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A precise measurement of the Higgs boson couplings to bottom and top quarks is of paramount
importance during the upcoming LHC runs. We present a comprehensive analysis for the Higgs production
process in association with a semileptonically decaying top-quark pair and subsequent Higgs boson decay
into bottom quarks. Due to the highly complex final state and large Standard Model backgrounds,
measuring the signal strength in this process is known to be challenging. To maximize the sensitivity,
we analyze different, statistically independent, phase space regions, where one or more of the heavy
resonances are boosted. This allows us to employ jet substructure techniques, which help to reduce large

17 + X backgrounds. We find that combining several 1ZH(bb) phase space regions will allow one to

measure deviations of the Standard Model signal strength of order 20% with 3 ab~!.
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I. INTRODUCTION

After the discovery of the Higgs boson [1,2] the precise
measurement of its properties is the foremost goal during
the upcoming LHC runs. All coupling measurements
performed so far at 7 and 8 TeV center-of-mass energy
are in good agreement with Standard Model (SM) pre-
dictions. However, while Higgs boson couplings to gauge
bosons have already been constrained in a fairly precise
way [3], Higgs couplings to fermions are still plagued by
large uncertainties.

Measuring Higgs couplings to bottom and top quarks
is of particular importance. In the Standard Model, the
bottom quark coupling drives the total width ', of the Higgs
boson. When measuring the signal strength of any Higgs
production and decay process i, the observed number
of events depends crucially on the branching ratio,
BR; =T';/T',, of the Higgs boson into the process-specific
final state. Hence, if ' is only weakly constrained due to a
large uncertainty on the Higgs-bottom coupling ¢, a precise
measurement of any coupling will be hampered [4]. One way
of measuring ¢, is to exploit Higgs boson production in
association with a gauge bosoninthe H — bb decay channel
[5,6]. This process benefits from mild combinatorial issues
in the reconstruction of the two resonances, resulting in a
favorable signal-to-background ratio. However, during Run
1 ATLAS and CMS were only able to set weak limits on ¢,
indicating the need for alternative ways to complement this
measurement during the upcoming runs of the LHC [7-10].
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A direct measurement of the the Higgs-top coupling ¢, is
desirable for several reasons: the comparatively large top
quark mass, which is not explained in the Standard Model,
is directly proportional to ¢, and contributes in a dominant
way to the destabilization of the electroweak scale [11-13].
An independent measurement of ¢, in addition to a
measurement of the Higgs self-coupling can help to
evaluate if the electroweak vacuum is stable or only
metastable on cosmological time scales. Further, many
new physics scenarios predict deviations of ¢, from its
SM value; e.g. well-known examples include generic two
Higgs-doublet models, the MSSM, or composite Higgs
models. While the loop-induced gg — H and H — yy
processes are sensitive to ¢,, direct access can only be
obtained by measuring the production cross section of the
Higgs boson in association with top quarks, e.g. t7H or tH,
with the former having a seven times larger cross section in
the Standard Model [14—-17]. Hence, for the quality of a
global fit of Higgs boson properties a precise measurement
of ¢, through fH production is indispensable.1

Both of LHC’s multipurpose experiments, ATLAS and
CMS, have set limits on ¢, in various channels during Run 1
[28-30]. For a light Higgs boson of 125 GeV produced in
association with a 7 pair phenomenological studies have
predicted sensitivity in decays of the Higgs boson to
leptonic taus or W bosons [31-34], photons [35] and
bottom quarks [7,36]. Decays into leptonic taus and W’s
can give rise to same-sign lepton signatures which, sim-
ilarly to di-photon signatures, result in a significantly

"Top associated production allows us to study the quantum
numbers of the scalar particle using differential distributions of
the decay products [18-27].
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improved signal-to-background ratio at the expense of a
very small signal yield. However, while same-sign or
multilepton signatures are unlikely to result in a narrow
mass peak after reconstruction, leaving confidence in
having reconstructed the 77H final state at stake, the
loop-induced H — yy decay channel features a nontrivial
¢, dependence that does not allow for a completely model-
independent measurement of the top-Higgs coupling.

In contrast {7H (bb) is exposed to large backgrounds but
provides the largest signal yield. Consequently, the strong-
est constraints on ffH production during Run 1 were
obtained in this channel, where ATLAS and CMS have
observed exclusion limits between 3.4 and 4.2 times the
SM cross section at 95% confidence level [30,37,38].

As it allows us to access ¢;, and ¢, simultaneously, pp —
11H (bb) is one of the most important processes to measure
during future LHC runs. In this paper we present a detailed
study of this reaction at 14 TeV focusing on exclusive
phase space regions that will become accessible at high
luminosity. Earlier studies have found that going into the
so-called boosted regime can improve significantly the
signal-to-background ratio [7], the most limiting factor of
1tH (bb) searches.” We extend this approach using more
robust signal and background calculations, employing
experimentally tested taggers, and exploiting a variety of
independent event topologies.

We organize this paper as follows: In Sec. II we describe
in detail the event generation of signal and backgrounds.
Special care is dedicated to the validation of high-statistics
leading order (LO) samples for 7 + multijet and 77 + b-jet
production—needed for a decent description of the back-
grounds in highly suppressed phase space regions—by
means of next-to-leading order (NLO) matched and merged
simulations. After a brief overview of an early boosted
analysis of f7H(bb) in Sec. III, in Sec. IV we present
alternative approaches focusing on several phase space
regions in combination with a variety of reconstruction
techniques. To evaluate how well the signal strength y can
be measured for each of the aforementioned approaches we
perform a binned profile likelihood test on the resulting
distributions in Sec. VI. Eventually, we offer conclusions in
Sec. VIL

II. SIGNAL AND BACKGROUND CROSS
SECTIONS AND EVENT GENERATION

The production of 7 pairs in association with light- and
heavy-flavor jets represents the dominant source of back-
ground to f7H searches in the H — bb channel, and the
accurate simulation of #7 + jet final states with two light or
heavy-flavor jets is a key prerequisite for a reliable /7H (bb)
analysis. This calls, on the one hand, for Monte Carlo

*Predictions for a 100 TeV hadron collider are particularly
promising [39,40].
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simulations based on NLO matrix elements. On the other
hand, the highly exclusive cuts of the boosted analyses
presented in this paper reduce the background by up to a
factor 107*~107> with respect to the corresponding inclu-
sive cross section. In these conditions, the production of
NLO Monte Carlo samples that preserve high statistics in
the signal region is very challenging. To circumvent this
problem we will employ a combination of NLO and LO
simulations. While the actual analysis will be based on
high-statistics LO samples with appropriate dynamical
scale choices and normalization factors, NLO samples of
lower statistics will be used to verify that the LO ones
describe the shapes of all relevant distributions with
sufficiently good accuracy. To generate the LO and NLO
samples for signal and backgrounds we employ the SHERPA
[41,42] Monte Carlo® and its built-in modules for parton
showering, hadronization, hadron decays and underlying
events. Tree matrix elements are computed with AMEGIC
[43] and Comix [44], while one-loop matrix elements are
generated with OPENLOOPS [45,46] in combination with
CoLLIER for the evaluation of tensor integrals [47-49].
Top-quark decays are treated at LO including spin corre-
lations based on 77 + jets Born matrix elements using spin
density matrices [50,51]. Their kinematics are adjusted
a posteriori according to a Breit-Wigner distribution using
the top quark width as an input.

All LO and NLO samples are generated at 14 TeV using
CT10 NLO parton densities [52] and the input parameters
m,=173.2GeV, M;=91.1876 GeV, My, = 80.385 GeV,
My =125.0 GeV, G, = 1.16675 x 107 GeV~2,and a =
V2G,M3,(1 — M},/M%)/x. Higgs bosons are decayed in
the bb channel with branching fraction BR(H — bb) =
0.577 [53], while the ¢7 system is decayed into semileptonic

final states with NLO branching fractions BR(W — ¢g’) =
2x0.337303 and BR(W — £v) =2 x 0.108465, with

For the ffH(bb) signal a NLO accurate sample is
generated using the S-MC@NLO method [54,55], which
represents the SHERPA variant of the MC@NLO method
[56]. Since H — bb decays require a nonzero bottom-quark
mass, we adopt the four-flavor (4F) scheme with m, =
4.75 GeV and we use 4F CT10 parton densities. For the
renormalization (up), factorization () and resummation
(ug) scales we choose g =ppr=pg=Hr/2=
>iciinEri/2, where Er =+/p%+ M?*. The resulting
NLO signal cross section (without decays) at 14 TeV
amounts to o,;5 = 558.7(9) fb.

As a precise benchmark for the irreducible #7bb back-
ground we have performed an S-MC@NLO simulation of
ttbb production in the 4F scheme [57]. The finite h-quark
mass in the 4F scheme avoids collinear ¢ — bb

*More precisely we used svn revision 24881 of the SHERPA
2.1.1 public release.
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singularities and permits us to cover the full b-quark phase
space. Thus it provides a NLO accurate description of
tt + b-jet final states with b-jet multiplicity N, > 1 and
Ny > 2. As in [57], for the factorization and resummation
scale we use yp = g = (Er, + Er;)/2, and the renorm-
alization scale is related to the top- and bottom-quark
transverse energies by uk = Il,_,;, ;Er;, where all trans-
verse energies are defined at parton level.

Using the S-MC @NLO sample we have validated a high-
statistics LO 4 PS simulation (based on the same input
parameters and flavor-number scheme) that was used for the
analysis in this paper. In particular, upon application of a
constant K-factor we have checked that LO and NLO
predictions are in decent agreement for a wide range of
observables. In the following we present comparisons of LO
and NLO predictions that have been obtained by switching
off top-quark decays, hadronization and underlying events.
This approach allows one to focus on those jets that originate
from QCD interactions and are most sensitive to NLO
corrections. In Table I we compare LO+PS and S-
MC@NLO predictions for ¢ + b-jet cross sections with a
different number, N,, of b-jets’ with p; > 25 GeV and
|| < 2.5. The inclusive case with N, > 1 (denoted as tb) is
compared to more inclusive cross sections with N, > 2
(ttbb) and N}, > 2 plus an additional cut, m;;, > 100 GeV,
on the invariant mass of the first two b-jets (ttbb ). In the
actual analysis the LO + PS {7bb simulation is improved by
aconstant K-factor of 1.65. As can be seen from Table I, this
reduces the discrepancy between LO +PS and S-
MC@NLO predictions to about 10% or less in the three
considered subsamples, while the intrinsic scale uncertainty
of the S-MC@NLO prediction is around 20%-30% [57].
We have checked that such good agreement between
rescaled LO + PS and S-MC@NLO predictions holds also
for a number of distributions. This is illustrated in Fig. 1 for
various observables in the t¢b and ttbb subsamples. The
largest discrepancies do not exceed 20% and are observed in
phase space regions that are not critical for a boosted
ttH (bb) analysis, such as in the region of large AR,;. In
contrast, for the most relevant observables, such as the py
and invariant-mass distributions of the b-jets, the observed
deviations between LO and NLO predictions are well below
the intrinsic S-MC@NLO uncertainty.

As a benchmark for 77 + multijet production we have
produced an inclusive sample based on the MEPS@NLO
technique [58,59]. In this approach, S-MC@NLO simu-
lations of #f + n-jet production with n =0, 1, ..., n,, are
consistently merged to form an inclusive sample that
provides an NLO accurate description of any observable
involving up to n.,, jets. First applications of NLO
merging techniques to 7 + multijet production have been

*For these technical comparisons we use the anti-k7 algorithm
with R = 0.4 and we define as b-jets those jets that contain one or
more b-quarks among their constituents.
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TABLEIL LO + PS and S-MC@NLO predictions for ¢7 + b-jet
production for the subsamples with N, > 1 (¢tb), N, > 2 (ttbb)
and N, > 2 plus an additional my;, > 100 GeV cut (tthb ).

tth tthb ttbblOO
) 8109  1.800 0.668
) 15.22 2.973 1.041
1.65 % 6L0+PS/D-SMC@NLO 0.88 1.00 1.06

presented in [60,61] for n,,, = 1 and in [62] for n,,, = 2.
Given the high computational cost of handling 7 + 2jet
final states at NLO, in this study we will restrict ourselves
to a MEPS@NLO simulation for 77 4 0, 1 jets. As in [62],
for the pp — 1t core process we choose the scales
HR = HF = Ko = Hcore with l/ﬂgore =1/5+ 1/(mt2 - ?)+
1/(m? — @), while the scale of the ag factors associated
with additional jet emissions is set equal to the transverse
momentum of the corresponding branchings. The latter
are determined in a probabilistic way by inverting the
SHERPA parton shower. For the separation of the 7 4 0-jet
and 77 + 1-jet S-MC@NLO samples the merging scale
Ocut = 30 GeV is used.

Heavy quarks are described in the massless approxima-
tion using the five-flavor (5F) scheme with CT10 5F PDFs.
Double counting with the (N)LO matched 7bb sample in
the 4F scheme is avoided by vetoing final states with one or
more b-quarks in the (N)LO merged S5F simulation. In
particular, also 77 + b configurations with a single b-quark
need to be vetoed since they are already taken into account
in the 4F scheme through gg — {7bb subprocesses where
one of the b-quarks remains unresolved in initial state
g — bb collinear splittings.

Since b-production takes place both through matrix
elements and parton showers, the matching of 4F tibb
production and 5F #7 + jets production needs to be based
on a b-quark veto after parton showering. However, b-quarks
that arise from the decay of top quarks (and their subsequent
showering) in 77+ light-jet events are not vetoed since such
configurations cannot arise from ¢7bb 4F matrix elements.

Similarly as for the f7bb simulations, also for the
inclusive 7 + jets background our analysis relies on a
high-statistics LO sample. More precisely, using the same
scale choices as for MEPS@NLO, we have generated a
MEPS@LO tf+ 0, 1, 2 jets sample, with up to two jets at
the matrix-element level. Again, thanks to the adopted scale
choices and an appropriate K factor, LO and NLO
predictions turn out to be in good agreement. Cross sections
for pp — 11+ 0, 1, 2, 3 jets are compared in Table II, using
an anti-ky jet algorithm with R = 0.4 and counting jets
with py > 25 GeV and || < 2.5. Applying a constant
K-factor of 1.559 brings MEPS@LO and MEPS@NLO in
striking agreement for all considered jet multiplicities. We
also compared the MEPS@LO simulation rescaled with
K = 1.559 to fixed-order NLO calculations for 77 + ljet
and 17 + 2jet production [63,64]. For the respective cross
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FIG. 1. Comparison of LO + PS and S-MC@NLO predictions for p7 of first b-jet in the inclusive ttb subsample (II) and various
observables in the ¢t7bb subsample: invariant mass of first two b-jets (II), py of first b-jet (II), AR of first two b-jets (II), total p of first
two b-jets (II) and p; of second b-jet (II). In this comparison top decays, hadronization and underlying events are switched off. A

constant K-factor of 1.65 is applied to the LO + PS #7bb simulation.
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TABLEII. MEPS@LO and MEPS @NLO predictions for 7 + multijet production in jet bins. Top quarks are kept
stable, and the jet counting refers to generic (light- or heavy-flavor) jets.

i+ > Ojets fi+ > ljets i+ > 2jets i+ > 3jets
omepseLo (PD) 506.8 268.3 113.0 42.66
oMmEpsenLo (Pb) 790.9 419.3 175.5 65.00
1559 X GMEPS@LO/GMEPS@NLO 1000 1002 0996 0977

sections with one and two jets with p; > 50 GeV we found
agreement within 5% or so, i.e. below the level of
uncertainty expected from NLO scale variations. In the
final analysis the inclusive ¢7 sample is normalized to the
NNLO + NNLL result 6,; = 956.2 pb [65], which corre-
sponds to applying an overall K-factor of 1.209 x 1.559 =
1.885 to the MEPS@LO sample. The comparison of
differential observables presented in Fig. 2 demonstrates
that in the MEPS@LO approximation also the shape of
the most important variables is sufficiently well described.
The observed shape differences between MEPS@LO and
MEPS @NLO predictions approach 10% only in the hard
tails of the jet-py distributions.

In summary we are going to use an S-MC@NLO signal
sample, a LO + PS tbb sample and a 7+ 0, 1, 2 jet
merged sample based on the MEPS technique at LO. As
discussed above, the background samples have been
rescaled with appropriate K-factors and validated by means
of S-MC@NLO and MEPS@NLO simulations. The over-
lap between the ¢7bb and ¢7 4+ multijet samples is consis-
tently removed by vetoing any #7+ multijet events
containing b-quarks that do not originate from (showered)
top-quark decays.

III. STANDARD BOOSTED #H ANALYSIS

In this paper we focus on the extraction of the 17H (bb)
signal at the 14 TeV LHC in the semileptonic channel. As a
starting point of our study, in this section we will consider a
standard boosted analysis along the lines of [7]. While
following the general strategy of [7], as detailed below we
will introduce a first series of simple improvements, such as
the usage of the HEPTopTagger, as proposed in [66],
updated reconstruction approaches, lepton isolation
requirements, more reliable treatment of B-mesons and
so on. Moreover the accuracy of Monte Carlo simulations
for signal and backgrounds will be upgraded from LO to
NLO, with a significant impact on the expected sensitivity.
A major extension of the boosted approach, including
completely new regions of phase space, will be introduced
in Sec. IV.

The strategy proposed in [7], in order to improve the
separation of the ZH (bb) signal from the problematic QCD
backgrounds of type 7 + X and W + jets, exploits final
states where both the hadronically decaying top, f,,q4, and
the Higgs boson are modestly boosted (pr 2= m) and
balance each other’s transverse momenta, so that their

decay products tend to occupy different physical regions of
the detector.

The boosted selection processes three types of
Monte Carlo (MC) objects: hadrons, leptons and B-
mesons. For leptons, £ = e* or u*, we require |n,| <
2.5 and pr, > 25 GeV, following [37], and impose the
lepton isolation requirement ) ;car o2 Hri < 0.1ppe. All
other visible final state particles with pr > 0.5 GeV and
[n| < 4.5 are treated as hadrons. While B-mesons were kept
stable in [7], the present analysis includes B-decays and
resulting b-jet energy losses in case of semileptonic B-
decays (see more details in Sec. V). However a simplified
b-tagging modeling based on B-mesons before decays is
used. For a jet or subjet to be labeled a b-jet, a B-meson
with pr > 10 GeV and |5| < 2.5 before decay has to fall
within the jet radius (ARgje < Rje).- When all jets and
subjets in a configuration are MC-tagged as b-jets or light
jets, a b-tag weight is given to the configuration as a whole
by calculating the probability of a specific number of b-jets
and light jets based on 70% and 1% tagging efficiencies for
b-jets and light (or charm) jets, respectively. All jets that lie
outside the rapidity region |y| < 2.5 are tagged as light jets.

Similarly as in [7], two preselection cuts are applied in
order to suppress the overwhelming QCD background.
First, we require exactly one isolated charged lepton in the
event. Since an isolated lepton is produced in the hard
process and not in subsequent hadron decays, this condition
makes the pure multijet background insignificant and also
separates the semileptonic ¢7 + X decay channels from
the fully leptonic ones. Second, the hadrons are clustered
into Cambridge/Aachen (C/A) [67] R = 1.5 fat jets with
p1j > 200 GeV, excluding events with less than two such
fat jets. The fat jets are handled as hadronic-top and Higgs
candidates.

After preselection cuts the selection enters the main
stage, which is based on following jet-substructure
analysis:

1. Each fat jet is tagged as a #,,4 (hadronic top) or non-
had jet using a top tagger, and we require at least
one top tag in the event. Specifically, the HEPTop-
Tagger is used instead of the top-tagging method
described in [7]. Although two hadronic top tags in a
semileptonic ¢7 event are unlikely, there is a signifi-
cant probability to misidentify a Higgs boson as a
top quark (see Sec. III A). Thus, more than one fat jet
can be top-tagged at this stage.
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FIG.2. Comparison of MEPS@LO 7 + 0, 1, 2 jets and MEPS@NLO 7 + 0, 1 jets predictions for p; of 7 pair (I), py of first (II) and
second (IT) jet, AR of first two jets (I) and invariant mass of first two jets (II). In this comparison generic (light- or heavy-flavor) jets are
considered, but c- and b-jets yield only minor contributions. Top decays, hadronization and underlying events are switched off. A
constant K-factor of 1.559 is applied to the MEPS@LO simulation.
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2. In the interest of retaining as much signal as
possible, instead of vetoing events with more than
one top-tagged jet, we identify as a unique top
candidate the top-tagged jet that minimizes Am =
1My reco — my| 4 miny;|m;; — my|. Here m, o, is the
mass of the reconstructed top and m;; is the invariant
mass of the pair of subjets closest to the W mass.

3. A rapidity cut || < 2.5 is applied to all remaining
fat jets, including top-tagged jets that have not
been selected as top candidates in the previous
step.

4. For each fat jet (except the top candidate) we apply
the mass drop filter proposed in [7]. If the fat jet has
less than two subjets after mass drops it is ignored.
Otherwise the pairs of 4-momenta that survive
the mass drop represent possible H(bb) structures.
They are ordered according to a variant of the Jade
distance [68],

dij = pTiijARﬁv <1>

and only the first three such pairs in descending
distance dij are retained. Next, the constituents of
each subjet pair are filtered into C/A jets of radius
R = min(0.3, AR;;) and pr > 20 GeV. Only the
first three filtered jets are kept and combined into
what we refer to as a Higgs candidate.

5. We require exactly two b-tags from the filtered
subjets of the Higgs candidate.

6. We request exactly one additional b-tag in the event.
This condition is applied after removing the recon-
structed Higgs and top, which are supposed to
involve three of the four b-quarks of a signal event,
and after clustering the remaining final state objects
of the Higgs fat jet into C/A jets with R = R, and
pt > 20 GeV (inner jets), and the objects outside
the Higgs fat jet into C/A jets with R = 0.4 and
prt > 30 GeV (outer jets). As the Higgs fat jet was

ttH W%

1/o do/dm. [a.u]

0 50 100
me [GeV]

150 200

FIG. 3.
b-tag) of the standard boosted analysis of Sec. III.
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already processed by a mass drop/grooming pro-
cedure, we choose a more aggressive jet definition.

7. We identify a Higgs candidate as tagged if its

invariant mass m, lies in the [100,130] GeV mass
window.

A first picture of the quality of the Higgs reconstruction
in the boosted analysis described above is provided in
Fig. 3, which displays the invariant-mass distribution
of the Higgs candidate after step 6. The normalized m,
distribution for the 77H signal (left plot) features a sharp
cutoff at large m, and a rather long low-mass tail. There we
observe a bulky structure that points to Higgs misidenti-
fication, i.e. Higgs candidates that involve b-quarks from
top decays. Moreover, the Higgs peak lies about 15 GeV
below the true Higgs mass of 125 GeV, mainly due to
uncorrected energy losses via neutrinos in B-meson decays.
Superimposing the 7H(bb) signal and the dominant 7 +
jets and 77bb backgrounds (right plot) illustrates how the
latter are dominated by the low mass region. Nevertheless,
also due to a certain dilution of the H — bb peak, the
background contamination of the signal region remains
quite serious. In particular, as discussed in detail in Sec. VI,
when comparing to the analysis in [7] we find a sizable
reduction of S/B in the signal region, which can be
attributed to the changes in the Monte Carlo simulations
of signal and background processes and to the b-jet
mistagging in 7 + jet events. As a consequence, the
systematic (theoretical and experimental) uncertainty on
the background rate and shape may be as large or even
larger than the signal. Hence for an optimal signal strength
measurement in t7H(bb) a further reduction of the back-
ground level through improved selection strategies, as well
as a reduction of the related uncertainties, is of crucial
importance.

As a preliminary step towards the improved 17H(bb)
selection strategies proposed in Sec. IV, in the following
we present a detailed study of the quality of top and
Higgs reconstruction in the standard boosted analysis.

0.09
008} =
0.07}
006}
0.05
0.04 |
0.03 }
0.02} |

-
|
||
0.01 —|'
0
0

- ttbb
- tt + jets I 7

do/dm. [fh/8 GeV]

50 100 150 200
me [GeV]

Distributions in the Higgs-candidate mass, m,, for signal (left) and signal plus 77 + X backgrounds (right) after step 6 (third
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FIG. 4. Schematic representation of typical /7H event topologies. The ellipses indicate how partons are clustered to form two fat jets.
Topology Il is the cleanest one: the Higgs products and the hadronic top products form two separate fat jets without pollution from other
hard particles. Topology III features misassignments of the Higgs and hadronic top products. In topology III the hadronic top decay
products form a fat jet, and the Higgs decay products form another fat jet with the leptonic top b-quark falling within it. In topology IIT
the b-quark from the leptonic top decay does not pollute the Higgs fat jet, but there is a gluon radiation strong enough to form a

substructure within the Higgs fat jet.

Specifically, we attempt to identify the patterns that
dominate the reconstruction, i.e. the most probable ways
how #H (bb) decay products are grouped into two fat jets.
Such configurations will be referred to as event topologies,
and some typical examples are illustrated in Fig. 4. The
boosted selection is targeted at the topology in Fig. 4(a),
where the three quarks from the #,,4 decay and the bb pair
from the Higgs decay form two separate fat jets, which do
not overlap with the extra b-jet from the decay of the
leptonic top, #).,. However, given the number of final state
objects and the size of the fat jets, the probability is large
that the quarks group up in a different way to form two fat
jets with pr > 200 GeV. In particular, we are interested in
topologies that contribute the most to Higgs-candidate
misidentification, resulting in signal dilution and ffH
sensitivity losses. In the following subsection we categorize
the signal events according to their quality of Higgs and top
reconstruction.

A. Quality of hadronic top reconstruction

To define categories that reflect the goodness of fat jets
as hadronic top candidates the following eight binary
conditions (true/false) are used:

1. t,q: the hadronic top quark is
(P1y,, > 150 GeV)

2. thaq: the hadronic top quark overlaps with the
jet (ARjet.thad < Rg)

3. fiep = bZv: the b-quark from ., belongs to the jet

4. H — bb: the harder b from the Higgs belongs to
the jet

5. H — bb: the softer b from the Higgs belongs to
the jet

6. thaa — bjj: the b-quark from #,,4 belongs to the jet

7. thaa — bjj: the harder light quark from #,,4 belongs
to the jet

8. thag — bjj: the softer light quark from #,,4 belongs
to the jet

boosted

014019-8
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TABLE IIl. The normalized distributions of fat jets before top
tagging (column 2) and top-tagged fat jet (column 3) in the
dominant bins of the eight-dimensional jet-category histogram.
The top-tagging efficiency (column 4) is defined as the proba-
bility that a fat jet is top-tagged in step 2 of the boosted selection.
The rows are ordered by decreasing fraction after the top tag. The
bin is identified by specifying the conditions that are true (1) and
false (0) in the order listed in the text. The left-most digit
corresponds to the first condition.

Before After Tagging
Label Bin top tag top tag efficiency
A 11000111 0.12 0.32 0.40
A, 11001111 0.03 0.08 0.42
As 10111000 0.06 0.07 0.18
Ay 11010111 0.02 0.06 0.40
As 11100111 0.02 0.04 0.41
Ag 11011111 0.01 0.04 0.39

This characterization is applied to the ensemble of fat jets in
the r7H signal sample at two levels of the boosted selection:
considering all fat jets just before top tagging and, alter-
natively, only for the jet that has been successfully top-
tagged and selected as the top candidate in step 2. In
practice a ftH event corresponds to at least two fat jets
before top tagging and exactly one top-tagged fat jet. Each
one of these fat jets falls into one bin of the eight-
dimensional discrete space defined by the above condi-
tions. Overall this amounts to 256 fat-jet categories, which
will be referred to also as jet topologies in the following. It
turns out that more than 60% of the top-tagged fat jets
correspond to one of the six jet topologies presented in
Table III.

The A, topology corresponds to the optimal configura-
tion, where all #,,4 decay products make up one fat jet,
while the Higgs products and the #,, b-quark end up in
another direction. As illustrated in Fig. 5, this topology
features an excellent top- and W-mass reconstruction.
However, it corresponds to only one third of all events

30

ttH W
25t

20 1
15

10+

1/o do/dmy,, [au]

0 50 100 150 200 250 300
my,,, [GeV]

FIG. 5.
boosted analysis of Sec. III.
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with a top tag. For the A5 topology, where the b-quark from
fep enters the fat jet of the hadronic top, we find a tagging
efficiency of roughly 40%, similar to that for A;. In fact, the
top tagger is built in such a way that a top is recovered with
the same efficiency irrespectively of the presence of addi-
tional structure in the fat jet. The A; and As topologies
allow for a good Higgs identification, since the Higgs decay
products are contained in the remaining fat jet. However
they represent less than 40% of the total signal after top
tagging. There are other configurations, like A,, A, and Ag,
where parts of the Higgs boson as well as the whole top
form a fat jet, for which we find again a tagging efficiency
around 40% as for a fat jet containing only the top quark.

The A5 topology, where a Higgs fat jet is mistagged as a
top, represents another significant contribution. The related
mistag rate is around 20%, and the corresponding events
often involve a second top tag associated with the correct
hadronic top. Thus events with more than one top tag
should not be vetoed, and it is important to select the “best”
top candidate (step 2 of our selection). Obviously topol-
ogies where the reconstructed top contains one or more
quarks from the Higgs decay (A,, A4, As, Ag) do not allow
for a correct Higgs tag. Such configurations amount to 55%
of the signal after the top-tag stage. However, this problem
is alleviated by the request of two b-tags within the Higgs-
candidate fat jet: if one of the Higgs b-quarks falls within
the top-tagged jet, then the Higgs jet will be unlikely to
contain two b-quarks, and such events will be strongly
suppressed in the final selection.

B. Quality of Higgs reconstruction

To assess the goodness of fat jets as Higgs candidates we
employ categories based on the following criteria:
1. H: the Higgs boson is boosted (ppy > 150 GeV)
2. H: the Higgs boson overlaps with the jet
(ARjet.H < Rfat)

3. thaa = bjj: the b quark from #,,4 belongs to the jet
4. tep — bZv: the b quark from 7, belongs to the jet
30 —
tEH
— 25t
=
— 20t
g
S 15¢f
~
S
< 10}
S
~
— 5l
0 L L
0 50 100 150 200

mywy [GeV]

Distributions of the m,,  (left) and my, (right) invariant masses for the cleanest topology A, of Table III, after step 2 of the
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TABLE IV. The fraction of the signal cross section at different
steps of the analysis in four of the 144 bins in the six-dimensional
Higgs-jet category histogram. The tag efficiency of the topology
is reported in the last column, and the bins are ordered by
decreasing tag efficiency. Each row corresponds to a bin
identified by specifying the conditions that are true and false
(or a numerical value if applicable) in the order listed in the text.
The left-most digit corresponds to the first condition.

Before After After Tag
Label Bin b-tags b-tags m, cut  efficiency
B, 110021 0.05 0.08 0.17 0.77
B, 110023 0.10 0.16 0.24 0.53
B3 110123 0.09 0.40 0.38 0.32
B, 111023 0.01 0.03 0.03 0.31

5. H — bb: the number of h-quarks from the Higgs
decay the jet contains is 0/1/2
6. H — bb: the number of bb Higgs candidates in the
fat jet is 0/1/3
Note that fat jets containing at most one, two, or three
b-quarks can yield zero, one or three H(bb) candidates,
respectively. Conditions number 5 and 6 have three

16 —
tHH W
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=12t
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C10}
£ s
<
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S out
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0 50 100 150 200
me [GeV]
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(c) Bs (110123)
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possible outcomes. This makes a total of 144 categories,
but again only a few of them yield significant contributions
to the accepted cross section. The relative weight of the four
most important topologies is reported in Table IV at three
levels of the analysis of Sec. III: before and after h-tagging
(before step 5 and after 6), and after the m. mass cut (step
7). These four leading topologies, ordered according to
their relative weight after the m, cut, account for 80% of the
ttH signal within the m. mass window. The corresponding
distributions in the invariant mass of the Higgs candidate
are displayed in Fig. 6. We see that, whenever the Higgs fat
jet contains both Higgs b-quarks and no other partons (B,
topology), the m, distribution features a clear peak. Of
course the missing neutrinos from the B-meson decays
skew and shift the peak. If, however, QCD radiation
produces a third hard structure (B, topology), the peak
is smeared out due to additional continuum contributions
from false Higgs candidates. This continuum contribution
is greatly diminished by the double b-tag requirement for
the Higgs candidate’s subjets.

The B; topology, where the H — bb products in the fat
jet are contaminated by a third b-quark from the leptonic
top, is the main contributor after step 6 of the analysis.

? HH .
ol tH |
= 7|
=6t
g 5)
=gt
S
= 3t
5
= 2f
1.
0
0 50 100 150 200
me [GeV]

(b) B; (110023)

1/o do/dm. [a.u]

0 50 100 150 200
me [GeV]

(d) By (111023)

FIG. 6. Distributions of the Higgs-candidate mass, m, for different Higgs-jet topologies after requesting three b-tags, i.e. after step
6 of the boosted analysis. The figures correspond to the topologies shown in Table IV. (a) B, (110021), (b) B, (110023), (c) B3 (110123),

(d) B4 (111023).
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Since all subjets used to reconstruct the Higgs candidates
are b-jets, the continuum distribution from a false Higgs
candidate is comparable to the true peak-shaped distribu-
tion in the mass range of interest. Moreover, the continuum
distribution has a similar shape as the irreducible #7bb
background. Therefore, as discussed in the next section,
in order to trim this addition to the background from a
falsely tagged signal and to sharpen the peak structure
in the presence of three-candidate fat jets, we will optimize
the Higgs tag by attempting a reconstruction of the
leptonic top.

IV. IMPROVEMENTS AND NEW AVENUES

In this section we propose new selection strategies
targeted at a better reconstruction of topologies that are
the major contributors to misidentified Higgs- or top-
candidate fat jets. In Sec. IVA we present improvements
of the standard boosted analysis of Sec. III as well as new
boosted analyses that exploit phase space regions with a
single fat jet. Such boosted selection strategies will be
compared to a more inclusive multivariate analysis pre-
sented in Sec. IV B.

A. Boosted final state configurations

The standard boosted analysis of Sec. III is targeted at
Higgs candidates with topology B;, which provides
optimal Higgs reconstruction and low mistag rates
[see Table IV and Fig. 6(a)]. The intrinsic difficulty
of any reconstruction approach is to maximize the
selection efficiency for this particular topology and to
optimize Higgs reconstruction in fat-jet topologies that
feature a less trivial substructure. To this end, it is useful
to perform independent analyses depending on the
number of possible Higgs candidates inside Higgs fat
jets. If the fat jet contains only two hard substructure
objects it can only form one Higgs candidate. In this
case, even though there are ways to fake the Higgs
candidate (by forming a fat jet from one Higgs decay
product and the leptonic top b-quark for example), our
results indicate that the final selection is dominated by
the desired topology, i.e. by a correctly tagged Higgs
boson. In the following, we will propose improved
selection strategies for the more challenging configura-
tions with additional hard substructure objects.
Furthermore, in order to increase the statistical sensi-
tivity to the #7H signal, we will complement the standard
boosted analysis with extra channels without tagged
hadronic tops or without boosted Higgs candidates.
Thus we will slice the phase space of single-lepton
ftH events into the categories illustrated in Fig. 7:
T1: > 2 fat jets, 1 tagged boosted top, 1 Higgs candidate
T2: > 2 fat jets, 1 tagged boosted top, 3 Higgs candidates
T3: > 1 fat jets, no tagged boosted tops, 1 Higgs candidate
T4: > 1 fat jets, no tagged boosted tops, 3 Higgs candidates

PHYSICAL REVIEW D 93, 014019 (2016)

T5 T1+T2

Reconstructed top jets

T3+T4

| |
| |

N fat jets

FIG. 7. The single-isolated-lepton event phase space with the
explored regions labeled as in the text.

TS: exactly 1 fat jet, 1 tagged boosted top, unboosted Higgs
candidate

Configurations 7/ and 72, which will be handled
separately here, cover the entire phase space of the standard
boosted analysis of Sec. III. In categories 73 and 74 we
look for a boosted Higgs and an unboosted hadronic top,
and in 75 we anticipate an unboosted Higgs after recon-
structing the boosted top. All in all we examine five
statistically independent phase space regions that, when
combined, can enhance the sensitivity to /ZH events. Note
that here we will not study events without fat jets.

1. Topologies T1 and T2: Boosted ty,,q and boosted H

In the following we describe dedicated selections for
event categories with one (7/) or more (72) Higgs
candidates after step 4 of the standard boosted analysis
of Sec. III.

As the Higgs mass peak in the 7/ channel is already
fairly narrow, one way to further separate signal from 7 +
X backgrounds is to exploit the color singlet nature of the
Higgs boson. The color dipole, formed by the bb pair,
disfavors radiation away from the Higgs decay products,
while bb pairs originating from the QCD background
feature a different radiation pattern. In order to take
advantage of this distinctive signal feature we use the
ellipticity jet-shape variable 7 [69] computed in terms of the
Higgs candidate’s constituents. Figure 8 shows the different
mass distributions of the Higgs candidate in the 77
selection channel with and without a cut 7 < 0.2. As
discussed in Sec. VI, the ellipticity cut allows one to
achieve an appreciable improvement in S/B with minor
losses in terms of signal yield. However, given its fairly
small cross section, the 7/ channel alone does not provide
substantial sensitivity to /ZH at Run 2.

The complementary category 72 has a four times higher
rate. Thus, increasing S/B in this channel, which is
dominated by the Higgs-jet topology B3 in Table IV,
can boost the sensitivity of ZH(bb). To this end, after
step 4 of the standard boosted analysis, we try to tag the
leptonic top, ., as well as the Higgs if the fat jet has more
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m, distribution from the selection channel with a single Higgs candidate in the fat jet and a tagged boosted hadronic top (7).

The left (right) figure is without (with) a 7 cut on the Higgs-candidate constituents.

than one Higgs candidate. The reconstruction of 7, helps
to uniquely identify the origin of the three b-tagged jets and
ameliorates the combinatorial smearing of the Higgs peak
evident in Fig. 6(c). The reconstruction is implemented by
minimizing a y? score computed for all combinations of
final state objects that can form a Higgs-f,., pair. For each
of the three Higgs candidates there are a number of possible
combinations, and the relevant physical objects are
1. two subjets reconstructed from the hadrons of the
filtered Higgs candidate using the exclusive-k;
algorithm;
2. the inner and outer jets with respect to the current
Higgs candidate (see definition in Sec. III);
3. the isolated lepton;
4. the missing transverse momentum of the event Ey.
|

2 __ .2 2
X _)(top +)(Higgs’

(mtlepﬁreco - mthad,max)

The neutrino momentum can be reconstructed from
the lepton momentum and Eg imposing the on-shell
condition for the corresponding W boson. The ambi-
guity related to the two solutions of the quadratic
equation is not resolved at this point; i.e. both pos-
sibilities are taken into account in the following steps.
Since a leptonic top consists of a b-quark, a charged
lepton and a neutrino, we call a Hr, configuration any
unique choice of one out of n inner and outer jets, one
of the two neutrino candidates, the isolated lepton and
the two exclusive Higgs-candidate subjets. Therefore,
any three-Higgs-candidate fat jet has a number 23 | n;
of Hty, configurations. We define x* for a configuration
in the following way:

2
Xiop = 2 )
Ol
(M geco = Mp1.max)” (MHreco = Mt max)
)(%Iiggs = recodz = G)(mH,reco - mH,max) + recoo-z = G(mH,max - mH,reco)v (2)
H+ H-

where © is the Heaviside step function. The errors oy £ are
the standard deviations of Gaussian fits to the data to the
right (+) and left (—) of the peak in 7/ [Fig. 6(a)]. We make
this choice because the reconstructed Higgs mass distri-
bution is heavily skewed to lower values; thus a single
Gaussian fit will overestimate one and underestimate the
other deviation. We take my n,x as the position of the peak.
The #,,9 mass distribution from the topology A; in Table III
is much more symmetric. Therefore, a single Gaussian fit
suffices to extract oy, and my,_ .. We order all configu-
rations in ascending y* and choose the first quarter of
unique configurations. Then we keep the configurations
with two successful b-tags in the Higgs candidate and

I

another for the inner or outer jet (there is only one such
object per configuration). We record the Higgs candidate
mass m, of each of the configurations remaining after the
2 and b-tag cuts.

The y?> ordering complements the b-tagging in the
following way. Assume the Higgs fat jet contains both
the b-quark of r., and the two Higgs decay products.
Without ranking the different configurations, all three
Higgs candidates will certainly contribute to the m,
distribution. We ameliorate combinatorial issues by remov-
ing configurations with large y° scores; i.e. we only keep
the 25% of combinations with lowest y? score. By requiring
three b-tags, we remove the configurations that contain
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FIG.9. m, distribution obtained from the 25% of configurations with lowest y” score in the three-Higgs-candidate selection channel
(T2). The left figure is the signal fzH and the figure to the right contains signal and background.

non-b-tagged inner/outer jets. Consequently, we veto the
correct configuration less often than the one where the
b-quark from the leptonic top fakes one of the Higgs
decays, before b-tagging of the Higgs candidate is even
implemented. Figure 9 shows the change of m, in the 72
topology [compare with Figure 6(c)].

There are additional steps that one can study to remove
fake configurations before applying the b-tags. We studied
the impact of including the jet shape observable 7 and the
helicity angle [70] between the bottom quark and the
charged lepton. However, we found them not to be efficient
in increasing S/B at this stage of the analysis.

At this point we have reconstructed all three resonances
in ftH. Therefore, it is conceivable to use them in a
multivariate analysis (MVA) to exploit any angular depend-
encies among these fundamental objects. In particular we
select the mass, pr and rapidity of the /7H system as well as
the angles between the Higgs and the top/antitop in the f1H
center-of-mass frame to build a boosted decision tree
(BDT) discriminant. For the numerical evaluation we use
the TMVA [71] package of ROOT [72]. We build a forest
of 850 trees each with three layers and require at least 5%
of the signal in each leaf node to explicitly avoid any

ttH W

1/o do/dvgpr [a.u.]

03 02 -01 0 0.1 0.2 0.3
UBDT

overtraining. There is a great freedom of choice for the
number and nature of variables in a MVA at this stage,
depending on the remaining statistics and the systematic
uncertainties of the input variables. Particularly the latter
requires a full detector simulation for a reliable estimate.
The distribution of the BDT score is displayed in Fig. 10.
Despite the previously described attempts at improving the
S/B of T2, the results presented in Sec. VI indicate that the
obtained improvement in S/B is rather modest.

2. Topologies T3-T5: Boosted ty,,q or boosted H

So far we have only used the selection channels where a
fat jet has been tagged as a top, and there is at least one
more fat jet to be tagged as a Higgs (71 and 72). In the
following we will consider two additional types of chan-
nels. If there is one or more fat jets in the event but neither is
top-tagged, we will test for a boosted Higgs among them
and aim to reconstruct a top using the radiation outside the
Higgs candidate (channels 73-T4). Vice versa, if there is
only one fat jet and it has been top-tagged, we will look for
a nonboosted Higgs among the remaining particles in the
event (channel 75). In the first case (73 and 74) we follow

5 .

45 tH W
'g* 4t tt% -
S 55 tthb |
SO tt + jets [
£ 3] -
82.5
m 2r
S
= 15t
o) 1t
=

UBDT

FIG. 10. Boosted decision trees score distribution from five variables calculated with the reconstructed /ZH objects after the mass cut in
T2. The left figure is the signal t7H and the figure to the right contains signal and background.
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m,. distribution obtained from the selection channels without any top tags: 73 (top) and 74 (bottom). The left figures show the

t1H signal only and the figures to the right contain signal and background.

Sec. IVA'1 for the reconstruction of the Higgs candidate.
For each fat jet we find the mass drop subjets and we group
them into Higgs candidates. Then we keep fat jets with up
to three candidates, but we separate the one-candidate (773)
from the three-candidate (74) fat jets. We again construct
inner and outer jets after removing the Higgs candidates;
see step 6 of the boosted analysis in Sec. III. As we would
like to reconstruct the unboosted hadronic top as well, we
require at least four inner or outer jets, accounting for the
hadronic decay products of the leptonically and hadroni-
cally decaying top quarks.

There is a threefold way to assign the b-quark within the
hadronic top. To remove this ambiguity, we first reconstruct
the hadronic W by minimizing Amy = [my_ — myl.
Eventually, a y? value of every #,,4 and Higgs candidate
configuration is calculated, i.e.

)(2 :)(tzop +)(%V +)(12-Iiggs’

2 (mthad,reco - mthad,max)
X top — 2 5
O
thad
2
2 (mWhad reco mWhad,max) 3
Xw = 02 . ( )
Whaa

The jfjige and yip are identical to the ones defined in
Sec. IVA 1. The Z%v parameters are extracted in the same

way as the )(tzop parameters, i.e. using a Gaussian fit to the
mass distribution (right plot in Fig. 5) of the two W subjets
in the reconstructed hadronic top, in the case when it falls
into the cleanest topology (A;) in Table III. The configu-
rations are ordered by y* and the highest 75% are rejected.
From each remaining configuration, three successful b-tags
are required—two among the Higgs candidate filtered
subjets and another for the leptonic top. We do not require
an additional b-tag for the hadronic top candidate. As
before, the Higgs candidates’ masses of all surviving
configurations are recorded, and the resulting distributions
plotted in Fig. 11. Results in Sec. VI confirm that, as
expected, topology 73 features a cleaner peak and therefore
a better S/B ratio than T4. Most importantly, the signal
yields of those two channels, at approximately 1 fb, are an
order of magnitude larger than for 7/ and 72.

Finally we focus on the channel with a single fat jet that
is top tagged (75). In this case we cluster all final state
hadrons into C/A R = 0.4 jets with py > 30 GeV and
require three b-tagged jets. We reconstruct a Higgs and a
leptonic top using the same y? as in the T2 scenario of
Sec. IVA'1l. The Htfg, configuration consists of two
b-tagged jets (Higgs candidate), the other b-jet, and a
reconstructed neutrino (7). We calculate the y? defined in
Eq. (2) and choose the Higgs candidate with the best y?
value. Figure 12 shows this candidate’s mass distribution. It
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turns out that the 75 channel has a S/B ratio similar to 73,
but the signal yield is smaller by a factor of five and the
background shape is more biased (see Sec. VI).

B. MVA without boost

As a generalization of the boosted configurations dis-
cussed in Secs. III-IVA, we perform a MVA with seven
observables that do not require any of the resonances to be
boosted. The analysis may include parts of all phase space
regions defined in Fig. 7; however the input objects to the
observables are different. We start by asking for a single
isolated lepton and at least six C/A R = 0.4 jets with
prt > 30 GeV, of which exactly four must be b-tagged. We
will only use six jets for the reconstruction; thus from the
remaining jets without a b-tag we keep the two with
largest pr.

Using these six jets (bq, b,, bs, by, q, qz),5 as well as
the isolated lepton # and missing energy Et, we define

The numbering scheme signifies the py in descending order.

simple kinematic variables: Amy = min,;|my max — My,

Pqu/qul >, 1Nax;; ARbibj , min; ARW,bi’ Aq&fpby ARK,bp
ARy, . We found these seven variables to have the highest
rank, as defined in [71], after running all possible kinematic
combinations of our input objects, using a BDT. Signal and
background distributions in the BDT discriminant are
plotted in Fig. 13, and detailed results of this analysis
are presented in Sec. VI.

V.EFFECTS FROM »-JET ENERGY CORRECTION

Throughout Secs. III and IV we have neglected energy
corrections of b-tagged (sub)jets. As a result, the masses of
the reconstructed Higgs candidate and the top quark show a
broad, smeared-out distribution. ATLAS and CMS apply
jet-energy corrections to compensate for energy losses from
unobserved neutrinos in the decay of B-mesons. While the
correct inclusion of these corrections requires a full detector
simulation and is beyond the scope of this analysis, at the
end of Sec. VI we will present the most optimistic results
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FIG. 14. Distributions in the Higgs-candidate mass m, after three b-tags for the various selection topologies as in Figs. §—12, but
including neutrinos in the reconstructed B-hadrons. (a) 71, (b) 72, (c) T3, (d) T4, (e) T5.

for the ffH reconstruction by including the neutrino
momenta in the jet finding.

Distributions in the Higgs-candidate invariant mass with
full B-reconstruction are illustrated in Fig. 14 for all analysis
channels (T'/-T5). As compared to Figs. 8-12, including the
neutrino momenta results in a narrower and more pro-
nounced mass peak at my = 125 GeV. This effect is
especially pronounced in the 7/ channel. In this case, using
an optimal mass window can increase the S/B ratio up to

40% without losing signal yield. Moreover, for the 7/
channel a sideband analysis appears to be possible where
the signal strength can be estimated by comparing the Z
boson peak with the adjacent Higgs peak, while the signal
depleted regions can be exploited for a data driven back-
ground determination. However, the 7'/ channel collects only
a modest fraction of the /7H signal (see Sec. VI), while it is
evident from Fig. 14 that the other channels do not benefit in
a similar way from an improved reconstruction of B-decays.
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FIG. 15. Two-sided 95% C.L. limit of the signal strength x4 as a function of the integrated luminosity assuming a constant 15%
normalization uncertainty for the SM background. (a) Analysis of Sec. III including all relevant topologies (77 and 72). (b) Analysis of
Sec. IV limited to topology 7. (c) Analysis of Sec. IV including topologies 77 and 72 (d) Analysis of Sec. IV including all topologies
(T1-T5). (e) Analysis of Sec. IV including all topologies (77-T5) and neutrinos in B-decay reconstruction. (f) Unboosted BDT analysis

of Sec. IV B.
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uncertainty for the SM background that remains constant at 15% level up to 300 fb=! and scales as 1/+v/L for higher integrated
luminosities. (a) Analysis of Sec. III including all relevant topologies (77 and 72). (b) Analysis of Sec. IV limited to topology T1.
(c) Analysis of Sec. IV including topologies 77 and 72. (d) Analysis of Sec. IV including all topologies (77-T5). (e) Analysis of Sec. IV
including all topologies (77-T5) and neutrinos in B-decay reconstruction. (f) Unboosted BDT analysis of Sec. IV B.

014019-18



MEASURING THE SIGNAL STRENGTH IN #fH WITH ...
VI. RESULTS

We present the results of the analyses described in the
previous three sections in terms of S/B ratios in signal
enriched regions and in the form of 95% C.L. limits on the
signal strength u. We define p as the observed deviation
from the signal plus background SM hypothesis as a
fraction of the SM ¢fH cross section, u = UOb:S;gTB.

S

Therefore, ¢ = 0 represents no deviation from the SM,
while coupling modifications due to new physics could
result in ¢ < 0 or g > 0. The limits are obtained from the
final discriminating observables of the various selections,
i.e. the m, or vgpr distributions. More precisely, we
perform a two-sided frequentist test with the profile like-
lihood test statistic and the C.L.’s variant of the p-value
using the RooStats framework [73]. We use the expected
number of signal plus background SM events in each bin of
the relevant distribution as the null hypothesis and we look
for the limits this analysis could impose on BSM contri-
butions to the signal strength (both positive and negative).
The results from the statistical analysis are presented in
Fig. 15 under the assumption of a constant normalization
uncertainty of 15% for the SM background. In Fig. 16 a
more optimistic scenario is presented, where the back-
ground uncertainty starts decreasing as the inverse square
root of the integrated luminosity above 300 fb~!. The green
bands in Figs. 15 and 16 cover the u values that cannot be
excluded at 95% C.L. assuming the data are exactly as
predicted by the SM. The yellow bands extend this region
to include an upward (downward) fluctuation by 1o of the
SM median when calculating the upper (lower) 95% con-
fidence limit.

A. Standard boosted analysis

Let us start discussing the results of the analysis of
Sec. III, which represents a standard boosted selection
along the lines of [7]. The signal and background
contributions at various steps of the selection are pre-
sented in Table V, and the overall picture is qualitatively
similar to the original boosted analysis [7]. However the
quantitative differences are quite notable. In particular,
for the S/B ratio after the m, cut we observe a reduction
from about® 35% in [7] to 14%. To a very large extent,
this loss of discriminating power can be attributed to the
differences in signal and background rates between the
two analyses. In particular, the dominant effects are a
35% increase—driven by ff + jets—of the overall back-
ground level, and a 30% reduction of the 7fH signal
within final selection cuts. As for the modified top
taggers and the inclusion of B-meson decays with
related neutrino-energy losses (which require a modified

®To be precise, the S/ B ratios reported in [7] are 42% and 28%
for my = 120 GeV and 130 GeV, respectively.
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TABLE V. Signal and background cross sections in femtobarns
and S/B ratios at different stages of the boosted analysis of
Sec. III.

Stage tiH tbb 1t +jets  tiZ S/B
MC level 94  73x10° 26x10° 50 3.5x 1074
1 lepton 60 47x10° 1.6x10° 22 3.6x 1074
> 1 fat jets 15 400 95x 10> 59 15x1073
1 top tag 4.8 110 26x10° 19 18x1073
3 b-tags 0.59 7.6 4.2 0.25 0.049
m, cut 0.2 0.9 0.48 0.023 0.14

Higgs-mass window), we checked that the impact on S/B
is relatively small.

The NLO tools used in the present study (see Sec. II)
provide more reliable signal and background simulations as
compared to the LO + PS samples employed in [7]. In the
case of the ¢f + jets background we observe a very large
enhancement—close to one order of magnitude in the
signal region—that can be in part attributed to the usage of
a rather crude approximation based on #7 + 1jet LO matrix
elements matched to Herwig++ in [7]. Moreover, the large
relative increase of the 7+ jets contribution can be
explained in part by the way we simulate b-tagging and
top-tagging. On the one hand, Table V shows that imposing
three b-tags results in a reduction of the signal by about a
factor of ten, which is well beyond the naive expectation of
a suppression factor €;°> =3 for a constant b-tagging
efficiency ¢, = 0.7. This observation can be explained
by the fact that, in the present analysis, each b-tag is
accompanied by a B-meson acceptance cut pyp > 10 GeV
and by the requirement that the B-meson is matched to the
actual jet. In particular, this latter condition can be rather
restrictive in the case of the two narrow b-jets that form the
Higgs-candidate substructure. On the other hand, it turns
out that applying three b-tags to the 17 4 jets background
results in a suppression factor 2600/4.2 = 620, while using
a light-jet mistagging efficiency €5, = 0.01 and exclud-
ing the b-jet from the reconstructed hadronic top one would
naively expect a much stronger suppression factor [n(n —

1)/2€}i140€5] ™" = 2400 for an average number of light jets

n = 4. However, there is a probability of about 7% that one
b-quark escapes the hadronic top reconstruction (see top-
ology A; in Table III). In this case a single mistag is
sufficient in order to arrive at three b-tags, and the
corresponding suppression factor (0.07n€mistagei)‘] =
730 for n =4 is very consistent with the observed drop
in 7 + jets. These considerations indicate that the signal
and background cross sections after three b-tags are very
sensitive to the details of - and top-tagging, and to multijet
emissions in the 77 + X background. The changes in S/B
with respect to the original analysis of [7] can thus be
attributed to the various modifications relative to these three
aspects. We also note that an optimal suppression of the
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TABLE VI. Signal and background cross sections in femtobarns and S/B ratios at different stages of the various
boosted analyses (77-T5) of Sec. IVA and of the unboosted MVA analysis of Sec. IV B.
Analysis Stage 1tH tibb 11 + jets 1iz S/B
Before b-tag 1.1 27 690 0.43 1.5x 1073
I 3 b-tags 0.075 0.77 0.37 0.032 0.064
m, cut 0.042 0.13 0.053 20x 1073 0.23
7 cut 0.035 0.089 0.038 9.5x 1074 0.27
Before b-tag 12 240 4.6 x 103 4.5 25x%x 1073
e 3 b-tags 0.25 3.0 1.5 0.11 0.054
m, cut 0.14 0.66 0.36 0.01 0.13
vppr cut 0.044 0.18 0.1 0.0031 0.15
Before b-tag 51 1.2 x 10° 1.9 x 10* 18 3.0 x 1073
73 3 b-tags 1.0 17 11 0.48 0.04
m, cut 0.53 32 2.0 0.032 0.1
Before b-tag 630 1.5 x 10* 22 x10° 210 3.0x 1073
T4 3 b-tags 5.6 130 92 2.2 0.02
m, cut 1.5 16 10 0.2 0.06
Before b-tag 4.2 220 5.7 x 10° 1.5 7 x 107
5 3 b-tags 0.14 1.6 0.65 0.036 0.06
m, cut 0.094 0.6 0.28 0.011 0.11
> 5 jets 14 420 6.0 x 10° 5.1 22 %1073
MVA 4 b-jets 1.5 19 29 0.52 0.066
vppr cut 0.041 0.16 0.033 24 %1073 0.21

1t + jets background could be easily achieved by requiring
a fourth b-tag.

Concerning the differences between the HEPTopTagger
used in the present analysis and the top-tagging method
employed in [7], the results presented in Sec. III A
demonstrate that the HEPTopTagger efficiency is very
robust irrespective of the pollution within the fat jet. In
contrast, the tagger used in [7] has higher efficiency and
light QCD jet mistag rate when a fat jet contains more hard
radiation than only the top decay products. On the one
hand, in general this can reduce S/B. But on the other hand
the tagger used in [7] has a slightly higher overall efficiency
as compared to the HEPTopTagger’s efficiency of about
40%. For top-rich backgrounds this has no direct influence
on S/B, but it can improve the statistical sensitivity of the
analysis.

The sensitivity of the standard boosted analysis of
Sec. III is displayed in Fig. 15(a). For the scenario of a
constant systematic uncertainty of 15% we find no
sensitivity to modifications of the signal strength of |u| <
1 at £ = 3000 fb~!. Hence, one can only exclude devia-
tions from the Standard Model that are at least as large as
the t7H contribution it predicts. In Fig. 15 we see that this
limit remains almost constant for integrated luminosities
expected at the end of the following two LHC runs,
suggesting the analysis will be dominated by the system-
atic uncertainty. In the more optimistic scenario presented
in Fig. 16, where the systematic uncertainty scales as
1/v/L, a limit around |u| = 0.5 could be achieved
at £ = 3000 fb~!,

B. Improved boosted analyses T1-TS and unboosted
MVA approach

We now turn to the results of the boosted and unboosted
analyses of Sec. IV. The evolution of signal and back-
ground cross sections at subsequent stages of the improved
boosted analyses T/-T5 and of the unboosted MVA
analysis is presented in Table VI. The T/ selection provides
the sharpest signal peak and allows one to increase S/B
after m, cut from 14%—in the case of a standard boosted
analysis with 7/ and T2 contributions—up to about 23%.
This gain in sensitivity comes at a high price for the signal
yield, as the 7'/ topology is suppressed by roughly a factor
of four with respect to the complementary 72 contribution.
However, an extra ellipticity cut, 7 < 0.2, can further
increase S/B to 27% with only a 15% loss in the T1
signal yield. At 300 fb~' of integrated luminosity the
expected number of 7fH events in the T/ signal region
is only twelve, but the higher S/B level for this topology
results in an improved exclusion limit around |u| = 0.7 at
L = 3000 fb~! (see Fig. 15). To increase the signal yield
and accumulate sensitivity from other regions of the phase
space, the T/ selection can be combined with four
statistically independent channels: 72-T5.

In the 72 channel, with three Higgs candidates in a fat jet,
we are able to improve S/B from 13% (after m, cut) to 15%
by applying a BDT made of five variables that define the
reconstructed tfH system, as discussed in Sec. IVA 1.
However, the vgpt cut suppresses the signal by about a
factor of three. Moreover, several of the attempted mod-
ifications, e.g. cutting on y?, using the jet shape observable
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ellipticity, and exploiting the angle between the leptonic
top’s b-quark and lepton, do not improve S/B.
Nevertheless, combining 7/ and 72 without the aforemen-
tioned modifications in the C.L.’s does improve the limit
from |u| = 0.7 to |u| = 0.6.

The topologies 73-T75, which contain at least one
boosted resonance, feature S/B ratios from 6% to 11%,
and a factor of eleven more signal cross section than the
T1-T2 selections. The inclusion of all five channels in the
C.L. calculation allows one to exclude |u| 2 0.45.

Finally, let us consider the analysis of Sec. IV B,
which entirely relies on a BDT without requiring the
presence of a fat jet in the final state. This channel is
not independent from 7/-T5 and is closer in spirit to
analyses performed by ATLAS and CMS during Run 1.
In Table VI we present results for a fairly tight cut on
the vgpr discriminant, which is chosen in such a way
that the resulting signal yield is the same as for the
individual boosted selection with the highest discrimi-
nating power, i.e. T/. In this case the BDT analysis
reaches S/B = 21%, which lies slightly below the result
of the T1I selection (23% without 7 cut). With a looser
vppr cut it is possible to increase the signal yield by an
order of magnitude while keeping S/B = 18%. For the
scenario of 15% systematic background uncertainty we
find that exploiting the full distribution of vgpr in the
profiled likelihood method permits us to exclude |u| =
0.55 at £ = 3000 fb~!. Thus the BDT limit lies between
the results of the 77 analysis (Jju|=0.7) and the
combination of TI-T5 (|u|=0.45). However, when
comparing boosted and BDT selections, one should
keep in mind that the emergence of a Higgs peak in
the m, distribution represents a key added value of the
T1 analysis, as it permits us to use a sideband approach
in order to mitigate theoretical uncertainties in the
shapes of the 77 + X backgrounds. Moreover the pres-
ence of a measurable Z — bb peak provides extra
opportunities for a further reduction of the systematic
uncertainties.

It will take the LHC more than a decade to collect
3000 fb~!; thus we expect significant improvements in the
systematic uncertainties of 7+ X final states. Thus in
Fig. 16 we present a more optimistic scenario, where above
L = 300 fb~! the background systematic uncertainty starts
decreasing below 15% and scales inversely proportionally
to the square root of the integrated luminosity. For shrink-
ing uncertainties, equally applied to all channels, the final
signal yield becomes of crucial importance. Therefore
individual boosted channels cannot compete with the
unboosted analysis in setting a limit for u. The 71 topology
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alone can exclude deviations larger than 50% of the
expected null hypothesis, while the unboosted BDT analy-
sis achieves 29%. The combination of all five boosted
topologies, however, still offers the best exclusion limit at
|u| Z 0.26. This limit can be further improved by including
b-jet energy correction as discussed in Sec. V. When
neutrinos from hadronic decays are used in the
reconstruction, the combination of the 7/-T5 analyses
yields the limit || = 0.2.

VII. SUMMARY AND CONCLUSIONS

We have reevaluated the LHC’s potential to set a limit
on the signal strength u in the semileptonic f7H(bb)
channel. We first focused on events with a simulta-
neously moderately boosted Higgs boson and a hadronic
top quark. This channel was proposed earlier to discover
a light Higgs boson [7] and was expected to provide a
good handle in measuring p. After improving on the
simulation of signal and backgrounds and applying a
more conservative particle identification, we find that
achieving a sensitivity to small deviations in u is more
challenging than anticipated. Therefore, to increase the
sensitivity, we split the ffH phase space into several
independent regions and combined their individual
contributions. In particular, we extended the search into
new phase space regions, where only one of the
hadronically decaying resonances is boosted. These
improvements allow us to dramatically reduce the
95% C.L. from |u|=1.0 to |u| =02 for 3 ab™! of
integrated luminosity. We acknowledge that the previous
statement is very dependent on the handling of both
theoretical uncertainties in the normalization and shape
of the ¢f + X distributions and systematic effects in the
experimental reconstruction of particles. Therefore, we
encourage theoretical and experimental studies of the
boosted channels in 77 + X events in order to make use
of the full phase space accessible at the LHC.
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