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• One of the most successful physics model in history: the (particle 
physics electroweak) standard model (SM).


• Motivations for new physics (NP) beyond the SM:
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• What we do not know about the SM?

- Higgs boson self-interactions: , ;


- Gauge interactions: , ;


- Yukawa interactions (especially for light fermions): .


• And others?

- In what sense can we “measure” the “vev” of the Higgs field?


- The (center of the) symmetry group of the SM?


- Other non-perturbative problems…


- …
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First Order Phase Transition
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Second Order Phase Transition

I Smooth transition.

Thermal equilibrium

preserved at any point.

I Discontinuity in the

derivative of the order

parameter.

I No remnants expected.

c

cT>T
.

φ

−µ µ

V(  )φ
T=T

T=0

T<T

c

E↵ective potential Ve↵ (�0)

Doru Sticlet Phase Transitions in the Early Universe

Continuous phase transition

9



• The most hopeful one via collider experiment?


• Higgs self-interaction measurement at (hadron) colliders

Motivation

R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)
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D. Y. Shao, C. S. Li, H. T. Li, J. Wang, JHEP 07 (2013) 169.
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Figure 14. The normalized Higgs boson pair invariant mass distribution at the LHC with
√
S = 14

TeV, where the bands represent the scale uncertainties.

Higgs boson pair invariant mass distribution at the LHC with
√
S = 14 TeV where the scale

uncertainties almost vanish due to the cancelation of scale uncertainties in ratio. When

λ < 0, there exists enhancement effects in the invariant mass region of 300 GeV (yellow

band), compared to the cases of λ = 0 (green band) and λSM (red band). With the

increasing of the value of λ, these enhancement effects decrease and the position of peak

moves towards large invariant mass region. Especially, when λ > λSM there exits two

different peak (blue band). In order to gain some insight into the reason why the shape of

the invariant mass distribution strongly depends on the value of λ, it is helpful to consider

the limit of the infinite top quark mass. As is shown in Eq.(2.23) the differential cross

sections in the infinite top quark mass limit share a common factor

1−
6λv2

M2 −m2
H + imHΓH

, (4.5)

where the second terms represent a Higgs boson exchanged in the s-channel. When λ < 0,

the invariant mass distributions at the small value region are added up, thus an obvious

enhancement effects exists in the small invariant mass region. When λ > 0, in the small

invariant mass region the contributions from two terms cancel each other, so these en-

hancement effects decrease and the peak of the invariant mass distribution moves toward

large value region with the increasing value of λ. In particular, when M2 = 6λv2 + m2
H

the common factor equals zero. Considering the threshold limit M > 2mH , there exists

a zero point in the invariant mass distribution as λ > λSM. For example, as shown in

– 23 –
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• Unfortunately, we have the SM backgrounds!


• Usually, a transverse momentum cut of the Higgs bosons is 
necessary.

Motivation

m2
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• Even with smart machine

Motivation

ATLAS Collaboration, ATL-PHYS-PUB-2018-053

With MVA and BDT?
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• Unfortunately, we have the SM backgrounds!


• It is worth to work hard to keep more signal events in the low 
invariant mass region.


• The result from MVA and BDT hints that it is essentially hard to 
avoid QCD backgrounds in the low invariant mass region.
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but high pT !
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• Consider  pp → hh + j + X

The Method

3

FIG. 1: Leading order Feynman diagrams for the gg ! hhg process.
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Higgs boson pair production pp ! hh + X through ggF
plays a key role due to its direct sensitivity to � and
relatively large production cross section.2 Various final states
of hh have been considered previously, with the promising
ones including bb̄�� [48–52], bb̄⌧

±
⌧
⌥ [53–55], bb̄W

±
W

⌥ [56],
bb̄bb̄ [57–59], and W

±
W

⌥
W

±
W

⌥ [60–62]. Among them, bb̄��
has been recognized as the most promising channel for
precision Higgs boson self coupling measurement thanks to
its clean final states and unambiguity in reconstructing the
Higgs bosons with the decay products of hh. Experimentally,
this channel has been intensively investigated at the LHC [63–
66], and recently, the ATLAS collaboration reported their
improved results with �1.5  �  6.7 at 95% confidence
level (CL) by considering the full Run 2 data set of 139 fb�1

at 13TeV and utilizing the bb̄�� channel [22]. We refer the
readers to [22] for the details of their analysis and outline
their strategy below for reference. The preselection cuts they
apply are:

• p
leading
T,� � 35GeV, psub�leading

T,� � 25GeV;

• At least two photons;3

• 105 < m�� < 160GeV;

• p
leading
T,� > 0.35m�� and p

sub�leading
T,� > 0.25m�� ;

• Exactly two b-tagged jets;

• No electrons or muons;

• Fewer than six jets with |⌘| < 2.5.

Events passed these cuts are then divided into two regions
with m

⇤
bb̄�� < 350GeV for and m

⇤
bb̄�� > 350GeV, targeting

the SM and the BSM signal, respectively. Here, m
⇤
bb̄�� is

defined as mbb̄�� �mbb̄�m�� +250GeV for the diphoton and
b-tagged jets system. In each region, the boosted decision tree
(BDT) method is adopted for event selection. For the training

2 Other production channels such as vector-boson fusion, tt̄/W/Z
or single-top associated production, also o↵er the opportunity for
measuring Higgs self couplings directly. We choose not to adopt
these channels for the discussion in this work due to their lower
cross sections [47].

3 These photons shall correspond to those reconstructed from
topologically connected clusters of energy deposits in the
electromagnetic calorimeter with pseudorapidity |⌘| < 2.37.
Those with 1.37 < |⌘| < 2.37 in the transition region between
the barrel and endcap electromagnetic calorimeters are rejected.
Furthermore, to avoid photon misidentification, the calorimeter-
based (track-based) isolation needs to be less than 6.5% (5%) of
the photon transverse energy [22].

variables and the event selection criteria in each region, see
their Tables 2-4.

While perhaps it is universally acknowledged that the phase
space region with small di-Higgs invariant mass mhh is most
sensitive to �, this region is mostly excluded in current
experimental analysis, and that motivates the study in this
work. To that end, we consider instead Higgs-pair production
via ggF with an extra light jet in the final state. The extra
hard jet in the final state would boost the transverse momenta
of the Higgs pair such that one could gain extra significance
to the low mhh region in the end. This in turn helps the
determination of the Higgs self couplings as we will see later
in this article. We detail our analysis in the next section.

III. DI-HIGGS PLUS JET SIGNATURE AT
HADRON COLLIDER

As discussed above, we consider pp ! hh+ jet+X instead
of pp ! hh+X in this work in order to extract the Higgs self
couplings from the low mhh region. This relies on the fact
that when an additional hard jet is present in the final state,
the di-higgs invariant mass would tend to be small due to
kinematics. Furhtermore, the additional hard jet would also
highly suppress the SM QCD background thanks to its large
transverse momentum. All together, the pp ! hh + jet +X

channel could then be a promising candidate to extract � in
small mhh region as we shall see below.

Contributions to pp ! hh + jet + X mainly arise from
the gg ! hhg channel, whose leading order diagrams in
the SM are shown in FIG. 1. As discussed earlier, we focus
on the hh ! bb̄�� decay channel of the Higgs pair, and
study its prospect for � extraction at a future 100TeV
pp collider due to the limited statistics at the LHC or its
high-luminosity era. At parton-level, all the signal and the
background events are generated using the five-flavor scheme
of MadGraph aMC@NLO[67], with the subsequent decay of h
done by MadSpin[68]. The main backgrounds included in this
study are

pp ! tt̄ (h ! ��)

pp ! tt̄ (h ! ��) j

pp ! bb��j

pp ! bb�jj

pp ! bj��j

with j 2 {g, u, d, s, c, b}. All backgrounds are generated
using the tree-level event generator of MadGraph aMC@NLO

h

h

Jet
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• Consider  


• Benefits from the additional jet:

- suppressing the SM QCD background;

- the invariant mass of the di-Higgs system could be small.


• Costs from the additional jet:

- Less signal events;

- Nearly no event left at HL-LHC.

pp → hh + j + X

The Method
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FIG. 1: Leading order Feynman diagrams for the gg ! hhg process.
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Higgs boson pair production pp ! hh + X through ggF
plays a key role due to its direct sensitivity to � and
relatively large production cross section.2 Various final states
of hh have been considered previously, with the promising
ones including bb̄�� [48–52], bb̄⌧

±
⌧
⌥ [53–55], bb̄W

±
W

⌥ [56],
bb̄bb̄ [57–59], and W

±
W

⌥
W

±
W

⌥ [60–62]. Among them, bb̄��
has been recognized as the most promising channel for
precision Higgs boson self coupling measurement thanks to
its clean final states and unambiguity in reconstructing the
Higgs bosons with the decay products of hh. Experimentally,
this channel has been intensively investigated at the LHC [63–
66], and recently, the ATLAS collaboration reported their
improved results with �1.5  �  6.7 at 95% confidence
level (CL) by considering the full Run 2 data set of 139 fb�1

at 13TeV and utilizing the bb̄�� channel [22]. We refer the
readers to [22] for the details of their analysis and outline
their strategy below for reference. The preselection cuts they
apply are:

• p
leading
T,� � 35GeV, psub�leading

T,� � 25GeV;

• At least two photons;3

• 105 < m�� < 160GeV;

• p
leading
T,� > 0.35m�� and p

sub�leading
T,� > 0.25m�� ;

• Exactly two b-tagged jets;

• No electrons or muons;

• Fewer than six jets with |⌘| < 2.5.

Events passed these cuts are then divided into two regions
with m

⇤
bb̄�� < 350GeV for and m

⇤
bb̄�� > 350GeV, targeting

the SM and the BSM signal, respectively. Here, m
⇤
bb̄�� is

defined as mbb̄�� �mbb̄�m�� +250GeV for the diphoton and
b-tagged jets system. In each region, the boosted decision tree
(BDT) method is adopted for event selection. For the training

2 Other production channels such as vector-boson fusion, tt̄/W/Z
or single-top associated production, also o↵er the opportunity for
measuring Higgs self couplings directly. We choose not to adopt
these channels for the discussion in this work due to their lower
cross sections [47].

3 These photons shall correspond to those reconstructed from
topologically connected clusters of energy deposits in the
electromagnetic calorimeter with pseudorapidity |⌘| < 2.37.
Those with 1.37 < |⌘| < 2.37 in the transition region between
the barrel and endcap electromagnetic calorimeters are rejected.
Furthermore, to avoid photon misidentification, the calorimeter-
based (track-based) isolation needs to be less than 6.5% (5%) of
the photon transverse energy [22].

variables and the event selection criteria in each region, see
their Tables 2-4.

While perhaps it is universally acknowledged that the phase
space region with small di-Higgs invariant mass mhh is most
sensitive to �, this region is mostly excluded in current
experimental analysis, and that motivates the study in this
work. To that end, we consider instead Higgs-pair production
via ggF with an extra light jet in the final state. The extra
hard jet in the final state would boost the transverse momenta
of the Higgs pair such that one could gain extra significance
to the low mhh region in the end. This in turn helps the
determination of the Higgs self couplings as we will see later
in this article. We detail our analysis in the next section.

III. DI-HIGGS PLUS JET SIGNATURE AT
HADRON COLLIDER

As discussed above, we consider pp ! hh+ jet+X instead
of pp ! hh+X in this work in order to extract the Higgs self
couplings from the low mhh region. This relies on the fact
that when an additional hard jet is present in the final state,
the di-higgs invariant mass would tend to be small due to
kinematics. Furhtermore, the additional hard jet would also
highly suppress the SM QCD background thanks to its large
transverse momentum. All together, the pp ! hh + jet +X

channel could then be a promising candidate to extract � in
small mhh region as we shall see below.

Contributions to pp ! hh + jet + X mainly arise from
the gg ! hhg channel, whose leading order diagrams in
the SM are shown in FIG. 1. As discussed earlier, we focus
on the hh ! bb̄�� decay channel of the Higgs pair, and
study its prospect for � extraction at a future 100TeV
pp collider due to the limited statistics at the LHC or its
high-luminosity era. At parton-level, all the signal and the
background events are generated using the five-flavor scheme
of MadGraph aMC@NLO[67], with the subsequent decay of h
done by MadSpin[68]. The main backgrounds included in this
study are

pp ! tt̄ (h ! ��)

pp ! tt̄ (h ! ��) j

pp ! bb��j

pp ! bb�jj

pp ! bj��j

with j 2 {g, u, d, s, c, b}. All backgrounds are generated
using the tree-level event generator of MadGraph aMC@NLO
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• A quick parton-level simulation ( -channel )


• Main backgrounds:


• Kinematic cuts:

bbγγ
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boson is a pseudo-dilaton, the Higgs potential would be of
purely the Coleman-Weinberg type and thus the Higgs self-
couplings would be larger than the SM ones. Finally, if the
symmetry breaking is partially induced by condensation, it is
possible to have the tadpole-induced symmetry breaking and
thus the Higgs self-couplings are nearly zero. We summarize
the Higgs self-couplings in di↵erent scenarios discussed above
in Table I.

Therefore, measuring the Higgs self-couplings could
possibly unveil the pattern of EWSB, which in turn helps
determine the nature of the Higgs boson. In this context,
Higgs boson pair production pp ! hh+X through ggF plays
a key role due to its direct sensitivity to � and relatively
large production cross section.3 Various final states of hh

have been considered previously, with the promising ones
including bb̄�� [10, 13, 59–63], bb̄⌧

±
⌧
⌥ [10–12, 33, 64, 65],

bb̄W
±
W

⌥ [10, 14, 66], bb̄bb̄ [67–69], and W
±
W

⌥
W

±
W

⌥ [70–
72]. Among them, bb̄�� has been recognized as the most
promising channel for precision Higgs boson self coupling
measurement thanks to its clean final states and unambiguity
in reconstructing the Higgs bosons with the decay products
of hh. Experimentally, this channel has been intensively
investigated at the LHC [73–76], and recently, the ATLAS
collaboration reported their improved results with �1.5 

�  6.7 at 95% confidence level (CL) by considering the full
Run 2 data set of 139 fb�1 at 13TeV and utilizing the bb̄��

channel [32]. We refer the readers to [32] for the details of
their analysis and outline their strategy below for reference.
The preselection cuts they apply are:

• p
leading
T,� � 35GeV, psub�leading

T,� � 25GeV;

• At least two photons;4

• 105 < m�� < 160GeV;

• p
leading
T,� > 0.35m�� and p

sub�leading
T,� > 0.25m�� ;

• Exactly two b-tagged jets;

• No electrons or muons;

• Fewer than six jets with |⌘| < 2.5.

Events passed these cuts are then divided into two regions
with m

⇤
bb̄�� < 350GeV for and m

⇤
bb̄�� > 350GeV, targeting

the SM and the BSM signal, respectively. Here, m
⇤
bb̄�� is

defined as mbb̄�� �mbb̄�m�� +250GeV for the diphoton and
b-tagged jets system. In each region, the boosted decision tree
(BDT) method is adopted for event selection. For the training
variables and the event selection criteria in each region, see
their Tables 2-4.

While perhaps it is universally acknowledged that the phase
space region with small di-Higgs invariant mass mhh is most

3 Other production channels such as vector-boson fusion, tt̄/W/Z
or single-top associated production, also o↵er the opportunity for
measuring Higgs self-couplings directly. We choose not to adopt
these channels for the discussion in this work due to their lower
cross sections [58].

4 These photons shall correspond to those reconstructed from
topologically connected clusters of energy deposits in the
electromagnetic calorimeter with pseudorapidity |⌘| < 2.37.
Those with 1.37 < |⌘| < 2.37 in the transition region between
the barrel and endcap electromagnetic calorimeters are rejected.
Furthermore, to avoid photon misidentification, the calorimeter-
based (track-based) isolation needs to be less than 6.5% (5%) of
the photon transverse energy [32].

sensitive to �, this region is mostly excluded in current
experimental analysis, and that motivates the study in this
work. To that end, we consider instead Higgs-pair production
via ggF with an extra light jet in the final state. The extra
hard jet in the final state would boost the transverse momenta
of the Higgs pair such that one could gain extra significance
to the low mhh region in the end. This in turn helps the
determination of the Higgs self-couplings as we will see later
in this article. We detail our analysis in the next section.

III. DI-HIGGS PLUS JET SIGNATURE AT
100TEV HADRON COLLIDER

As discussed above, we consider pp ! hh+ jet+X instead
of pp ! hh + X in this work in order to extract the Higgs
self-couplings from the low mhh region. This relies on the fact
that when an additional hard jet is present in the final state,
the di-higgs invariant mass would tend to be small due to
kinematics. Furthermore, the additional hard jet would also
highly suppress the SM QCD background thanks to its large
transverse momentum. All together, the pp ! hh + jet +X

channel could then be a promising candidate to extract � in
small mhh region as we shall see below.

Contributions to pp ! hh + jet + X mainly arise from
the gg ! hhg channel, whose leading order diagrams in
the SM are shown in FIG. 1. As discussed earlier, we focus
on the hh ! bb̄�� decay channel of the Higgs pair, and
study its prospect for � extraction at a future 100TeV
pp collider due to the limited statistics at the LHC or its
high-luminosity era. At parton-level, all the signal and the
background events are generated using the five-flavor scheme
of MadGraph aMC@NLO[77], with the subsequent decay of h
done by MadSpin[78]. The main backgrounds included in this
study are

pp ! tt̄ (h ! ��)

pp ! tt̄ (h ! ��) j

pp ! bb��j

pp ! bb�jj

pp ! bj��j

with j 2 {g, u, d, s, c, b}. Other single Higgs production
processes such as pp ! h + jets also contribute background
events, but are negligibly small compared with the main
backgrounds we list here. All backgrounds are generated
using the tree-level event generator of MadGraph aMC@NLO

to avoid the third background from being the genuine signal.
Furthermore, we also apply the following kinematical cuts for
event generation:

�Rj�,jj,�� > 0.3

|⌘b,� | < 3, |⌘i| < 5

pT,� > 10GeV, pT,j > 20GeV

p
leading
T,j > 80GeV

75GeV < mbb < 175GeV

100GeV < m�� < 150GeV

where i 2 {g, u, d, s, c}. We comment on that cuts on �R, ⌘
and pT are imposed to avoid infrared divergence. The cuts

5

FIG. 5: Same as FIG. 2 but from detector-level analysis, obtained by following the analysis in Ref. [79] for the right panel and
fitting the histograms in FIG. 3 for the left panel. See the text for details.
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at least one additional jet in the final state. After these
preselection cuts, we further apply the following kinematical
cuts:

�Rbb,��,b� < 0.4

pT,b > 30GeV pT,� > 30GeV

|⌘b| < 2.5 |⌘� | < 2.5

120GeV < m�� < 130GeV

80GeV < mbb < 160GeV

p
leading
T,j > 150GeV (4)

Note that our cuts on pT,� is consistent with those in
Ref. [32], and our range for m�� lies within that of Ref. [32].
After vetoing events not passing above cuts, we display the
sensitivity of our signal in the left panel of FIG. 2 as a function
of mhh for three benchmarks with � = 0, 2, 3 in red, blue,
and green, respectively. A similar analysis is carried out
for the pp ! hh + X channel based on Ref. [79], and the
corresponding results can be seen in the right panel of FIG. 2.

In order to show the sensitivity of each channel to
di↵erent mhh regions, the results are displayed as significance
distribution. This distribution is obtained by calculating
likelihood ratio

p
�2 log (⇤/⇤0) for each bin.

From the significance distributions at the parton level as
shown in FIG. 2, it is obvious that with an extra hard jet in
the final state, the pp ! hh+ jet+X process becomes more
sensitive to the Higgs self-coupling � in the low mhh region.
In the meantime, we comment on that the pp ! hh + X

process exhibits a larger significance due to larger statistics,
and our signal is relatively more kinematically suppressed due
to the hard jet. However, we expect the significance of our
signal to be improved, for example, with the BDT method.

IV. DETECTOR-LEVEL SIMULATIONS

We now move to the discussion on the detector side. All
the parton-level events generated in the previous section are
showered by Pythia8[80] for hadronization, and the detector
e↵ect is then simulated using Delphes[81]. Since the full NLO
QCD corrections to the pp ! hh + jet + X process are

still missing, no additional K-factor will be included in our
simulation.

Furthermore, for detector level simulations, the photon
e�ciency is tuned to be 90% and all jets are reconstructed
with the anti-kT algorithm with jet radius R = 0.4. The
b-tagging e�ciency is set to be 80%, and the mis-tagging
rate is set to be 10% for charm-jet and 1% for other light-
flavor jets. Also, the jet-faking-photon rate is set to be 0.05%.
In addition, as a trigger requirement, all photons and b-jets
should have pT > 30GeV and 0 < |⌘| < 2.5, and photons
between the barrel and endcap calorimeter, or equivalently,
photons with 1.37 < |⌘� | < 1.52, are excluded for object
selection. Then, the bb̄�� + jet final state is reconstructed
with exactly two b-tagged jets, two photons and at least one
additional jet satisfying:

122GeV < m�� < 128GeV,

95GeV < mbb < 155GeV,

p
leading
T,j > 150GeV, |⌘j | < 4.5

At this stage, the SM QCD backgrounds are all well
suppressed except tt̄h and tt̄h + jet. In order to suppress
these two backgrounds, any event which contains one or more
isolated lepton (e±, µ±) with pT > 25GeV and |⌘| < 2.5 will
be vetoed. Moreover, for events with at least four additional
jets, the following quantity is calculated to veto the top quark:

�
2 = min

n (mW �mi1i2)
2

�
2
W

+
(mt �mi1i2j1)

2

�
2
t

(5)

+
(mW �mi3i4)

2

�
2
W

+
(mt �mi3i4j2)

2

�
2
t

o
,

where i1, i2, i3, i4 refer to light jets and j1, j2 refer to b-jets,
and we take �W = 10.81 GeV and �t = 31.01 GeV. The “min”
runs over all possible permutations of light jets and b-jets in
the event. And finally, events with �

2
> 6 are vetoed.

After all these cuts, the di-Higgs invariant mass
distributions for both the signal and the backgrounds are
shown in FIG. 3. For illustration, we only show our signal
with � = 1 as represented by the black histogram, which
corresponds to the SM scenario. Then by fitting these
histograms, we obtain the expected confidence level scan as a
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FIG. 1: Leading order Feynman diagrams for the gg ! hhg process.
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FIG. 2: Significance distributions for � = 0, 2, 3 for pp ! hh + jet + X(left panel) and pp ! hh + X(right panel) from
parton-level analysis. The significance shows the confidence level (CL) at which one can separate the non-standard scenario
with � 6= 1 from the SM with � = 1.
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FIG. 3: Di-Higgs invariant mass distribution for our signal
and the SM backgrounds at a future circular pp collider with
p
s = 100TeV and L = 30 ab�1.
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for b-jets and light-flavor jets are applied di↵erently from
the fact that the sensitivity region of the detector for b-
tagging is mostly restricted to |⌘| < 2.5. The three exclusive
cuts, leading-jet transverse momentum p

leading
T,j , mbb and m��

precisely, are imposed to make our simulation more e�cient
but still inclusive enough. Additionally, no cuts are put on

FIG. 4: The log-profile-likelihood ratio scanned over � for
pp ! hh + jet + X at a future circular 100TeV pp collider
with L = 30 ab�1.
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the decay products of the heavy resonances since otherwise
one may underestimate the backgrounds.

For parton-level analysis, the misidentification rate and the
smearing e↵ect indicated in [79] are employed. For signal
event selection, we require exactly two b-jets and two photons
as in Ref. [32] but with an extra requirement that there be

−
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Λ
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• MadGraph + PYTHIA8 + Delphes + K-factor;


• Anti-kT jet algorithm with R=0.4;


• b-tagging efficiency: 80%; charm mistagging rate: 10%; light-jet 
mistagging rate: 1%; jet-fake-photon rate: 0.05%;


• 2 b-jets, 2 photons, at least 1 hard jet:

The Detector-Level Simulation

5

FIG. 5: Same as FIG. 2 but from detector-level analysis, obtained by following the analysis in Ref. [79] for the right panel and
fitting the histograms in FIG. 3 for the left panel. See the text for details.
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at least one additional jet in the final state. After these
preselection cuts, we further apply the following kinematical
cuts:

�Rbb,��,b� < 0.4

pT,b > 30GeV pT,� > 30GeV

|⌘b| < 2.5 |⌘� | < 2.5

120GeV < m�� < 130GeV

80GeV < mbb < 160GeV

p
leading
T,j > 150GeV (4)

Note that our cuts on pT,� is consistent with those in
Ref. [32], and our range for m�� lies within that of Ref. [32].
After vetoing events not passing above cuts, we display the
sensitivity of our signal in the left panel of FIG. 2 as a function
of mhh for three benchmarks with � = 0, 2, 3 in red, blue,
and green, respectively. A similar analysis is carried out
for the pp ! hh + X channel based on Ref. [79], and the
corresponding results can be seen in the right panel of FIG. 2.

In order to show the sensitivity of each channel to
di↵erent mhh regions, the results are displayed as significance
distribution. This distribution is obtained by calculating
likelihood ratio

p
�2 log (⇤/⇤0) for each bin.

From the significance distributions at the parton level as
shown in FIG. 2, it is obvious that with an extra hard jet in
the final state, the pp ! hh+ jet+X process becomes more
sensitive to the Higgs self-coupling � in the low mhh region.
In the meantime, we comment on that the pp ! hh + X

process exhibits a larger significance due to larger statistics,
and our signal is relatively more kinematically suppressed due
to the hard jet. However, we expect the significance of our
signal to be improved, for example, with the BDT method.

IV. DETECTOR-LEVEL SIMULATIONS

We now move to the discussion on the detector side. All
the parton-level events generated in the previous section are
showered by Pythia8[80] for hadronization, and the detector
e↵ect is then simulated using Delphes[81]. Since the full NLO
QCD corrections to the pp ! hh + jet + X process are

still missing, no additional K-factor will be included in our
simulation.

Furthermore, for detector level simulations, the photon
e�ciency is tuned to be 90% and all jets are reconstructed
with the anti-kT algorithm with jet radius R = 0.4. The
b-tagging e�ciency is set to be 80%, and the mis-tagging
rate is set to be 10% for charm-jet and 1% for other light-
flavor jets. Also, the jet-faking-photon rate is set to be 0.05%.
In addition, as a trigger requirement, all photons and b-jets
should have pT > 30GeV and 0 < |⌘| < 2.5, and photons
between the barrel and endcap calorimeter, or equivalently,
photons with 1.37 < |⌘� | < 1.52, are excluded for object
selection. Then, the bb̄�� + jet final state is reconstructed
with exactly two b-tagged jets, two photons and at least one
additional jet satisfying:

122GeV < m�� < 128GeV,

95GeV < mbb < 155GeV,

p
leading
T,j > 150GeV, |⌘j | < 4.5

At this stage, the SM QCD backgrounds are all well
suppressed except tt̄h and tt̄h + jet. In order to suppress
these two backgrounds, any event which contains one or more
isolated lepton (e±, µ±) with pT > 25GeV and |⌘| < 2.5 will
be vetoed. Moreover, for events with at least four additional
jets, the following quantity is calculated to veto the top quark:

�
2 = min

n (mW �mi1i2)
2

�
2
W

+
(mt �mi1i2j1)

2

�
2
t

(5)

+
(mW �mi3i4)

2
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+
(mt �mi3i4j2)

2
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where i1, i2, i3, i4 refer to light jets and j1, j2 refer to b-jets,
and we take �W = 10.81 GeV and �t = 31.01 GeV. The “min”
runs over all possible permutations of light jets and b-jets in
the event. And finally, events with �

2
> 6 are vetoed.

After all these cuts, the di-Higgs invariant mass
distributions for both the signal and the backgrounds are
shown in FIG. 3. For illustration, we only show our signal
with � = 1 as represented by the black histogram, which
corresponds to the SM scenario. Then by fitting these
histograms, we obtain the expected confidence level scan as a
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• After these cuts, there are still sizable  and  
backgrounds.


• So we try to reconstruct (at least one) top-quark in events and 
then reject those events.


- Veto 1: with 1 or more isolated  with  and 
;


- Veto 2: with at least 4 additional jets (  ) and

tt̄h tt̄h + j

e±(μ±) pT > 25GeV
|η | < 2.5

j1, j2, j3, j4

The Detector-Level Simulation

χ2 ≡ min
σ∈S4

(mW − mjσ(1) jσ(2))
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+
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• After these cuts, there are still sizable  and  
backgrounds.


• So we try to reconstruct (at least one) top-quark in events and 
then reject those events.


- Veto 1: with 1 or more isolated  with  and 
;


- Veto 2: with at least 4 additional jets (  ) and

tt̄h tt̄h + j

e±(μ±) pT > 25GeV
|η | < 2.5
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FIG. 1: Leading order Feynman diagrams for the gg ! hhg process.
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FIG. 2: Significance distributions for � = 0, 2, 3 for pp ! hh + jet + X(left panel) and pp ! hh + X(right panel) from
parton-level analysis. The significance shows the confidence level (CL) at which one can separate the non-standard scenario
with � 6= 1 from the SM with � = 1.
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FIG. 3: Di-Higgs invariant mass distribution for our signal
and the SM backgrounds at a future circular pp collider with
p
s = 100TeV and L = 30 ab�1.
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for b-jets and light-flavor jets are applied di↵erently from
the fact that the sensitivity region of the detector for b-
tagging is mostly restricted to |⌘| < 2.5. The three exclusive
cuts, leading-jet transverse momentum p

leading
T,j , mbb and m��

precisely, are imposed to make our simulation more e�cient
but still inclusive enough. Additionally, no cuts are put on

FIG. 4: The log-profile-likelihood ratio scanned over � for
pp ! hh + jet + X at a future circular 100TeV pp collider
with L = 30 ab�1.
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the decay products of the heavy resonances since otherwise
one may underestimate the backgrounds.

For parton-level analysis, the misidentification rate and the
smearing e↵ect indicated in [79] are employed. For signal
event selection, we require exactly two b-jets and two photons
as in Ref. [32] but with an extra requirement that there be
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FIG. 1: Leading order Feynman diagrams for the gg ! hhg process.
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FIG. 2: Significance distributions for � = 0, 2, 3 for pp ! hh + jet + X(left panel) and pp ! hh + X(right panel) from
parton-level analysis. The significance shows the confidence level (CL) at which one can separate the non-standard scenario
with � 6= 1 from the SM with � = 1.
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FIG. 3: Di-Higgs invariant mass distribution for our signal
and the SM backgrounds at a future circular pp collider with
p
s = 100TeV and L = 30 ab�1.
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for b-jets and light-flavor jets are applied di↵erently from
the fact that the sensitivity region of the detector for b-
tagging is mostly restricted to |⌘| < 2.5. The three exclusive
cuts, leading-jet transverse momentum p

leading
T,j , mbb and m��

precisely, are imposed to make our simulation more e�cient
but still inclusive enough. Additionally, no cuts are put on

FIG. 4: The log-profile-likelihood ratio scanned over � for
pp ! hh + jet + X at a future circular 100TeV pp collider
with L = 30 ab�1.
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the decay products of the heavy resonances since otherwise
one may underestimate the backgrounds.

For parton-level analysis, the misidentification rate and the
smearing e↵ect indicated in [79] are employed. For signal
event selection, we require exactly two b-jets and two photons
as in Ref. [32] but with an extra requirement that there be
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FIG. 5: Same as FIG. 2 but from detector-level analysis, obtained by following the analysis in Ref. [79] for the right panel and
fitting the histograms in FIG. 3 for the left panel. See the text for details.
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at least one additional jet in the final state. After these
preselection cuts, we further apply the following kinematical
cuts:

�Rbb,��,b� < 0.4

pT,b > 30GeV pT,� > 30GeV

|⌘b| < 2.5 |⌘� | < 2.5

120GeV < m�� < 130GeV

80GeV < mbb < 160GeV

p
leading
T,j > 150GeV (4)

Note that our cuts on pT,� is consistent with those in
Ref. [32], and our range for m�� lies within that of Ref. [32].
After vetoing events not passing above cuts, we display the
sensitivity of our signal in the left panel of FIG. 2 as a function
of mhh for three benchmarks with � = 0, 2, 3 in red, blue,
and green, respectively. A similar analysis is carried out
for the pp ! hh + X channel based on Ref. [79], and the
corresponding results can be seen in the right panel of FIG. 2.

In order to show the sensitivity of each channel to
di↵erent mhh regions, the results are displayed as significance
distribution. This distribution is obtained by calculating
likelihood ratio

p
�2 log (⇤/⇤0) for each bin.

From the significance distributions at the parton level as
shown in FIG. 2, it is obvious that with an extra hard jet in
the final state, the pp ! hh+ jet+X process becomes more
sensitive to the Higgs self-coupling � in the low mhh region.
In the meantime, we comment on that the pp ! hh + X

process exhibits a larger significance due to larger statistics,
and our signal is relatively more kinematically suppressed due
to the hard jet. However, we expect the significance of our
signal to be improved, for example, with the BDT method.

IV. DETECTOR-LEVEL SIMULATIONS

We now move to the discussion on the detector side. All
the parton-level events generated in the previous section are
showered by Pythia8[80] for hadronization, and the detector
e↵ect is then simulated using Delphes[81]. Since the full NLO
QCD corrections to the pp ! hh + jet + X process are

still missing, no additional K-factor will be included in our
simulation.

Furthermore, for detector level simulations, the photon
e�ciency is tuned to be 90% and all jets are reconstructed
with the anti-kT algorithm with jet radius R = 0.4. The
b-tagging e�ciency is set to be 80%, and the mis-tagging
rate is set to be 10% for charm-jet and 1% for other light-
flavor jets. Also, the jet-faking-photon rate is set to be 0.05%.
In addition, as a trigger requirement, all photons and b-jets
should have pT > 30GeV and 0 < |⌘| < 2.5, and photons
between the barrel and endcap calorimeter, or equivalently,
photons with 1.37 < |⌘� | < 1.52, are excluded for object
selection. Then, the bb̄�� + jet final state is reconstructed
with exactly two b-tagged jets, two photons and at least one
additional jet satisfying:

122GeV < m�� < 128GeV,

95GeV < mbb < 155GeV,

p
leading
T,j > 150GeV, |⌘j | < 4.5

At this stage, the SM QCD backgrounds are all well
suppressed except tt̄h and tt̄h + jet. In order to suppress
these two backgrounds, any event which contains one or more
isolated lepton (e±, µ±) with pT > 25GeV and |⌘| < 2.5 will
be vetoed. Moreover, for events with at least four additional
jets, the following quantity is calculated to veto the top quark:
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where i1, i2, i3, i4 refer to light jets and j1, j2 refer to b-jets,
and we take �W = 10.81 GeV and �t = 31.01 GeV. The “min”
runs over all possible permutations of light jets and b-jets in
the event. And finally, events with �

2
> 6 are vetoed.

After all these cuts, the di-Higgs invariant mass
distributions for both the signal and the backgrounds are
shown in FIG. 3. For illustration, we only show our signal
with � = 1 as represented by the black histogram, which
corresponds to the SM scenario. Then by fitting these
histograms, we obtain the expected confidence level scan as a
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The Detector-Level Simulation
5

FIG. 5: Same as FIG. 2 but from detector-level analysis, obtained by following the analysis in Ref. [79] for the right panel and
fitting the histograms in FIG. 3 for the left panel. See the text for details.
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at least one additional jet in the final state. After these
preselection cuts, we further apply the following kinematical
cuts:

�Rbb,��,b� < 0.4

pT,b > 30GeV pT,� > 30GeV

|⌘b| < 2.5 |⌘� | < 2.5

120GeV < m�� < 130GeV

80GeV < mbb < 160GeV

p
leading
T,j > 150GeV (4)

Note that our cuts on pT,� is consistent with those in
Ref. [32], and our range for m�� lies within that of Ref. [32].
After vetoing events not passing above cuts, we display the
sensitivity of our signal in the left panel of FIG. 2 as a function
of mhh for three benchmarks with � = 0, 2, 3 in red, blue,
and green, respectively. A similar analysis is carried out
for the pp ! hh + X channel based on Ref. [79], and the
corresponding results can be seen in the right panel of FIG. 2.

In order to show the sensitivity of each channel to
di↵erent mhh regions, the results are displayed as significance
distribution. This distribution is obtained by calculating
likelihood ratio

p
�2 log (⇤/⇤0) for each bin.

From the significance distributions at the parton level as
shown in FIG. 2, it is obvious that with an extra hard jet in
the final state, the pp ! hh+ jet+X process becomes more
sensitive to the Higgs self-coupling � in the low mhh region.
In the meantime, we comment on that the pp ! hh + X

process exhibits a larger significance due to larger statistics,
and our signal is relatively more kinematically suppressed due
to the hard jet. However, we expect the significance of our
signal to be improved, for example, with the BDT method.

IV. DETECTOR-LEVEL SIMULATIONS

We now move to the discussion on the detector side. All
the parton-level events generated in the previous section are
showered by Pythia8[80] for hadronization, and the detector
e↵ect is then simulated using Delphes[81]. Since the full NLO
QCD corrections to the pp ! hh + jet + X process are

still missing, no additional K-factor will be included in our
simulation.

Furthermore, for detector level simulations, the photon
e�ciency is tuned to be 90% and all jets are reconstructed
with the anti-kT algorithm with jet radius R = 0.4. The
b-tagging e�ciency is set to be 80%, and the mis-tagging
rate is set to be 10% for charm-jet and 1% for other light-
flavor jets. Also, the jet-faking-photon rate is set to be 0.05%.
In addition, as a trigger requirement, all photons and b-jets
should have pT > 30GeV and 0 < |⌘| < 2.5, and photons
between the barrel and endcap calorimeter, or equivalently,
photons with 1.37 < |⌘� | < 1.52, are excluded for object
selection. Then, the bb̄�� + jet final state is reconstructed
with exactly two b-tagged jets, two photons and at least one
additional jet satisfying:

122GeV < m�� < 128GeV,

95GeV < mbb < 155GeV,

p
leading
T,j > 150GeV, |⌘j | < 4.5

At this stage, the SM QCD backgrounds are all well
suppressed except tt̄h and tt̄h + jet. In order to suppress
these two backgrounds, any event which contains one or more
isolated lepton (e±, µ±) with pT > 25GeV and |⌘| < 2.5 will
be vetoed. Moreover, for events with at least four additional
jets, the following quantity is calculated to veto the top quark:
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where i1, i2, i3, i4 refer to light jets and j1, j2 refer to b-jets,
and we take �W = 10.81 GeV and �t = 31.01 GeV. The “min”
runs over all possible permutations of light jets and b-jets in
the event. And finally, events with �

2
> 6 are vetoed.

After all these cuts, the di-Higgs invariant mass
distributions for both the signal and the backgrounds are
shown in FIG. 3. For illustration, we only show our signal
with � = 1 as represented by the black histogram, which
corresponds to the SM scenario. Then by fitting these
histograms, we obtain the expected confidence level scan as a

We find that about 23% of the signal events which passes our cuts 
can not pass the “usual” cuts. And in the 250GeV < mhh < 400GeV 
region, this number is 67%. 
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FIG. 5: Same as FIG. 2 but from detector-level analysis, obtained by following the analysis in Ref. [79] for the right panel and
fitting the histograms in FIG. 3 for the left panel. See the text for details.
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at least one additional jet in the final state. After these
preselection cuts, we further apply the following kinematical
cuts:

�Rbb,��,b� < 0.4

pT,b > 30GeV pT,� > 30GeV

|⌘b| < 2.5 |⌘� | < 2.5

120GeV < m�� < 130GeV

80GeV < mbb < 160GeV

p
leading
T,j > 150GeV (4)

Note that our cuts on pT,� is consistent with those in
Ref. [32], and our range for m�� lies within that of Ref. [32].
After vetoing events not passing above cuts, we display the
sensitivity of our signal in the left panel of FIG. 2 as a function
of mhh for three benchmarks with � = 0, 2, 3 in red, blue,
and green, respectively. A similar analysis is carried out
for the pp ! hh + X channel based on Ref. [79], and the
corresponding results can be seen in the right panel of FIG. 2.

In order to show the sensitivity of each channel to
di↵erent mhh regions, the results are displayed as significance
distribution. This distribution is obtained by calculating
likelihood ratio

p
�2 log (⇤/⇤0) for each bin.

From the significance distributions at the parton level as
shown in FIG. 2, it is obvious that with an extra hard jet in
the final state, the pp ! hh+ jet+X process becomes more
sensitive to the Higgs self-coupling � in the low mhh region.
In the meantime, we comment on that the pp ! hh + X

process exhibits a larger significance due to larger statistics,
and our signal is relatively more kinematically suppressed due
to the hard jet. However, we expect the significance of our
signal to be improved, for example, with the BDT method.

IV. DETECTOR-LEVEL SIMULATIONS

We now move to the discussion on the detector side. All
the parton-level events generated in the previous section are
showered by Pythia8[80] for hadronization, and the detector
e↵ect is then simulated using Delphes[81]. Since the full NLO
QCD corrections to the pp ! hh + jet + X process are

still missing, no additional K-factor will be included in our
simulation.

Furthermore, for detector level simulations, the photon
e�ciency is tuned to be 90% and all jets are reconstructed
with the anti-kT algorithm with jet radius R = 0.4. The
b-tagging e�ciency is set to be 80%, and the mis-tagging
rate is set to be 10% for charm-jet and 1% for other light-
flavor jets. Also, the jet-faking-photon rate is set to be 0.05%.
In addition, as a trigger requirement, all photons and b-jets
should have pT > 30GeV and 0 < |⌘| < 2.5, and photons
between the barrel and endcap calorimeter, or equivalently,
photons with 1.37 < |⌘� | < 1.52, are excluded for object
selection. Then, the bb̄�� + jet final state is reconstructed
with exactly two b-tagged jets, two photons and at least one
additional jet satisfying:

122GeV < m�� < 128GeV,

95GeV < mbb < 155GeV,

p
leading
T,j > 150GeV, |⌘j | < 4.5

At this stage, the SM QCD backgrounds are all well
suppressed except tt̄h and tt̄h + jet. In order to suppress
these two backgrounds, any event which contains one or more
isolated lepton (e±, µ±) with pT > 25GeV and |⌘| < 2.5 will
be vetoed. Moreover, for events with at least four additional
jets, the following quantity is calculated to veto the top quark:
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where i1, i2, i3, i4 refer to light jets and j1, j2 refer to b-jets,
and we take �W = 10.81 GeV and �t = 31.01 GeV. The “min”
runs over all possible permutations of light jets and b-jets in
the event. And finally, events with �

2
> 6 are vetoed.

After all these cuts, the di-Higgs invariant mass
distributions for both the signal and the backgrounds are
shown in FIG. 3. For illustration, we only show our signal
with � = 1 as represented by the black histogram, which
corresponds to the SM scenario. Then by fitting these
histograms, we obtain the expected confidence level scan as a

We find that about 23% of the signal events which passes our cuts 
can not pass the “usual” cuts. And in the 250GeV < mhh < 400GeV 
region, this number is 67%. 

The word “usual” means the cuts in A. J. Barr, M. J. Dolan, C. Englert, D. E. Ferreira de Lima, and M. Spannowsky, “Higgs Self-
Coupling Measurements at a 100 TeV Hadron Collider,” JHEP 02 (2015) 016, arXiv:1412.7154. 
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function of � for the pp ! hh+ jet+X process as shown in
FIG. 4. There, we use ⇤0 for the significance with � = 1 for
the SM case, and ⇤ that with generical �’s. The allowed 2�
CL range of � is ⇠ [0.5, 1.7]. Clearly, negative �’s would be
excluded beyond 2� CL by future 100TeV pp colliders with
pp ! hh + jet + X channel only. Finally, the significance
distributions for pp ! hh + jet + X and pp ! hh + X are
shown in FIG. 5, where the latter is calculated using the mhh

distributions in Ref. [79].
Additionally, we analyzed our pp ! hh+jet+X events with

the cuts used in [82], which replace our p
leading
T,j > 150GeV

with p
��
T > 150GeV and p

bb̄
T > 150GeV. We find that about

23% of the signal events which pass our cuts can not pass the
cuts in [82]. Especially, in the 250GeV < mhh < 400GeV
region, this number is 67%. These numbers show clearly that
the pp ! hh+jet+X channel does provide extra information
on � that would eventually help the determination of the
latter.

FIG. 6: The 1� (yellow) and 2� (green) bands for �

measurement at a future 100 TeV pp collider with L =
30 ab�1. The theory predictions on the Higgs self-coupling
within the 1� uncertainty in di↵erent Higgs scenarios are also
shown.
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Given the sensitivity of a future 100TeV pp collider on �

as just discussed, we then ask: What precision level could
a future 100TeV pp collider achieve in extracting � from
the data? To answer this question, we utilize our results in
FIG. 5 and obtain the 1� and 2� bands in � determination
at a future 100TeV pp collider. The result is shown in
FIG. 6, with the yellow (green) representing the 1� (2�)
bands, respectively. Note that since negative �’s would be
ruled out beyond 2� CL as discussed above, we only present
our result for positive �’s in FIG. 6. On the other hand, as
seen from FIG. 6, the 1� and 2� bands are broader for larger
�’s mainly due to the significance drop when � increases,
which is already seen in FIG. 5. This significance drop mainly
seeds in the deconstructive interference between FIG. 1 (a,b)
and (c,d) as similarly in the pp ! hh case, which in turn

is guaranteed by the low-energy theorem [83, 84]. Finally, as
depicted in FIG. 6, we find the 1� uncertainty of � would be
around 0.2 (1.05) in the small (large) � region, mainly as a
result of statistical uncertainties.

We also show the typical benchmark points for each kinds
of the Higgs scenarios in FIG. 6: the SM, SMEFT with
c6/⇤

2 = 1 TeV�2, the MCH/CTH with ⇠ = 0.1, the CW
Higgs and the tadpole induced Higgs, in which the Higgs
self-couplings are taken from TAB. I. We find that given the
30 ab�1 luminosity data, it is likely to distinguish the non-
decoupling scenarios (CW and Tadpole-induced) from the
SM-like scenarios (SM, SMEFT, and MCH/CTH). On the
other hand, it is hard to distinguish scenarios inside the SM-
like scenarios, such as between the SM and the SMEFT and
MCH/CTH ones. This is because the Higgs couplings to the
gauge bosons and the SM fermions put tight constraints on
the parameters c6/⇤

2 and ⇠ in such scenarios. Note that the
result shown in FIG. 6 only utilize the di-Higgs plus jet data,
while combining this data and the future di-Higgs data might
provide some possibility to distinguish scenarios between the
SM and the SMEFT and MCH/CTH ones.

V. CONCLUSIONS

Higgs self-couplings are of fundamental importance to our
understanding of nature. In this letter, we propose to use
the pp ! hh+ jet+X channel as a complementary probe of
Higgs self-couplings. Compared to the conventional searches
with pp ! hh+X, we require the existence of an extra hard
jet in the final state to suppress the QCD background and
improve � extraction in the low mhh region, where it is most
sensitive to new physics. Due to the limited statistics at the
LHC even in its high-luminosity era, we work instead at a
future 100TeV pp collider. We find that:

• The 2� allowed interval of � by utilizing our signal
would be 0.5 . � . 1.7. Negative � would generically
be disfavored beyond 2� CL using our signal pp ! hh+
jet + X at a future 100TeV pp collider. This can be
seen from our FIG. 4;

• Our result is not as good as the result shown in
[85, 86]. This is because in our analysis, we only use
the di-Higgs plus one hard jet events since we focus
on investigating the information carried by these signal
events. These events, although carries information
of the low mhh distribution, are only small part of
the signal events. A combination with regular signal
events will highly increase the total event number and
suppress the statistic uncertainty. However, we show
that these signal events are helpful to study the lowmhh

distribution and thus the strength of the self-interaction
of the Higgs boson, and a lot of them are missed
in current analysis. We suggest our experimentalists
colleagues consider to add them back to their signal
events.

Finally, we present the prospect of the precision determination
for � at a future 100TeV pp collider in FIG. 6. We find
that, depending on the magnitude of �, its 1� uncertainty
at a future 100TeV pp collider could be around 0.2 (1.05) for
small (large) �’s. Given the 30 ab�1 luminosity data, we find
that it is likely to distinguish the non-decoupling scenarios
(CW and Tadpole-induced) from the SM-like scenarios (SM,
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• Our result is not as good as the result shown in current 
literatures. This is because we only use the di-Higgs plus one 
hard jet events since we focus on investigating the information 
carried by these signal events. These events are only small part 
of the signal events. A combination with regular signal events will 
highly increase the total event number and suppress the statistic 
uncertainty. 


• However, we show that these signal events are helpful to study 
the low invariant mass region and thus the strength of the self-
interaction of the Higgs boson, and a lot of them are missed in 
current analysis. We suggest our experimentalists colleagues 
consider to add them back to their signal events. 


• Further efforts for keeping signal events in this region are 
needed. 

Conclusion and Discussion
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Thank you!
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