decay, such as 3 for the top
quark (or 4 if allowing a hard radiated gluon). Techniques to count
subjets typically use declustering algorithms (e.g., [33,9,23,34]) or
shape measurements (e.g., [17,18,28,32]). More general jet groom-
ing methods [22,24,35-37] can also be used to shape the jets, but
must be supplemented with a subjet counting method like those
above. An additional focus of jet substructure has also been the
removal of pileup contamination in jets [38-42]. With partially re-
constructed objects in jets leaving their effect in the distribution of
soft radiation, the application of such techniques to the problem at
hand is more likely to limit discrimination than help. In top tag-
ging, present approaches explicitly remove cases where the top is
not fully reconstructed, i.e., when there are fewer than 3 explicitly
identified subjets.

Of course, having 3 subjets does not guarantee tagging. In the
intermediate pr regime, 3- and 4-subjet events are often misiden-
tified and do not correspond to the actual top decay products. Con-
sequently, additional (typically mass) cuts applied to combinations
of subjets in existing top-taggers are designed to veto such events.
Conversely, in the boosted regime, as the pr is raised, the subjets
increasingly correspond to the true decay products, but these ad-
ditional cuts are still necessary to control QCD backgrounds. The
above is illustrated in Fig. 1 where it is apparent that a sizable
sample of top jets, with any number of subjets, is not tagged, with
the situation significantly worse at lower pr.

The partially reconstructed tops we target in this paper are pre-
cisely those tops missed by conventional top taggers. This sample
is dominated by events where either the b quark or one of the
quarks from the W is soft or escapes the jet. In the latter case, due
to the sequential nature of the top decay, the phase space ensures
that such configurations are approximately 3 times more likely to
contain a b quark and one of the quarks from the decay of the W
rather than a W alone. To tag such events, it is best to assume as
little about the precise substructure of the jet as possible.

Our first variable is therefore one that allows us to remove the
QCD sample with no hard splittings while making no assumptions
about the number of hard subjets in the signal sample. We con-
sider 1-subjettiness with variable angular weighting exponent A
[17],

1
P

in Y priARS . 1)

Pr.j a icjet

For small angles, this sum can be written as ) _; z,-Qiﬂ, with angles
defined with respect to the axis that minimizes the variable, and
z; the fraction of the jet pr carried by the ith particle. As detailed
in Ref. [43], for 8 =1 this sum is always minimized when the axis
is aligned with the most energetic particle and if particle split-
tings are strongly ordered in angle. Alternatively, for 8 = 2, this is
minimized when the axis is aligned with the jet axis itself in the
narrow jet limit.

In the decay of a boosted object, if at least two subjets are
reconstructable, the 7:1(1) axis precisely tracks the hardest subjet,

while the 11(2) axis continues to fall on the jet axis. The two axes

are then expected to be O(1) apart. Conversely, in the case of a
QCD jet with no hard splittings, the jet axis can only move away
from the hardest particle when that particle undergoes a collinear
splitting. This distance is expected to only be O (6.) from the hard-
est particle in the jet, with 6. the angle of the widest collinear
splitting in the shower. We then expect that this distance to still
be 0(0) ~mj/pr < 1. All of this remains true for an arbitrary
number of subjets.

This suggests that a cut on a minimal separation between the
71(1) and 1:1(2) axes will be able to eliminate QCD jets with no hard
spittings in its parton shower, while remaining agnostic about the
nature of the signal. We call this variable the jet lean, or ARy, the
distance between the 7:1(1) and ‘L'l(z) axes. (As noted above, the 11(2)
axis and jet axis can be interchanged with no loss of performance.
For a single emission off a single hard parton, jet lean is identical
to 7:1(1) itself [43]. But with a multi-prong structure, as is the case
for tops, jet lean picks up an additional factor of the ratio of jet
to average subjet pr, providing improved discrimination compared
to using ‘L'l(l).) Similar variables have also been considered in the
discrimination of boosted colored octets in Ref. [44]. The discrim-
inating power of jet lean is illustrated on the left of Fig. 2, which
shows its distribution for the tagged and untagged top and QCD
samples. A clear separation is visible. Demanding that jet lean be
above a certain value will eliminate the QCD background coming
from jets that get their mass from a wide, diffuse parton shower
with no discernible substructure.

The remaining QCD sample with 2 or more subjets can be
reduced further, but as we desire to remain agnostic as to the
number of reconstructed subjets in the signal sample, we need
to exploit the kinematic properties of the subjet splittings. Com-
ing from on-shell decays, top decay products tend to have fairly
democratic energy sharing among subjets, while QCD jets, domi-
nated by singularities of the splitting functions even in the case of
hard splittings, tend to produce a hierarchy in subjet pr. While one
can check for this condition by simply declustering a jet once, and
looking at the pr ratio of the two subjets, superior discrimination
is achieved using jet grooming algorithms [24,35]. This allows us
to more efficiently isolate the leading hard subjet. Because of the
presence of soft radiation in the jet from the unidentified com-
ponents of the top decay, grooming the subjets before measuring
their pr can be more effective than it otherwise would be.

Here we use trimming, which reclusters the jet into subjets of
small radius Rgyp. Only subjets with a pr fraction of the jet pr
greater than a parameter f., are kept. By running the trimming
procedure with a much larger value of fcy¢ (= 0.20) than typically
used, one may veto softer subjets if their pr fractions are small
enough, instead of simply removing soft radiation which is the
usual goal of trimming. We call this aggressive use of trimming,
chopping. Chopping then preferentially removes softer subjets from
QCD and converts some of the 2-subjet QCD sample into 1-subjet
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jets. A cut on the chopped jet mass will then remove these jets.
The behavior of this variable is illustrated in the right plot of Fig. 2,
where the distribution of the chopped jet mass is shown for the
tagged and untagged top and QCD samples.

To summarize, our tagger consists of a two-step procedure with
parameter values,

AR 2 0(0.1), chopped mj 2 0(50 GeV), (2)

giving good separation between boosted top and QCD jets. This
combination allows us to simultaneously veto massive QCD jets
with no discernible substructure and purify the remaining sample
of jets with hard splittings that are more QCD-like, without impos-
ing a particular subjet counting or mass window on the signal.

4. Efficiency studies and results

We wish to characterize the behavior of our top tagger in the
intermediate pr range, 200 GeV < pr < 400 GeV, as this is where

conventional top taggers start to lose efficiency. The effect of the
two cuts separately is displayed in Fig. 2, and together in Fig. 3,
for QCD and tops that have passed and failed the conventional im-
plementation of the N-subjettiness top tagger. (Distributions for
tagged QCD jets are identical to those of tagged tops within statis-
tics.) Fig. 3 also displays the cut corresponding to a linear opti-
mization at the 50% top efficiency point. The optimal linear Fisher
discriminant [45] is constructed from the two variables, while
scanning over the input parameters controlling calculation of the
chopped mass. As noted above, Fig. 2 shows that the distribution
of both conventionally tagged and untagged tops looks markedly
different from the majority of QCD events, demonstrating that the
variables presented here are sensitive to discriminating structure
that other taggers miss. We use the boosted top benchmark Monte
Carlo samples generated for the BOOST2010 workshop to perform
our analysis [5].

In Fig. 4, we show the efficiency of the top tagger described
above in the intermediate pr range, along with corresponding
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performance from several different types of conventional taggers.
In all cases, optimized cuts are found following the procedure de-
scribed above, with a cut on the appropriate linear combination
of output variables of the tagger used, while input parameters
(where present) are scanned over a reasonable range. We carry
out the above in two different cases. Initially, we do not employ
the conventional hard lower cut on the total jet mass, designed
to remove isolated boosted W -jets from the top sample. We then
compare this with the imposition of an m; > 120 GeV cut on all
conventional taggers. The performance in both cases is comparable
with the exception of the trimming tagger at high purity, but in
the second case conventional taggers cannot achieve an efficiency
better than ~ .46 due to the hard cut. While the HEPTOPTAGGER
algorithm [25] has been advocated in the past as having better
performance in the intermediate boost regime compared to other
approaches, we find that at the low pr’s we focus on, after opti-
mization, its performance is only somewhat better than the Hop-
kins tagger, and not better than our advocated combination with
N-subjettiness. (This should be contrasted with the HEPTopTAG-
GER2 algorithm [46], with which we do not compare performance,
as it is a much more involved tagger than any ones discussed here,
with many additional input variables and possibilities to tune for
specific subsamples.) We see that unless one desires a high pu-
rity sample, our tagger on its own outperforms the conventional
approaches for such a moderately boosted sample.

While preferentially tagging poorly reconstructed tops on its
own might be of formal interest, in practical applications it would
be rare to wish to tag tops only in the intermediate-boost regime.
Instead, the hope would be to recover some untagged tops in addi-
tion to those already tagged by more conventional methods. Since
we use the N-subjettiness variable as part of our method, it is nat-
ural to look at the performance of running our tagger in parallel
with the more conventional cut on t3/72, which for the 50% effi-
ciency point corresponds to the cut,

T A A
—3+1.1<—m> —1.8<—m) <07, 3)
(%) m J, m J_

with (Am/m)+ being the fractional deviation above (below) the
top mass for the given jet. Thus, we also show the efficiency for a
double tagger for which events which pass either the conventional
T3/T cut or our new cuts are considered tagged. It turns out that
a substantial overlap in QCD mistags in both methods is present.
This allows for notably better tagging performance than either ap-
proach alone, particularly in the 0.25-0.4 efficiency range. In fact,
the combined tagger shows at least a 50% improvement in QCD
mistag reduction over previously available methods in the entire
0.25-0.5 efficiency range.

5. Discussion

In this note we have presented a method for differentiating
(partially) boosted hadronically decaying objects without having to
specify a particular topology or mass window for grouping of sub-
jets. Our approach allows us to extend the range of scenarios in
which substructure methods can be applied, going beyond conven-
tional approaches that excel when all decay products are cleanly
identifiable. As an example, we considered hadronically decay-
ing top quarks with intermediate boosts. Here, our method alone
proves more powerful when larger top efficiencies are required,
and shows even more significant improvement when combined
with a conventional top tagging method (N-subjettiness). Addi-
tional applications, which we leave to future work, could involve
reconstruction of objects decaying both to hadrons and invisible
products, for which conventional substructure approaches are en-
tirely inapplicable.
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