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We propose a novel kinematic method to expedite the discovery of the double Higgs (hh) production in
the lþ l− bb̄ þ =
ET final state. We make full use of recently developed kinematic variables, as well as the
variables “Topness” for the dominant background (top quark pair production) and “Higgsness” for the
signal. We obtain a significant increase in sensitivity compared to the previous analyses that used
sophisticated algorithms like boosted decision trees or neutral networks. The method can be easily
generalized to resonant hh production as well as other nonresonant channels.
DOI: 10.1103/PhysRevLett.122.091801

Introduction.—The discovery of the Higgs boson (h)
with a mass mh ¼ 125 GeV [1,2] jumpstarted a comprehensive program of the precision measurements of all
Higgs couplings. The current results for the couplings to
fermions and gauge bosons [3] appear to be in agreement
with the standard model (SM) predictions. However,
probing the triple and quartic Higgs self-couplings is
notoriously difficult [4–11]. Yet, the knowledge of those
couplings is crucial for understanding the exact mechanism
of electroweak symmetry breaking and the origin of mass
in our universe.
The Higgs self-interaction is parametrized as follows:
V¼

m2h 2
1 SM 4
3
h þ κ3 λSM
3 vh þ κ 4 λ4 h ;
4
2

ð1Þ

SM
2
2
where λSM
3 ¼ λ4 ¼ ½mh =ð2v Þ are the SM values, κ 3 and
κ4 parametrize deviations from those, and v ≈ 256 GeV is
the Higgs vacuum expectation value. In order to access κ 3
(κ 4 ), one has to measure the process of double (triple)
Higgs boson production at the Large Hadron Collider
(LHC) or future colliders, possibly with high luminosity
(HL). Due to the small signal cross section (σ hh ), it is
necessary to combine as many different channels as
possible. One specific process, hh → ðbb̄ÞðW  W ∓ Þ, has
so far been relatively overlooked, due to the large SM
background cross section σ bknd ∼ 105 σ hh , which is predominantly due to top quark pair production (tt̄). In
particular, there have been very few studies on the resulting
dilepton final state [8–12]. The existing analyses employ
sophisticated algorithms {neutral network (NN) [9], deep
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neutral network (DNN) [10], boosted decision tree (BDT)
[11,12], etc.} to increase the signal sensitivity, but show
somewhat pessimistic results, with a significance no better
than 1σ at the HL-LHC with 3 ab−1 luminosity [9–12].
In this Letter, we propose a novel method to enhance the
signal significance for hh production in the dilepton
channel. The idea is to maximize the use of kinematic
information for the dominant background (dilepton tt̄
production). For this purpose, we utilize the class of
kinematic variables, which were specifically designed for
the dilepton tt̄ topology [13–17]. In addition, we introduce
a discriminator against signal, which we refer to as
“Topness,” following Ref. [18], and an analogous discriminator against background, called “Higgsness.” We do not
use matrix elements or any of the above mentioned
complicated algorithms. The method leads to a surprisingly
high significance compared to existing results. We will first
carry out an analysis for the case of a SM-like Higgs boson,
κ3 ¼ 1, before extending to non-SM values.
Method.—Our method relies on two new kinematics
functions, Topness and Higgsness, which respectively
characterize features of tt̄ and hh events, and two less
commonly used variables, subsystem
M T2 (or M 2 )
pﬃﬃﬃ
[13,16,19] for tt̄ and subsystem ŝmin (or M1 ) [14–16]
for hh production. Topness provides a degree of consistency for a given event to dilepton tt̄ production, in which
there are six unknowns (the three momenta of the two
neutrinos, ⃗pν and ⃗pν̄ ) and four on-shell constraints, mt , mt̄ ,
mW þ , and mW − . The neutrino momenta can be fixed by
minimizing the following quantity
χ 2ij ≡

091801-1

min

 2
ðmbi lþ ν − m2t Þ2

⃗
=
P
T ¼ ⃗pνT þ ⃗pν̄T

þ

ðm2bj l− ν̄ − m2t Þ2
σ 4t

σ 4t

þ

ðm2lþ ν − m2W Þ2
σ 4W


ðm2l− ν̄ − m2W Þ2
;
þ
σ 4W

ð2Þ
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subject to the missing transverse momentum constraint,
⃗ T ¼ ⃗pνT þ ⃗pν̄T . We use MINUIT for the minimization in
P
=
our analysis [20]. Since there is a twofold ambiguity in the
paring of a b quark and a lepton, we define “Topness” as the
smaller of two χ 2 s,
T ≡ min ðχ 212 ; χ 221 Þ:

ð3Þ

In double Higgs production, the two b quarks arise from
a Higgs decay (h → bb̄), and therefore their invariant mass
mbb can be used as a first cut to enhance the signal
sensitivity. For the decay of the other Higgs boson,
h → W  W ∓ , we define “Higgsness” as follows:
 2
ðmlþ l− νν̄ − m2h Þ2 ðm2νν̄ − m2νν̄;peak Þ2
þ
H ≡ min
σ 4hl
σ 4ν
 2
2
2
2
ðmlþ ν − m2W Þ2 ðml− ν̄ − mW ;peak Þ
þ min
þ
;
σ 4W
σ 4W 
2
2
2 
ðm2l− ν̄ − m2W Þ2 ðmlþ ν − mW ;peak Þ
;
þ
σ 4W
σ 4W 

ð4Þ

where mW  is the invariant mass of the lepton-neutrino pair
which resulted from the off-shell W. It satisfies 0 ≤ mW  ≤
mh − mW and the peak of its distribution is at mpeak
W ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
peak
2
2
4
2 2
4
ð1= 3Þ 2ðmh þ mW Þ − mh þ 14mh mW þ mW . mνν̄ ¼
mpeak
ll ≈ 30 GeV is the location of the peak in the
½dσ=dmνν̄  or ½dσ=dmll  distribution,
whichﬃ is bounded
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
max ¼
2 − m2 . The phase
from above by mmax
¼
m
m
νν̄
W
ll
h
space distribution
of
½dσ=dm

is
given by
νν̄
R
2
1=2
2
2
2
½ðdσÞ=ðdmνν̄ Þ ∝ dmW  λ ðmh ; mW ; mW  Þfðmνν̄ Þ, where
λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2yz − 2zx is the twobody phase space function and fðmÞ is the invariant
mass distribution of the antler topology [21–24] with
h → WW  → lþ l− νν̄

fðmÞ ∼

ηm;

0 ≤ m ≤ e−η E;

m lnðE=mÞ;

e−η E ≤ m ≤ E;

and the W, while the effects of the invariant mass of the two
neutrinos and the off-shell W are minor.
Along with Higgsness and Topness, we adopt the
ðllÞ
subsystem ŝmin for h → W  W ∓ → lþ l− νν̄ [14,15] and
ðbÞ
the subsystem M T2 for the bb̄ system (MT2 ) and the
ðlÞ
ðvÞ
lepton system (MT2 ) [13]. The variable ŝmin is defined as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðvÞ
P⃗ T j− P⃗ vT · =
P⃗ T Þ [14–16], where
ŝmin ¼m2v þ2ð jP⃗ vT j2 þm2v j=
(v) represents a set of visible particles under consideration,
⃗ vT are their invariant mass and transverse
while mv and P
momentum, respectively. It provides the minimum value
of the Mandelstam invariant mass ŝ, which is consistent
with the observed visible four-momentum vector. The M T2
is defined as MT2 ðm̃Þ≡minfmax½MTP1 ðp⃗ νT ; m̃Þ;M TP2 ðp⃗ ν̄T ;
m̃Þg where m̃ is the test mass for the daughter particle,
and the minimization over the transverse masses of the
parent particles M TPi (i ¼ 1, 2) is performed over the
⃗ T
P
transverse neutrino momenta ⃗pνT and ⃗pν̄T subject to the =
constraint [13,16,19].
Analysis.—Both the signal and the SM backgrounds
were generated by MADGRAPH5_aMC@NLO [25] with the
default NNPDF2.3QED parton distribution
pﬃﬃﬃ functions [26] in
leading order QCD accuracy at the s ¼ 14 TeV LHC.
The default dynamical renormalization and factorization
scales were used and off-shell effects for the top quark and W
boson are properly included. The double Higgs production
cross section (σ hh ¼ 40.7 fb) was normalized to the next-tonext-to-leading order (NNLO) accuracy in QCD [27].
Including all relevant branching fractions, we obtain σ hh ×
2 × BRðh → bb̄Þ × BRðh → WW  → lþ l− νν̄Þ ¼ 0.648 fb,
where l denotes an electron or a muon, including leptons
from tau decays. The major tt̄ background is normalized to
the NNLO QCD cross section 953.6 pb [28]. The next
dominant tt̄h background is normalized to the next-toleading order (NLO) QCD cross section 611.3 fb [29],
while for the tt̄V (V ¼ W  ; Z) background, we apply
an NLO k factor of 1.54, resulting in 1.71 pb [30].
A conservative NLO k factor 2 is applied for Drell-Yan

ð5Þ

where now the endpoint E and the parameter
η are defined
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
in terms of the particle masses as E ¼ mW mW  eη and
cosh η ¼ ½ðm2h − m2W − m2W  Þ=ð2mW mW  Þ. The actual peak
of 30 GeV is slightly less than the result for pure phase
space due to a helicity suppression in the W-l-ν vertex.
The σ values in Eq. (2) and Eq. (4) are associated with
experimental uncertainties and intrinsic particle widths, but
in principle, they can be treated as free parameters and
one can tune them using NN, BDT, etc. In our numerical
study, we use σ t ¼ 5 GeV, σ W ¼ 5 GeV, σ W  ¼ 5 GeV,
σ hl ¼ 2 GeV, and σ ν ¼ 10 GeV. The main contribution in
Eq. (4) comes from the on-shell conditions for the Higgs

FIG. 1. Distributions of
hh and tt̄ production.
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FIG. 3. Scatter distribution of (log H, log T) for signal (hh) and
backgrounds (tt̄, tt̄h, tt̄V, llbj, ττbb, and others) after loose
baseline selection cuts. The curves are the optimized cuts as in
Table I.

FIG. 2. Distributions of ΔRll , ΔRbb , mll , and mbb after basic
generation level cuts.

backgrounds llbj and ττbb, with j representing partons in
the five-flavor scheme. Note that a recent study shows
kNNLO;DY
QCD⊗QED ≈ 1 [31]. Finally we include the irreducible
jjllνν̄ background from the mixed QCD þ EW process
with kNLO ¼ 2 (denoted as “others” in the rest of this Letter).
Both signal and background events are showered and
hadronized by PYTHIA 6 [32]. Jets are clustered with the
FASTJET [33] implementation of the anti-kT algorithm [34]
with a fixed cone size of R ¼ 0.4 for a jet, where the R is
the distance from the origin in the (η, ϕ) space in terms of
the pseudorapidity η and the azimuthal angle ϕ. We include
semirealistic detector effects relevant for the HL-LHC
based on Ref. [35], where jets, leptons, and =
ET are smeared
according to their energies.
We require at least two jets with pT > 30 GeV and
j
jη j < 2.5, and exactly two leptons with plT > 20 GeV,
jηl j < 2.5. For the lepton isolation criteria, we impose
plT =pΣT > 0.7 where pΣT is the scalar sum of transverse
momenta of final state particles (including the lepton itself)
within ΔR ¼ 0.3. We further require that the two leading
jets should be b tagged. For b-tagging efficiency, we take a
flat efficiency of ϵb→b ¼ 0.7 and a mistag rate from a c jet
(light jet) as ϵc→b ¼ 0.2 (ϵj→b ¼ 0.01) [36].

pﬃﬃﬃðbbllÞ
pﬃﬃﬃ
Figure 1 shows distributions of ŝmin and the true ŝ
pﬃﬃﬃðbbllÞ
for hh and tt̄ events. First, we observe that ŝmin ðhhÞ
pﬃﬃﬃ
provides a good measure of the true ŝðhhÞ, while
pﬃﬃﬃðbbllÞ
ŝmin ðtt̄Þ peaks lower, near the 2mt threshold. Second,
pﬃﬃﬃ
pﬃﬃﬃ
both ŝðhhÞ and ŝðtt̄Þ peak at ∼400 GeV. This implies
that, while the two top quarks are produced near threshold
(2mt ), the two Higgs bosons are produced well above the
corresponding 2mh threshold. Consequently, the two top
quarks are more or less at rest, while the two Higgs bosons
are boosted and their decay products tend to be more
collimated. This observation motivates the use of the
variables ΔRll , ΔRbb , mll , and mbb for our starting cuts
(their individual distributions are shown in Fig. 2). These
⃗ T and the lepton transverse
cuts, along with cuts on =
P
l
momenta pT , provide our baseline cuts. Table I lists the
corresponding signal and background cross sections (first
row). We then compute Topness and Higgsness for each
event, which provides a pair of likelihoods in the (log H,
log T) space. Our results are shown in Fig. 3, where the
Higgsness and Topness are chosen as the x axis and y axis,
respectively. The tt̄ events are expected to be in the bottom
right corner (see the right panel), while the hh events are
expected to have smaller Higgsness and higher Topness (see
the left panel). This motivates the use of a curve in the (log H,
log T) space as a cut in order to separate signal and
background.
The second row in Table I lists the signal and background cross sections after some additional cuts. The last

TABLE I. Signal and background cross sections in fb after baseline cuts (first row) and additional cuts (second row), considering
pﬃﬃﬃðllÞ
ðbÞ
ðlÞ
Higgsness ⊕ Topness ⊕ M T2 ⊕ MT2 ⊕ ŝmin requiring NSM
sig ¼ 20. The significance σ is calculated using the log-likelihood ratio for
a luminosity of 3 ab−1 .
Signal

tt̄

tt̄h

tt̄V

llbj

ττbb

others

σ

Baseline selections: =
ET >20 GeV, plT >20 GeV, 0.0124 1.1724 0.0297 0.0246 0.0158 0.0379 0.00590 0.60
ΔRll < 1.0, mll < 65 GeV, ΔRbb < 1.3,
95 < mbb < 140 GeV
pﬃﬃﬃðllÞ
−4 0.0046 0.00185 2.06
ðbÞ
ðlÞ
Higgsness ⊕ Topness ⊕ M T2 ⊕ MT2 ⊕ ŝmin 0.0065 0.0090 0.0073 0.0051 2.4 × 10
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pﬃﬃﬃðllÞ
ðbÞ
ðlÞ
FIG. 4. Distributions for signal (hh) and all backgrounds (tt̄, tt̄h, tt̄V, llbj, ττbb, and others) for M T2 , M T2 , and ŝmin after loose
p
ﬃﬃ
ﬃ
ðbÞ
ðlÞ
ðllÞ
baseline selection cuts. The vertical lines at M T2 ¼ 190 GeV, M T2 ¼ 6 GeV, and ŝmin ¼ 130 GeV are the optimized cuts from
Table I.

two columns show the corresponding signal significance
using the log-likelihood ratio method for a luminosity of
3 ab−1 and the signal-over-background ratio NSM
sig =Nbknd ,
respectively. Our baseline cuts result in a significance of 0.6
with NSM
sig ¼ 37 and Nbknd ¼ 3841, which is in rough
agreement with results in literature [9,12]. We note that
one can enhance the signal sensitivity by using
ðbÞ
ðlÞ
Higgsness ⊕ Topness along with MT2 , M T2 , and
pﬃﬃﬃðllÞ
ðbÞ
ðlÞ
ŝmin . The MT2 (MT2 ) is MT2 computed for a subsystem
where the two b quarks (leptons) are considered as the
visible particles and the two Ws (νs) as the invisible
ðbÞ
particles with m̃ ¼ mW (m̃ ¼ 0). The MT2 for tt̄ events
has a kinematic endpoint at mt , while the distributions for
the other processes may extend beyond this endpoint, as
ðlÞ
shown in the left panel of Fig. 4. Similarly, MT2 has an
endpoint at mW for tt̄ and at mτ for ττbb, as shown in the
pﬃﬃﬃðllÞ
middle panel of Fig. 4. Finally, ŝmin in the right panel
shows an endpoint at mh for hh production, while all other
backgrounds extend above this point. The cuts on
ðbÞ
Higgsness ⊕ Topness, together with the cuts on MT2 ,
pﬃﬃﬃðllÞ
ðlÞ
MT2 , and ŝmin increase the significance up to σ ¼ 2.1
SM
and NSM
sig =Nbknd ¼ 0.25, keeping Nsig ¼ 20. The curve in
the two scatter plots of Fig. 3 and the vertical lines at
pﬃﬃﬃðllÞ
ðbÞ
ðlÞ
MT2 ¼ 190 GeV, MT2 ¼ 6 GeV, and ŝmin ¼ 130 GeV
in Fig. 4 represent the optimized cuts from the second row
of Table I.
A higher significance of 3.0σ can be obtained by
imposing slightly tighter baseline cuts (ΔRll < 0.48,
mll < 60 GeV, ΔRbb < 1.1, and 95 < mbb < 140 GeV)
and reoptimizing the additional cuts for NSM
sig ¼ 10 and
NSM
=N
∼
1.2.
Conversely,
we
can
obtain
more signal
bknd
sig
events with slightly looser baseline cuts. For instance,
SM
NSM
sig ¼ 35 with Nsig =Nbknd ¼ 0.061 is easily obtained with
loose baseline cuts (ΔRll < 1.6, mll < 75 GeV,
ΔRbb < 1.5, and 90 < mbb < 140 GeV) and optimization
of Higgsness ⊕ Topness, which gives a significance of

1.4σ. This can be compared to existing results with a
similar number of signal events but a lower significance of
∼0.7 [9,12].
Finally, we perform a similar analysis for different values
of κ3 , and show the expected signal significance as a
function of κ3 in Fig. 5. We obtain each curve by applying
the same set of cuts optimized for the SM point (κ 3 ¼ 1) to
SM
non-SM points (κ3 ≠ 1) for NSM
sig ¼ 35 in black, Nsig ¼ 20
SM
in red, and Nsig ¼ 10 in blue. The red curve (middle) is the
result of Table I for NSM
sig ¼ 20, while the other two curves
correspond to tighter (blue) and looser (black) baseline
SM
selections for NSM
sig ¼ 35 and Nsig ¼ 10, respectively. One
can easily compute the number of signal events for κ 3 ≠ 1,

FIG. 5. Expected significance σ at the 14 TeV LHC with 3 ab−1
as a function of the triple Higgs coupling κ3 . We obtain each
curve by applying the same set of cuts optimized for the SM point
(κ 3 ¼ 1) to non-SM points (κ 3 ≠ 1) for NSM
sig ¼ 35 in black,
SM
¼
20
in
red,
and
N
¼
10
in
blue.
The
yellow
(cyan) shade
NSM
sig
sig
represents 95% C.L. exclusion of κ3 in the bbγγ channel [4]
(bbbb channel [5]) at the HL-LHC. The three marks ⋄, ○, and □
display the signal significance using CMS-NN [9], CMS-BDT
[11], and BDT [12], respectively. The dotted curves represent the
significance including 5% systematic uncertainty.
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using the ratio of cross sections of σðκ 3 ≠ 1Þ to σ SM ¼
σðκ 3 ¼ 1Þ (dashed, magenta) [8] and NSM
sig for each SM
point.
At 95% confidence level (C.L.), the Higgs boson selfcoupling is expected to be constrained to −0.8 < κ3 < 7.7
(0.2 < κ 3 < 7.0) from the bbγγ final state [4] (bbbb [5]) at
the HL-LHC, which are shown as yellow and cyan shade,
respectively (see Ref. [37] for an improved projection in the
bbγγ channel). The three symbols ⋄, ○, and □ represent
the significance σ ¼ 0.6 using CMS-NN [9], σ ¼ 0.73
using CMS-BDT [11], and σ ¼ 0.62 using BDT [12],
respectively. Our method clearly shows better performance
for both signal sensitivity and exclusion.
Discussion.—We have investigated the discovery potential of nonresonant double Higgs production in the final
state with bb̄lþ l− þ =
ET . We have shown that the signal
sensitivity can be significantly improved by using suitable
kinematic variables, without relying on sophisticated
methods. Our only assumptions are event topologies of
signal and backgrounds with appropriate mass shell conditions. Yet, our final signal significance is higher than
existing results in literature at least by a factor of 2, due to
correct use of kinematics for the corresponding event
topologies. One could even make further improvement
by optimizing cut values and parameters in the discussed
method.
Among various sources of systematic uncertainties, a
current CMS study [10] lists the QCD scale uncertainty
(13%) and the uncertainty in the tt̄ cross section (5%), as
the dominant ones, and we estimate the final systematic
uncertainty to be about 15% at the 13 TeV LHC. It may be
reduced to ∼5% at the HL-LHC [9], whose effects are
shown in the dotted curves in Fig. 5. Our result including
the systematic uncertainty still remains very optimistic,
given that NSM
sig =Nbknd is large. Finally, pileup effects may
be mitigated by installing new precision timing detectors
[38] or by analysis techniques using substructure [39–42]
or machine learning [43,44]. In particular, the charged
leptons are free of pileup contamination, which further
motivates the study of our final state.
The current observed upper limit on the SM hh →
bb̄VV → bb̄lþ l− νν̄ cross section is found to be 72 fb
by CMS using DNN with 36 fb−1 of luminosity [10]. We
believe our method can be used in order to improve the
signal sensitivity already at the 13 TeV LHC.
We thank Minho Kim for a helpful discussion on
BDT and the anonymous referee for constructive
comments. K. K. thanks the Aspen Center for Physics
for hospitality during the completion of this Letter,
supported in part by National Science Foundation
Grant No. PHY-1607611. This work is supported in part
by United States Department of Energy (DE-SC0010296,
DE-SC0017988, and DE-SC0017965) and Korea NRF2018R1C1B6006572.
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