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Searches for a high-mass scalar X decaying to H
✤ Taking H to be an SM-like 125 GeV Higgs boson, we can consider several types of (pseudo)scalar decays:

✤ X➝HH ✤ A➝ZH
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Higgs	boson	self-coupling	via	non-resonant	HH05/11/24
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HH	combination:	pp→HH	cross-section	kλ=1

• Observed	and	expected	95%	CL	upper	limits	on	μHH	=	σ(pp→HH)/σSM(kλ=1)	with	full	Run2	luminosity

PhysRevLett.133.101801

• New	CMS	result	that	supersedes	
previous	Run2	combinations	and	
provides	more	interpretations		

ATLAS:	95%	CL	on	μHH	is	2.9	(2.4)	x		SM CMS:	95%	CL	on	μHH	is	3.4	(2.5)	x		SM
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X➝HH/YH at LHC
✤ Sensitivity for X➝HH signals is driven by the same 

3 "golden channels" as the nonresonant HH 
searches: bbbb, bbττ, bbγγ 

✤ Experimental challenges and analysis 
strategies & techniques are typically similar 
to the nonresonant HH searches 

✤ Both ATLAS and CMS have now performed 
analyses in these channels with the full Run-2 
data set at 13 TeV, plus statistical 
combinations 

✤ For more generic X➝YH searches there  
are no a priori golden channels, since the 
branching fractions of Y are unknown 

✤ Many final states still uncovered,  
rapidly expanding search program 

✤ Highlights of recent results shown today
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Figure 5: Invariant mass distributions mgg (left) and mjj (right) with the data events (black
markers), with eMX selection corresponding to an HH signal with mX = 400 GeV (upper panel),
and to an HY signal with mX = 650 GeV and mY = 90 GeV (lower panel). The distributions
are shown for the high signal purity category (CAT 0). The red dashed line shows the sum of
the fitted signal and background events. The solid black line represents the total background
component, including nonresonant and resonant background events. The green and yellow
bands represent the ±1- and ±2-standard deviations which include the uncertainties in fit to
the background-only hypothesis. The lower panel in each plot shows the residual signal yield
after the background subtraction.

[2310.01643]

In 2022, CMS reported 3.8σ (<2.8σ local) excess in X➝H(bb)Y(γγ) at 
(mX,mY) = (650, 90) GeV, consistent with 2.9σ (1.3σ) excess in Y➝γγ
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[2405.18149]

From yesterday's Nonresonant HH talk by R. Gerosa

https://arxiv.org/abs/2405.18149
https://arxiv.org/abs/2310.01643
https://indico.cern.ch/event/1391236/timetable/#17-non-resonant-hh-searches-an


X➝HH: Combinations & Interpretations
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X➝HH: ATLAS Combination

✤ Each of the golden channels bbγγ, bbττ, 4b drives the sensitivity at low / intermediate / high mX 
✤ The largest excess at 1.1 TeV corresponds to a local (global) significance of 3.3σ (2.1σ) 
✤ Narrow-width approximation is used here and in all following results, unless stated otherwise

shows the upper limits at the 95% confidence level (CL) on the resonant ⌘⌘ production cross section as a
function of <-, assuming that ⌘ is the SM Higgs boson. The observed (expected) upper limits are in the
range 0.96–600 fb (1.2–390 fb), depending on <-. The 11̄WW search is the most sensitive at low mass,
the 11̄g+g� search is the most sensitive in the 350–800 GeV range, and the 11̄11̄ search dominates for
high resonant masses, demonstrating the complementarity of these three searches. These results represent
an improvement in the upper limits by a factor between two and five, depending on <-, relative to the
previous ATLAS combination [14]. The improvement comes not only due to the use of a larger dataset but
also due to improvements in object identification and analysis techniques in background estimation.

(a) (b)

Figure 1: (a) Local ?-value and (b) observed and expected upper limits at the 95% CL on the resonant Higgs boson
pair production cross section as a function of the resonance mass <-. The symbol ⌘ denotes a SM Higgs boson with
a mass 125 GeV.

The upper limits are interpreted in the context of the Type-I Two-Higgs-Doublet Model (2HDM) [5, 45]
and the Minimal Supersymmetric SM (MSSM) [46–50]. For these interpretations, the branching ratios of
the Higgs boson are fixed to the predictions of the model under consideration.

The 2HDM is an extension of the SM with an additional Higgs doublet, leading to five Higgs bosons
after electroweak symmetry breaking, three neutral and two charged. The neutral Higgs bosons, assuming
charge-parity (CP) conservation, can be CP-even (⌘ and �, with <� > <⌘) or CP-odd (�). The resonant
⌘⌘ production is assumed to come from � ! ⌘⌘ for this interpretation. The ⌘ boson is assumed to be
the Higgs boson observed at the LHC with <⌘ = 125 GeV. The other Higgs bosons (�, �, �±) are
assumed to be mass degenerate, i.e., <� = <� = <�±, and the Higgs potential parameter <2

12 is fixed to
<2

�
tan V/(1 + tan2 V), where tan V is the ratio of the vacuum expectation values of the two Higgs doublets.

No constraint is imposed on cos(V � U), where U is the mixing angle between the CP-even Higgs bosons.
It, along with tan V and <� , is taken as a free parameter. Widths and branching ratios are calculated using
the 2HDMC program [51]. The � boson gluon–gluon fusion production cross section calculation uses the
SusHi package [52, 53], which includes corrections up to next-to-next-to-leading order in UB [54–56],
massive quarks [57, 58] and electroweak corrections by light fermions [59, 60]. The procedure for the
theoretical calculations follows Ref. [9]. The upper limits on the Higgs boson pair production cross
section are interpreted as constraints on two benchmark planes: <�–tan V for given cos(V � U) values,
shown in Figures 2(a)–2(b), and cos(V � U)–<� for fixed tan V values, shown in Figures 2(c)–2(d). The
interpretation is given in the Type-I 2HDM in which gluon–gluon fusion is the dominant production
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[2311.15956]

[2311.15956]

https://arxiv.org/abs/2311.15956
https://arxiv.org/abs/2311.15956
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X➝HH: CMS Combination

✤ Also here sensitivity driven by bbγγ, bbττ, 4b 
✤ For X➝HH➝4b, only merged-jet topology included
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Figure 26: Search for X ! ZH: Observed and expected 95% CL upper limits on the product
of the cross section s for the production of a Z0 spin-1 resonance, via (left) DY production or
(right) vector boson fusion and the branching fraction B for the Z0 ! ZH decay. The solid lines
represent the observed and the dotted lines the expected limits. The theory predictions from
the heavy vector triplet models A, B and C are also shown.
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Figure 27: Search for X ! HH/G ! HH: Observed and expected 95% CL upper limits on
the product of the cross section s for the production of a (left) spin-0 resonance X and (right) a
spin-2 resonance G, via gluon-gluon fusion and the branching fraction B for the corresponding
HH decay. The results of the individual analyses presented in this report and the result of
their combined likelihood analysis are shown. The observed limits are indicated by markers
connected with solid lines and the expected limits by dashed lines.

3.3 The X ! YH decays 43
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Figure 28: Search for X ! HH/G ! HH: Observed and expected 95% CL upper limits on
the product of the cross section s for the production of a (left) spin-0 resonance X and (right) a
spin-2 resonance G, via gluon-gluon fusion, and the branching fraction B for the correspond-
ing HH decay, as obtained from the combined likelihood analysis of all contributing individual
analyses presented in this report and shown in Fig. 27. In addition to the limit from the com-
bined likelihood analysis the 68 and 95% central intervals for the expected upper limits in the
absence of a signal are shown as coloured bands.

bination. Below masses of 0.32 TeV and above 0.8 TeV, this combination gives the strongest
observed limits to date on resonant HH production. A recent combination of HH searches
performed by the ATLAS Collaboration can be found in Ref. [168].

3.3 The X ! YH decays

Three searches target the X ! YH decay. Two are dedicated to lower masses with the H
boson decaying to gg or tt with two b-tagged AK4 jets for the reconstruction of the Y boson
(as discussed in Section 2.5). The search in the fully hadronic final state with two double-
b-tagged AK8 jets targets the high-mass regime. As the Y boson always decays to bb in all
cases considered, this allows for a direct comparison of the results from these three searches,
without the assumption of a specific model. Furthermore, this makes a model-independent
combination possible, where only the branching fractions of the H boson need to be taken into
account.

Figures 29 and 30 show the upper limits on sB as functions of the mY for mX  1 TeV and
for mX � 1.2 TeV, respectively. The results have been achieved by adjusting each channel
to the corresponding SM branching fraction of the H boson decay under consideration. No
correction has been made for the unknown branching fraction of Y ! bb, which is the same in
all searches.

At low mX, the Y(bb)H(tt) and Y(bb)H(gg) analyses provide the best sensitivity. For mX =

1 TeV and higher, the Y(bb)H(bb) in the merged jet topology dominates for small and medium
values of mY. At the largest values of mY, however, approaching the kinematic limit, the sen-
sitivity of the Y(bb)H(bb) analysis is reduced because the Lorentz boost of the Y boson rest
frame is too small for the fragmentation products of the two b quarks to merge into a single jet.

The four analyses are statistically combined as described in Section 2.6, and the resulting ex-

✤ The excess observed by ATLAS around 
1.1 TeV is not confirmed by CMS

[2403.16926] [2403.16926]

https://arxiv.org/abs/2403.16926
https://arxiv.org/abs/2403.16926
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X➝HH Interpretations: hMSSM

4.1 Extended Higgs sector models 47
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Figure 31: Interpretation of the results from the searches for the X ! HH decay, in the hMSSM
model. In the upper part of the figure, the observed and expected exclusion contours at 95% CL,
in the (mA, tan b) plane, from the individual HH analyses presented in this report and their
combined likelihood analysis are shown. In the lower part of the figure, a comparison of the
region excluded by the combined likelihood analysis shown in the upper part of the figure with
selected results from other searches for the production of heavy scalar bosons in the hMSSM,
in tt [64], tt [169] and WW [170] decays is shown. Also shown, are the results from one
representative search for A ! ZH [107] and indirect constraints obtained from measurements
of the coupling strength of the observed H boson [47]. Results not marked by a club symbol
are based on an integrated luminosity of 35.9 fb�1.

✤ hMSSM is a benchmark scenario designed to produce 125 GeV mass for the lightest MSSM scalar  
✤ Free parameters: pseudoscalar mass mA and the vacuum expectation value ratio tanβ 

✤ X➝HH searches provide some additional constraining power in the hMSSM parameter space 
✤ Large overlaps with constraints from H couplings and X➝tt searches

[CMS summary plots] [ATL-PHYS-PUB-2024-008]

https://arxiv.org/abs/2311.15956
https://cds.cern.ch/record/2898861
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X➝HH Interpretations: 2HDM, WED

mechanism throughout the parameter space where the searches have sensitivity. The � boson has a finite
natural width in the 2HDM. This is taken into account by considering in the combination only channels for
which the experimental mass resolution is large in comparison to the � boson natural width. In particular,
the 11̄WW (11̄11̄ and 11̄g+g�) channel upper limits are valid for � boson natural widths ��/<� up to 2%
(5%). The results are sensitive to cos(V � U) values that are not probed by the SM Higgs boson coupling
measurements [61]. For example, the point tan V = 10, cos(V � U) = �0.1 is excluded at 95% CL for <�

values in the range 270–810 GeV, a region allowed by Higgs boson coupling measurements.

ATLAS

(a)

ATLAS

(b)

ATLAS

(c)

ATLAS

(d)

Figure 2: Exclusion limits at the 95% CL on the Type-I 2HDM parameter space. Observed and expected limits
for the combination of all channels and expected limits for each of the individual channels are presented. The
2HDM parameters are shown in the <�–tan V plane for (a) cos(V � U) = �0.1 and (b) cos(V � U) = 0.1, and in the
cos(V � U)–<� plane for (c) tan V = 1 and (d) tan V = 10. The 11̄WW channel limits are valid for � boson natural
widths ��/<� < 2%, so limits from this channel are quoted for the parameter space that satisfies this requirement.
The limits in the 11̄11̄ and 11̄g+g� channels are only valid for ��/m� < 5%, so no limits are quoted in the dark
shaded regions, where the width exceeds this value.

The MSSM has a Type-II 2HDM Higgs sector structure [62] and, therefore, includes the 2HDM parameters
discussed earlier. The resonant ⌘⌘ production is assumed to come from � ! ⌘⌘ for this interpretation.

6

✤ Both ATLAS and CMS provide interpretations  
in 2HDM, assuming that X is the heavier scalar 
✤ More interpretations in the backup, including 

other 2HDM types & MSSM benchmark scenarios

52
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Figure 35: Observed and expected limits, at 95% CL, on the parameters of models with warped
extra dimensions, as obtained from the X ! HH analyses presented in this report and their
combined likelihood analysis. Shown are lower limits (left) on the bulk radion ultraviolet cutoff
parameter LR, as a function of the radion mass mR, and upper limits (right) on the parameter k̃

of the spin-2 bulk graviton G, as a function of mG. Excluded areas are indicated by the direction
of the hatching along the exclusion contours.

effects and present the results in Section 4.4. The corresponding model interpretations for the
X ! HH combination in the real-singlet model are presented there.

4.2 Warped extra dimensions

The measured upper limits on resonant HH production can also be interpreted in the context of
WED models (as discussed in Section 1.2.2). Figure 35 (left) shows the lower limit on the bulk
radion ultraviolet cutoff parameter LR as a function of the radion mass mR for all presented
HH analyses and their combination. The individual analyses with the best sensitivity are from
the searches of X ! H(bb)H(gg) for mX . 1 TeV, and X ! H(bb)H(bb) for mX & 1 TeV.
In the regions 0.5 . mX . 1 TeV and 1 . mX . 1.5 TeV, the X ! H(bb)H(tt) and X !
H(bb)H(WW) analyses contribute significantly to the combination. In the mass region below
1 TeV, the expected lower limit from the combination ranges from 8 to 10 TeV, with observed
limits reaching up to 12 TeV. The strongest exclusion limits of about 12 TeV expected and 16 TeV
observed are reached near mR = 1.2 TeV. The combination improves the sensitivity over the full
mass range probed. Figure 35 (right) shows the corresponding upper limits of the parameter
k̃ of the spin-2 bulk graviton G. The combination excludes values of k̃ larger than about 0.3 at
95% CL for the large mass range 0.3 < mG < 1.5 TeV.

We compare the limits obtained from the HH combination with limits from searches for X !
ZZ [195–197] and X ! WW [109, 111, 170] in Fig. 36. The HH combination is found to be
very competitive, and it places stronger constraints on the WED models in some mass regions.
For radions, shown on the left, the HH combination shows about the same sensitivity as the
Z(``)Z(qq/nn/``) final state [195] for mR . 1 TeV. The HH combination has the best sen-
sitivity in the region 1 < mR < 2 TeV, and for higher masses it has a comparable sensitivity
as searches in final states from hadronic and semileptonic WW decays [109, 111]. For gravi-
tons, the HH combination places the best upper limits on k̃ for 250 < mG < 450 GeV and
700 < mG < 2000 GeV.

✤ CMS combination includes interpretation 
in WED, constraining the bulk radion 
ultraviolet cutoff parameter λR

[2403.16926][2311.15956]

https://arxiv.org/abs/2403.16926
https://arxiv.org/abs/2311.15956
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ATLAS VBF X➝HH➝4b [merged-jet]
✤ Targeting VBF production of X➝HH  

with 1 < mX < 5 TeV 
✤ H bosons identified as  

double-b-tagged large-radius jets 
✤ VBF tag jets reconstructed as small-radius jets 
✤ Data-driven background estimation from single-bb-tag sample 
✤ Signal extraction with parametrised BDT, conditional on mX and using the 

kinematic features of H candidate jets and VBF tag jets

(a) (b)

(c) (d)

(e)

Figure 2: The mass planes of the reconstructed Higgs boson candidates for the (a) 1P��� and (b) 2P��� selections of
the analysis, shown for the data events. The mass planes for the 2P��� selection of the analysis are shown for the (c)
VBF SM ^2+ = 1 HH, (d) VBF ^2+ = 0 HH, and (e) <

-
= 1 TeV spin-0 narrow-width resonance HH samples. The

continuous red line describes the Signal Region (SR). The Validation Region (VR) lies between the dashed yellow
line and the continuous red line. The Control Region (CR) lies between the dotted green line and the dashed yellow
line. The bin sizes are 1.33 GeV by 1.33 GeV.
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(a) (b)

(c) (d)

Figure 7: The distributions of the mass-parameterised BDT score after a background-only fit to the data in the
signal region. The truth mass used as input to the mass-parameterised BDT corresponds to (a) <

-
= 1.0 TeV,

(b) <
-

= 1.5 TeV, (c) <
-

= 1.6 TeV, and (d) <
-

= 5.0 TeV. The narrow-width signal of the corresponding
mass hypothesis, normalised to a cross-section of 1 fb, is shown. No events are observed in the rightmost bin for
<

-
� 1.6 TeV. The binning procedure results in a very narrow first bin for (c). The lower panel shows the ratio of

data to the total prediction, with its uncertainty represented by the shaded band. The error bars on the data points
represent the statistical uncertainty.
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(a)

g

g H

H

H

t �

(b)

(c) (d)

H

H

q q

q q

V

V

2V

(e)

(f)

Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production. For nonresonant ggF
production, diagram (a) involves solely the top-quark Yukawa coupling, while diagram (b) involves the Higgs boson
self-coupling. For nonresonant VBF production, diagram (c) involves the self-coupling, diagram (d) involves solely
the coupling to vector bosons, and diagram (e) involves the coupling between two Higgs bosons and two vector
bosons. Diagram (f) illustrates the resonant production mode.

of VBF jets that are defined as two small-' jets with large invariant mass and rapidity separation. This
signature provides an effective handle for background suppression. To maximise the sensitivity to the ^2+
parameter, the nonresonant analysis is combined with the resolved analysis [45] where the four b-quarks are
reconstructed as small-' jets. The Higgs bosons considered in the resolved analysis have lower transverse
momentum (?T) compared to those in this boosted search. To avoid double counting events in the boosted
nonresonant analysis presented in this paper, events that satisfy the resolved and boosted analysis selection
are removed from the boosted analysis. For the first time, a search for a new heavy spin-0 resonance that
would mediate VBF Higgs boson pair production is carried out in the mass range of 1–5 TeV.

The paper is structured as follows. Section 2 briefly introduces the ATLAS detector. Section 3 details
the data and simulation samples used. Section 4 describes the analysis selection. Section 5 explains
the background estimate derived from data, and Section 6 covers the multivariate discriminants used.
Systematic uncertainties considered are detailed in Section 7. Results are provided in Section 8, and
conclusions are given in Section 9.

3

Stephane Cooperstein HH→4b merged 21/02/2024

Statistically limited, but better S/N than 
resolved channel 

H→bb candidate ID and mass 
reconstruction performed by ParticleNet

�2

HH
H→bb

H→bb

Merged-jet H→bb decay 

pT(H) >~300 GeV

Fraction of HH→4b signal 
with ΔR(H→bb)<0.8

Merged high-pT H→bb decays

[2404.17193]

https://arxiv.org/abs/2404.17193
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ATLAS VBF X➝HH➝4b [merged-jet]: Results

✤ Limits on VBF X➝HH production set for both narrow-width and broad-width signal (ΓX/MX = 20%) cases(a)

(b)

Figure 8: Expected (dashed black lines) and observed (solid black lines) 95% CL upper limits on the cross-section of
spin-0 heavy resonances with (a) narrow-width and (b) broad-width assumptions. The SM H ! bb branching ratio
is assumed in both cases. The ±1f and ±2f uncertainty ranges for the expected limits are shown as coloured bands.
The theoretical prediction for the Composite Higgs model calculated at leading-order [80] under the �

-
/<

-
= 20%

assumption is shown as the solid red line.
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[2404.17193] [2404.17193]

See also the talk by 

Maggie Chen

https://arxiv.org/abs/2404.17193
https://arxiv.org/abs/2404.17193
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
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X➝YH: CMS Combination
✤ CMS combination of 3 

channels: H(ττ)Y(bb), 
H(γγ)Y(bb), and 
H(bb)Y(bb) [merged-jet] 
✤ Model-independent 

combination, i.e. no 
assumption on Y 
branching fractions 

✤ SM branching fractions 
assumed for H 

✤ Sensitivity driven by one 
of the channels in most of 
the parameter space 

✤ Resolved-topology 
H(bb)Y(bb) channel  
is not yet included
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Figure 29: Search for X ! YH: Observed and expected upper limits, at 95% CL, on the prod-
uct of the cross section s for the production of a resonance X via gluon-gluon fusion and the
branching fraction B for the X ! Y(bb)H decay. For the branching fractions of the H ! tt ,
H ! gg and H ! bb decays, the SM values are assumed. The results derived from the in-
dividual analyses presented in this report and the result of their combined likelihood analysis
are shown as functions of mY and mX for mX  1 TeV. Observed limits are indicated by mark-
ers connected with solid lines, expected limits by dashed lines. For presentation purposes, the
limits have been scaled in successive steps by two orders of magnitude, each. For each set of
graphs, a black arrow points to the mX related legend.

3.3 The X ! YH decays 45
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Figure 30: Search for X ! YH: Observed and expected upper limits, at 95% CL, on the prod-
uct of the cross section s for the production of a resonance X via gluon-gluon fusion and the
branching fraction B for the X ! Y(bb)H decay. For the branching fractions of the H ! tt
and H ! bb decays, the SM values are assumed. The results derived from the individual anal-
yses presented in this report and the result of their combined likelihood analysis are shown as
functions of mY and mX for mX � 1.2 TeV. Observed limits are indicated by markers connected
with solid lines, expected limits by dashed lines. For presentation purposes, the limits have
been scaled in successive steps by four orders of magnitude, each. For each set of graphs, a
black arrow points to the mX related legend.

[2403.16926] [2403.16926]

https://arxiv.org/abs/2403.16926
https://arxiv.org/abs/2403.16926
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CMS X➝YH➝4b [resolved]
✤ Targeting X➝HY with 400<mX<1600 GeV, 60<mY<1400 GeV 
✤ Four jets with the highest b-tag scores used to reconstruct H and Y 

✤ Combinatorics solved by first finding the jet pair with mass closest to 125 GeV 
✤ Data-driven QCD background estimation from 3b control region via  

BDT reweighing technique (similar to nonresonant 4b analysis) 
✤ Signal extraction via 2D fit of the reconstructed (mX ,mY) distribution
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New for Higgs 2024
[CMS-PAS-HIG-20-012]

See also the talk by 

Davide Zuolo

https://cds.cern.ch/record/2914871?ln=en
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
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CMS X➝YH➝4b [resolved]: Results

✤ X➝HH: No excess observed
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New for Higgs 2024

✤ X➝HY: the excess at (mX,mY)=(700,400) GeV 
has a local (global) significance of 4.1σ (2.8σ)
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Figure 5: Expected and observed 95% CL upper limits on the production cross section times
branching ratio for X ! YH ! bbbb signal. The limits are shown as a function of mYreco for
selected values of mXreco. The black dashed and red solid lines represent expected and observed
limits, respectively. The blue and yellow bands represent the ±1 and ±2 standard deviations
for the expected limit, respectively. The largest excess of the observed limit over the expected
limit is for mXreco = 700 GeV and mYreco = 400 GeV.

[CMS-PAS-HIG-20-012] [CMS-PAS-HIG-20-012]

https://cds.cern.ch/record/2914871?ln=en
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ATLAS X➝YH➝bbγγ
✤ Targeting X➝HY with 170<mX<1000 GeV, 15<mY<500 GeV 

✤ H➝γγ pair enables efficient triggering and H mass 
reconstruction 

✤ Y➝bb reconstructed both in resolved (2 b-tagged jets)  
and merged-jet (one b-tagged jet) topologies 

✤ Data-driven background estimation from mγγ sidebands 
✤ Signal extraction with parametrised neural network 

✤ Conditional on mX and mY (mX only) in the resolved 
(merged-jet) region 

✤ Input features:  
reconstructed  
mX and mY  
(mX and pTX)  
in the resolved  
(merged-jet)  
region

g

g

b

b̄

γ

γ

X

S

H

Figure 1: Example of a Feynman diagram showing gluon–gluon fusion production of a scalar - decaying into a
scalar ( and a Standard Model Higgs boson, which in turn decay into a pair of 1-quarks and a pair of photons.

1 Introduction

The properties of the Higgs boson (�) discovered in 2012 [1, 2] by the ATLAS and CMS experiments at
the Large Hadron Collider (LHC) are consistent with the Standard Model (SM) predictions [3, 4]. However
the current experimental precision does not exclude that � may have a small mixing with additional scalar
bosons, and may be part of an extended Higgs sector. Many Beyond the Standard Model (BSM) theories
predict such an extended Higgs sector, where one of the physical Higgs boson states could correspond to
the spin-0 boson observed with a mass of 125 GeV, while additional scalars remain to be discovered [5].

In this paper, the complete proton-proton dataset collected by the ATLAS experiment during Run 2 of the
LHC is used to search for two additional scalar bosons - and (. Under the condition <- > <( + <� ,
the decay - ! (� is kinematically allowed. This phenomenology may arise in models where the SM
Higgs sector is extended with either a complex singlet [6] or two real singlets [7], and in models such as
the complex two-Higgs-doublet model (2HDM) [8], the 2HDM extended by a real scalar singlet [9, 10] or
the Next-to-Minimal Supersymmetric Standard Model [11, 12].

The sensitivity of the LHC to the decay - ! (� has been explored in several benchmark scenarios [7, 13,
14]. The decay of the scalar ( is model- and mass-dependent. The CMS Collaboration has performed
searches for - ! ((!11̄)� (!11̄), - ! ((!11̄)� (!gḡ) and - ! ((!11̄)� (!WW) using Run 2
data [15–17]. In the - ! ((!11̄)� (!WW) final state, CMS observed a deviation from the background-
only hypothesis with a local (global) significance of 3.8 (2.8) standard deviations at <- = 650 GeV and <(

= 90 GeV. ATLAS published results on the search for - ! ((!++)� (!gḡ), where + denotes a , or /
boson [18].

This paper is focused on the search for - ! ((!11̄)� (!WW) and uses the same Run 2 dataset already
exploited by ATLAS to search for Higgs boson pair production [19]. A di-photon mass peak arises from
� ! WW, while the two 1-tagged jets arise from the ( ! 11̄ decay, thus leading to a characteristic signal
with three resonant mass peaks from � ! WW, ( ! 11̄ and - ! 11̄WW. The natural widths of the new
bosons are assumed to be much smaller than the experimental resolutions. In the particular scenario where
the scalar ( has couplings similar to those of the SM Higgs boson, ( ! 11̄ is the predominant decay
for <( < 130 GeV. The Feynman diagram for the main production mode of this process is illustrated in
Figure 1.

The rate of production for the scalar - , and the decay branching ratios ⌫'(- ! (�) and ⌫'(( ! 11̄),
are strongly dependent on which model is realised, and on the specific values of the parameters of the
extended Higgs sector. Therefore, the results are expressed as 95% confidence level (CL) upper limits on
f(?? ! -) ⇥ ⌫'(- ! (�) ⇥ ⌫'(( ! 11̄) ⇥ ⌫'(� ! WW), denoted f(- ! (� ! 11̄WW), rather

2

● Parameterized neural networks (PNN) are used to discriminate signal from background in the SR
They take a vector of parameters θ as input in addition to the event features x and allow a smooth 
coverage of the mass space

● One PNN for each search region :
○ 2 b-tagged region : θ = (mS , mX ), x = (mbb , mbb𝛾𝛾

*)
○ 1 b-tagged region : θ = (mX ), x = (pT

b, mb𝛾𝛾
*)

● Training samples :
𝛾𝛾+jets, ttH, ggF H, ZH and corresponding region
signals. VBF H and HH are also used in the 1 b-tagged
region. Training is performed on SR and SB events

● Results are obtained with a binned log-likelihood fit
of the PNN distribution

02/23/12     5

 Signal - background discrimination

mbbyy
* =  mbb𝛾𝛾 - (m𝛾𝛾 - 125 GeV)

mb𝛾𝛾 
* = mb𝛾𝛾  - (m𝛾𝛾 - 125 GeV)

NB : different binning used during the fit
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Figure 3: Post-fit distributions of the PNN discriminant output in the (a) 2 1-tagged signal region for <- = 250 GeV
and <( = 100 GeV and (b) 1 1-tagged signal region for <- = 1000 GeV and <( = 70 GeV, after a background-only
fit to data. The signals corresponding to the two PNN parameterisations, normalised to a 1 fb cross section, are
illustrated for comparison. The WW+ jets category represents the sum of WW+ jets, W + jets and dĳet backgrounds.
The error band corresponds to the total systematic uncertainty after fit.

(a) (b)

Figure 4: (a) Expected and (b) observed 95% CL upper limits on the signal cross section times branching fraction
for the -! (� signal, in the (<-, <() plane. The points show where the limits were evaluated. The band at
<( = 125 GeV is not shown as those points are equivalent to those already probed in Ref. [19].
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[2404.12915]

Y

See also the talk by 

Maggie Chen

https://arxiv.org/abs/2404.12915
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ATLAS X➝YH➝bbγγ: Results

✤ Results for X➝HH covered by an earlier dedicated analysis [2112.11876] with comparable sensitivity 
✤ The largest excess at (mX,mY)=(575,200) GeV has a local (global) significance of 3.5σ (2.0σ) 
✤ No deviation from background-only hypothesis around (mX,mY)=(650,90) GeV, while a signal injection  

                            test indicates that a signal comparable to the CMS result would have an expected significance of 2.7σ
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Figure 3: Post-fit distributions of the PNN discriminant output in the (a) 2 1-tagged signal region for <- = 250 GeV
and <( = 100 GeV and (b) 1 1-tagged signal region for <- = 1000 GeV and <( = 70 GeV, after a background-only
fit to data. The signals corresponding to the two PNN parameterisations, normalised to a 1 fb cross section, are
illustrated for comparison. The WW+ jets category represents the sum of WW+ jets, W + jets and dĳet backgrounds.
The error band corresponds to the total systematic uncertainty after fit.

(a) (b)

Figure 4: (a) Expected and (b) observed 95% CL upper limits on the signal cross section times branching fraction
for the -! (� signal, in the (<-, <() plane. The points show where the limits were evaluated. The band at
<( = 125 GeV is not shown as those points are equivalent to those already probed in Ref. [19].
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02/23/12     6

 Results (1)
● Local signal observed significance

Probed mass points chosen to achieve
a good resolution

● Largest excess with respect to the 
background only hypothesis at
(mX , mS) = (575, 200) GeV
Local (global) significance of 3.5 (2.0)
standard deviation

● No deviation from background only 
hypothesis observed for the excess
reported by CMS at (mX , mS) = (650, 90) GeV
JHEP 05 (2024) 316

Blank region covered by resonant HH analysis CERN-EP-2021-180

[2404.12915] [2404.12915]

https://arxiv.org/abs/2112.11876
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ATLAS X➝YH➝[WW/ZZ]γγ [2405.20926]
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Figure 6: Observed (solid line) and expected (dashed line) 95% CL upper limits on f(66 ! -) ⇥�(- ! (�) as a
function of <- and <( , under the assumption of SM-like �(( ! ,,///). The green and yellow shaded areas
indicate the ±1 and ±2 standard deviations around the expected limit.

Limits corresponding to assumptions of the scalar ( with a 100% decay branching ratio to ,, or // are
derived and presented in Figure 7 and 8. Under the assumption that �(( ! ,,) = 100%, the observed
limit varies from 470 fb to 91 fb whereas the expected limit ranges from 610 fb to 120 fb. The upper limits
under the scenario �(( ! //) = 100% are significantly higher: from 1530 fb to 360 fb for observed
limits and from 2160 fb to 510 fb for expected limits. The analysis sensitivity is limited by the statistical
uncertainty, with systematic uncertainties degrading the expected limits by about 2%.

These results are comparable to the - ! (� ! ++gg [15] search, which observes an upper limit
on the production cross-section from 540 fb to 72 fb, assuming SM-like �(( ! ,,///). Under
the �(( ! ,,) = 100% and �(( ! //) = 100% scenarios, the upper limits on the production
cross-section and decay branching ratio are in the ranges 26 – 3 fb and 33 – 6 fb, respectively. By correcting
by the �(� ! gg), these results can be expressed in upper limits on the - ! (� production cross-section,
and compared to those obtained by this analysis. These upper limits are set in the ranges 410 – 47 fb and
520 – 95 fb for �(( ! ,,) = 100% and �(( ! //) = 100%, respectively.
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Figure 5: Distribution of <WW after the signal-plus-background fit to data in the (a) 1✓tight, (b) 1✓loose, (c) 2✓tight,
(d) 2✓loose, (e) 4` and (f) 2✓(//) regions. The contribution from the SM single and double Higgs boson processes
(denoted “SM Higgs”), which is estimated from the MC simulation, is shown added on top of the continuum
background distribution. The signal prediction (open red histogram) for the scenario of SM-like �(( ! ,,///) is
also shown, normalised to a cross-section corresponding to the 95% CL upper limit shown in Figure 6. An additional
normalisation factor, as indicated in the legend, is applied to scale the signal for visibility.
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Figure 5: Distribution of <WW after the signal-plus-background fit to data in the (a) 1✓tight, (b) 1✓loose, (c) 2✓tight,
(d) 2✓loose, (e) 4` and (f) 2✓(//) regions. The contribution from the SM single and double Higgs boson processes
(denoted “SM Higgs”), which is estimated from the MC simulation, is shown added on top of the continuum
background distribution. The signal prediction (open red histogram) for the scenario of SM-like �(( ! ,,///) is
also shown, normalised to a cross-section corresponding to the 95% CL upper limit shown in Figure 6. An additional
normalisation factor, as indicated in the legend, is applied to scale the signal for visibility.
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✤ Targeting X➝HY with 300<mX<1000 GeV, 170<mY<500 GeV 
in a final states with 1 or 2 electrons/muons (+jets) from W/Z decays  

✤ Kinematic BDTs and lepton multiplicity used to categorize events 
✤ Signal extraction from a simultaneous fit of mγγ distributions, with  

data-driven background estimation from mγγ sidebands 
✤ No excess observed 

✤ Limits set assuming Y decay exclusively to WW, exclusively to ZZ,  
or to both with SM-like branching fractions
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Figure 3: BDT output distributions in the (a) 1✓ and (b) 2✓(,,) regions for data and the expected SM background
from simulation after the event selection is applied. The +WW and WW+jets simulated background is scaled to match
the data yield excluding the 120 < <WW < 130 GeV region. The contribution from the SM single and double Higgs
boson processes (denoted “SM Higgs”), which is estimated from the MC simulation, is also shown. The signal
prediction (open red histogram) for the scenario of SM-like �(( ! ,,///) is also shown, normalised to a
cross-section corresponding to the 95% CL upper limit shown in Figure 6. An additional normalisation factor, as
indicated in the legend, is applied to scale the signal for visibility. The BDT score threshold values are represented by
the dashed vertical lines. The shaded band represents the statistical uncertainty on the background prediction. The
last bin in each distribution contains the overflow.

Table 4: Observed data and expected event yields for the different analysis regions after the full selection from
Table 2 is applied. The continuum background includes the +WW, WW+jets and CC̄WW processes estimated as described
in Section 5. The contribution from the SM single and double Higgs boson processes (denoted “SM Higgs”) is
estimated from simulation. The uncertainties include all sources of systematic uncertainty described in Section 6.
Event yields for the (<-,<() = (1000, 300) GeV signal are also shown assuming f(66 ! - ! (�) = 1 pb and
SM-like �(( ! ,,///).

BDT-based regions Cut-based regions
1✓tight 1✓loose 2✓tight 2✓loose 2✓(//) 4`

Continuum 6.0 ± 2.4 405 ± 20 2.0 ± 1.4 100 ± 10 2.0 ± 1.4 2.0 ± 1.4
SM Higgs 0.55 ± 0.08 6.8 ± 0.9 0.46 ± 0.06 3.35 ± 0.46 0.52 ± 0.08 0.24 ± 0.03
Total background 6.6 ± 2.8 412 ± 23 2.46 ± 1.6 103 ± 11 2.52 ± 1.6 2.24 ± 1.5
Signal (<-,<()
(1000, 300) GeV 20.9 ± 2.4 2.90 ± 0.34 2.96 ± 0.35 0.016 ± 0.002 2.03 ± 0.24 2.08 ± 0.24

Data 6 405 2 100 2 2
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See also the talk by 

Maggie Chen

https://arxiv.org/abs/2405.20926
https://indico.cern.ch/event/1391236/timetable/#92-searches-for-resonances-dec
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CMS X➝YH➝ττγγ/γγττ
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Figure 6: Signal pdfs for the nonresonant search analysis categories, shown for each year of
simulated data, and for the sum of all years together. The pdfs are normalized to 25 times the
expected event yields in the SM. The open squares represent the weighted simulation events
and the blue line is the corresponding pdf. The grey shaded areas correspond to the seff, de-
fined as half the width of the narrowest interval containing 68.3% of the mgg distribution. The
contribution from each year of data-taking is illustrated with the dotted lines.

where

x =
mgg � mgg

s
(2)

A(b, m) =

✓
m

|b|

◆m

· exp
✓
� |b|2

2

◆
(3)

B =
m

b
� |b| (4)

The normalization of the signal pdf in analysis category, i, is defined by the formula,

Ni = s(pp ! HH) · B(HH ! ggtt) · ei · L · C(~q), (5)

where s(pp ! HH) is the nonresonant ggF HH cross section on which an upper limit is
placed, B(HH ! ggtt) is the SM branching fraction of HH to the ggtt final state, ei is the
efficiency for signal events to be reconstructed in analysis category i which is derived directly
from simulation, and L is the integrated luminosity. The final term, C(~q), corresponds to the
corrections to the signal yield estimates from nuisance parameters, ~q, representing systematic
uncertainties in the analysis (see Section 9). Figure 6 shows the signal pdfs for the two non-
resonant analysis categories, where the pdfs are normalized to 25 times the SM prediction for
s(pp ! HH).

8.2 Signal modeling in the resonant search channels

Extracting limits for mass hypotheses that simulation was not generated for introduces addi-
tional complexity to the signal modelling for the resonant search channels. The signal models
for these hypotheses, denoted as intermediate mass points, are derived by interpolating both
the shape and normalization from the neighbouring mass points in which simulation samples
were generated, denoted as nominal mass points. For the X(0) ! HH and X(2) ! HH searches,

[CMS-PAS-HIG-22-012]

✤ Targeting X➝HH (HY) with 260 (300) < mX < 1600 GeV 
✤ Covers both Y(ττ)H(γγ) with 50<mY<800 GeV, and Y(γγ)H(ττ) with 70<mY<800 GeV 

✤ Event categorization with parametrised neural network, conditional on mX and mY 

✤ Using the kinematic features or γ and τ candidates, pTmiss, and jets; b-tagging, and angular separations 
✤ Signal extraction using mγγ, with signal shape from simulation and background shape from sidebands
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Figure 5: Transformed output of the pNNs used in the X(0) ! HH (top left), X(2) ! HH
(top right), X ! Y(tt)H(gg) (middle), low-mass X ! Y(gg)H(tt) (bottom left) and high-
mass X ! Y(gg)H(tt) (bottom right) searches. The pNNs are evaluated at the mass points
where the largest excess with respect to the background-only hypothesis is observed. If the
MC simulation at this mass point is not available, then the sample produced at a mass point
closest to the excess is shown. The filled histograms represent the background simulation, and
the data are shown by the black points. The “H” process includes ggH, VBF, VH, and ttH. The
targeted signal distributions for which the pNN is evaluated are shown by the black unfilled
histograms. The background MC simulation is normalized to data and the signal is normalized
to an arbitrary cross section for representation purposes. The ratio of the data to the sum of
the background predictions is shown in the lower panel. Statistical MC uncertainties for the
background are represented by the grey-shaded bands.

See also the talk by 

Davide Zuolo

https://cds.cern.ch/record/2893031
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c
https://indico.cern.ch/event/1391236/timetable/#79-resonant-hhsh-searches-at-c


S. Laurila, Higgs 2024, Uppsala 20

CMS X➝YH➝γγττ: Results
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✤ No significant excess observed for 
X➝HH or X➝Y(ττ)H(γγ) 

[CMS-PAS-HIG-22-012]

https://cds.cern.ch/record/2893031
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CMS X➝YH➝γγττ: Results
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✤ X➝Y(γγ)H(ττ): the largest excess at (mX,mY)=(525,115) GeV has a local significance of 3.4σ but the 
global significance of only 0.1σ

[CMS-PAS-HIG-22-012]

https://cds.cern.ch/record/2893031
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(a) (b)

(c) (d)

Figure 8: (a,b) Expected and (c,d) observed 95% CL ��� cross section upper limits for the (a,c) narrow-width or
(b,d) wide-width heavy resonance signals. The white areas correspond to regions of the (<-,<() phase space not
considered here. A cubic Bézier polynomial is used to interpolate across the plane.
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Figure 8: (a,b) Expected and (c,d) observed 95% CL ��� cross section upper limits for the (a,c) narrow-width or
(b,d) wide-width heavy resonance signals. The white areas correspond to regions of the (<-,<() phase space not
considered here. A cubic Bézier polynomial is used to interpolate across the plane.
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(a) (b)

Figure 7: (a) Expected and (b) observed 95% CL ��� cross section upper limits for the phase space within the
perturbative unitarity bounds of the TRSM. While the points were generated under Benchmark point 3 of the TRSM,
they can also be interpreted in the DM-CPV model. The white areas correspond to regions of the (<-,<() phase
space not considered here. A cubic Bézier polynomial is used to interpolate across the plane.

(Figure 8(c)), and range between 4.7 � 69 fb (5.7 � 38 fb). Expected (observed) limits for the wide heavy
resonance signals are presented in Figure 8(b) (Figure 8(d)), and range between 5.2 � 53 fb (6.3 � 39 fb).

Limits on the coupling modifiers ^3 and ^4 are shown in Figure 9. The gray dashed line shows the region
where perturbative unitarity holds (provided that ^3 and ^4 are the only modifications to the SM), as
calculated in Ref. [65]. At the 95% CL none of the phase space inside the unitarity bounds is excluded.
Outside the unitarity bounds the kappa framework requires additional modification to preserve unitarity,
and as such it is not recommended to interpret this result as excluding any relevant phase space in the kappa
framework. Rather, the scan of ^3 and ^4 serves as a benchmark of performance for future searches and
projections, as well as other new-physics models which may produce similar phenomenology.

The 95% CL upper limit on the signal strength for SM ��� production ` = f���/f("

���
is 750,

corresponding to a cross-section upper limit of 59 fb. Assuming ^4 = 1 then ^3 is restricted to be between
�11 and 17 at 95% CL. For comparison, a combination of previous di-Higgs searches and single Higgs
production constraints limited ^3 to be between �0.4 and 6.3 at 95% CL [7]. Assuming ^3 = 1 then ^4 is
restricted to be between �230 and 240 at 95% CL.
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ATLAS X➝YH➝6b
✤ In addition to the nonresonant interpretation, 

the new ATLAS 6b analysis considers X➝YH➝HHH 
✤ A model-independent X➝YH search with  

500<mX<1500GeV, 275<mY<1000 GeV 
✤ An interpretation in an TRSM benchmark scenario, 

considering both resonant and nonresonant contributions 
✤ Dedicated DNN for resonant signal extraction 

✤ No excess observed

[2411.02040]
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Figure 1: Leading-order Feynman diagrams for gluon–gluon fusion triple Higgs-boson production. The symbols ⌘8
and ⌘ 9 represent any of the SM Higgs � or heavy scalars, - and (. In particular, the resonant cascade decay is
shown in (a). For the case where ⌘8 = ⌘ 9 = � the solid circle indicates the tri-linear self-coupling _3, and the open
circle indicates the quartic-linear self-coupling _4.

same general analysis strategy. Deep neural network (DNN) classifiers are trained to discriminate between
the relevant signals and the SM background. The dominant SM background process in all searches is
Quantum Chromodynamics (QCD) multĳet production, which is estimated by using an entirely data-driven
approach based on an extrapolation between different 1-jet multiplicities. To obtain the final results in each
search, a profile likelihood fit is performed over the binned DNN score distribution.

The structure of this paper is as follows. In Section 2 the ATLAS detector is described, followed by a
summary of the data and MC simulated events used in Section 3. Section 4 explains how events are
reconstructed, and Section 5 explains the analysis strategy and how signal events are selected. In Section 6,
the estimate of the SM background is described, followed by an explanation of the statistical interpretation
in Section 7. A summary of the uncertainties considered is presented in Section 8 and finally the results
and conclusions are provided in Sections 9 and 10, respectively.

2 ATLAS detector

The ATLAS experiment [8] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4c coverage in solid angle.1 It consists of an inner tracking
detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner tracking detector

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.
Polar coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is
defined in terms of the polar angle \ as [ = � ln tan(\/2) and is equal to the rapidity H = 1

2 ln
⇣
⇢+?I
⇢�?I

⌘
in the relativistic limit.

Angular distance is measured in units of �' ⌘
p
(�H)2 + (�q)2.

3

Y
X
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Figure 6: Distributions of scores for (a) nonresDNN, (b) resDNN and (c) heavyresDNN in 61 data and the background
prediction after background-only fits to the observed data. The boundary between the Low- and High-Score regions
is shown by a dashed vertical line. Benchmark signal models (normalized to the background) are overlaid in
each case: (a) SM ��� signal and non-resonant TRSM signal with (<-,<() = (400, 200) GeV, (b) resonant
TRSM signal with (<-,<() = (500, 350) GeV overlaid, and (c) narrow- large–width heavy resonances with
(<-,<() = (900, 325) GeV overlaid. The lower panel in each plot shows the ratio of the data and the post-fit
background (Pred) in markers, with the uncertainty on the prediction shown as a hatched band centered on unity.
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Narrow-width limit 20% width limit TRSM limit

See also the talks by  Bill Balunas, Maggie Chen,  and Raffaele Gerosa
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CMS A➝ZH➝llττ
✤ 2HDM/MSSM-motivated search for pseudoscalar A with 225<mA<800 GeV, 

produced via gluon fusion or in  
association with b quarks 

✤ Final states considered: Z➝ee/μμ, H➝eτh/μτh/τhτh 
✤ A candidate mass resolution improved  

by imposing 125 GeV mass constraint 
✤ Data-driven 

estimation of 
reducible 
background 
from 
jet➝tau  
misidentification

[CMS-PAS-HIG-22-004]
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8. Results 13

where

• µs are tested values of the parameters of interest (POIs);
• q̂j,µs

are the values of the nuisance parameters that maximize the likelihood function
for specified values of µs, i.e. these are conditional maximum likelihood estimators
of qj and thus are functions of µs;

• µ̂s and q̂j,µ̂s
are unconditional maximum likelihood estimators of POIs and nuisance

parameters.

The index of qµs
indicates that the test statistic is evaluated for specified values of µs.

The statistical model includes two POIs: rate of gg ! A production and rate of bb̄A produc-
tion. Constraints on the production rate of the signal processes are derived using asymptotic
approximation [80] of the modified frequentist CLs method [78, 81, 82].

The m
cons
``tt distributions, combined across all search channels for visualization purposes only,

are presented in Figure 3. The distributions are shown separately for no b-tag and b-tag cate-
gories.

Figure 3: The reconstructed four-lepton mass, m
cons
``tt , in the no b-tag (left plot) and b-tag (right

plot) categories. Background distributions are shown after applying maximum likelihood fit
to data under background-only hypothesis. Simulated samples corresponding to the gg ! A
and bb̄A production modes of a pseudoscalar Higgs boson with a mass of mA = 350 GeV, are
overlaid to illustrate the expected signal contribution. Signal yields are computed by setting s ·

B(A ! Zh) to benchmark value of 0.5 pb for both gg ! A and bb̄A processes. Hatched bands
indicate uncertainties in the total background as obtained by performing maximum likelihood
fit to data under background-only hypothesis. In the statistical inference the highest mass bin
covers the range from 1.05 to 2.4 TeV in both no b-tag and b-tag categories. For visualisation
purposes this bin is shown in the range from 1.05 to 1.2 TeV. Contents of this bin along with
the corresponding uncertainties are divided by the bin width of the original histogram, i.e. by
2.4 � 1.05 = 1.35 TeV.

H

H

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-004/index.html
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CMS A➝ZH➝llττ: Results

✤ Limits set on both production 
modes separately and together

[CMS-PAS-HIG-22-004]8. Results 15

Figure 4: The expected and observed upper limit at 95% CL on the production cross-section
times branching ratio of the A ! Zh decay for gg ! A (upper plot) and bb̄A (lower plot)
processes as a function of mA. The limits for the gg ! A (bb̄A) process are derived with the
rate of other process fixed to zero. The branching fraction of the h ! tt decay is set to the
value predicted in the SM, B(h ! tt) = 0.062 [52].

�2D(log L) values of 2.30 and 5.99, respectively. Maximum-likelihood fits to the background-
only Asimov dataset are performed to extract 68% and 95% CL contours expected in the ab-
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Figure 4: The expected and observed upper limit at 95% CL on the production cross-section
times branching ratio of the A ! Zh decay for gg ! A (upper plot) and bb̄A (lower plot)
processes as a function of mA. The limits for the gg ! A (bb̄A) process are derived with the
rate of other process fixed to zero. The branching fraction of the h ! tt decay is set to the
value predicted in the SM, B(h ! tt) = 0.062 [52].

�2D(log L) values of 2.30 and 5.99, respectively. Maximum-likelihood fits to the background-
only Asimov dataset are performed to extract 68% and 95% CL contours expected in the ab-

8. Results 17

Figure 6: Two-dimensional constraints on the cross sections times branching ratio for the two
production mechanisms. The confidence level intervals are derived for mass hypotheses of
mA = 500 (top-left plot), 600 (top-right plot), 700 (bottom-left plot) and 800 GeV (bottom-right
plot). The branching fraction of the h ! tt decay is set to the value predicted in the SM,
B(h ! tt) = 0.062 [52]. Computation of the best-fit point and determination of 68% and 95%
CL contours are described in text.

Those points where CLs falls below 5% define the 95% CL exclusion contour for the benchmark
scenario under consideration. Observed and expected lower limit at 95% CL on tan b as a
function of mA is presented in Figure 7. Observed (expected) limits on tan b range from 1.4
(1.5) at mA = 375 GeV to 4.0 (3.9) at mA = 325 GeV. The current analysis excludes tan b values
below 2.2 at 95% CL in the mass range from 225 up to 350 GeV. At higher probed values of
mA, A ! tt decay becomes kinematically allowed and suppresses A ! Zh decay, significantly
reducing the sensitivity of the present search.

18

Figure 7: Lower 95% CL limit on tan b as a function of mA in the M125
h,EFT MSSM scenario.

✤ Interpretation in MSSM

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-004/index.html
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ATLAS H+➝WH➝[qq/lν]bb
✤ The first LHC search for a charged Higgs boson (250<mH+<3000 GeV) decaying to W + H (125 GeV) 

✤ Focus on single-lepton final states 
and top associated production

[HMBS-2024-45]
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✤ BDT + W mass constraint 
to reconstruct pz(ν)

Merged-jet 
topology

✤ 2 large-R jets, H tagging 
with variable-radius track jets

✤ 1 H-tagged large-R jet + 
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+kinematic DNN for background suppression

New for Higgs 2024

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HMBS-2024-45/
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ATLAS H+➝WH➝[qq/lν]bb: Results

✤ Signal extraction using reconstructed H+ 
invariant mass distributions 

✤ Categorizatation by channel, decay BDT/DNN 
score, and (b-)jet multiplicity 

✤ Backgrounds estimated from simulation, with in-
situ corrections from control regions
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✤ The resolved and merged-jet analyses are not 
orthogonal ➝ take the best limit of the two 

✤ No excess observed 
✤ These are the first LHC limits on this process

[HMBS-2024-45]
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[HMBS-2024-45] [HMBS-2024-45]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HMBS-2024-45/
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Summary & Outlook
✤ X➝HH:  

✤ Driven by the 3 golden channels, for which the Run 2 analyses are now 
fully finalized by both experiments 

✤ Statistical combinations with full Run 2 shown today, with various 
interpretations 

✤ Next: dedicated analyses/categories for different production modes 

✤ X➝YH:  
✤ Various final states to cover, the work to fill the gaps continue 
✤ First statistical combination performed by CMS, with Y(bb)H(bb/ττ/γγ) 

✤ The two experiments cross-check each other efficiently: 
✤ ATLAS mHH = 1.1 TeV excess not confirmed by CMS 
✤ CMS (mX,mY) = (650,90) GeV γγbb excess not confirmed by ATLAS 

✤ Run-3 improvements in triggering, flavour tagging, etc. will push the 
sensitivity for the future resonant searches beyond the statistics increase

(a) (b)

(c) (d)

Figure 8: (a,b) Expected and (c,d) observed 95% CL ��� cross section upper limits for the (a,c) narrow-width or
(b,d) wide-width heavy resonance signals. The white areas correspond to regions of the (<-,<() phase space not
considered here. A cubic Bézier polynomial is used to interpolate across the plane.
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Figure 6: Expected and observed 95% CL upper limits on the production cross section times
branching ratio for X ! HH ! bbbb signal. The black dashed and red solid lines represent
expected and observed limits, respectively. The blue and yellow bands represent the ±1 and
±2 standard deviations for the expected limit, respectively.
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Figure 7: Expected and observed 95% CL upper limits on production cross section times
branching ratio for X ! YH ! bbbb signals shown in the two-dimensional mX and mY plane.
These limits are compared to the maximally allowed cross section times branching ratio val-
ues determined with NMSSM and taking into account previous experimental constraints. The
NMSSM limits are obtained with NMSSMTOOLS 5.6.2 and appear in Ref. [72]. A few mass hy-
potheses where the observed limits are more restrictive than the NMSSM limits are indicated
by the red hatched areas.
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CMS X➝HH: Sensitivity to Interference Effects

✤ So far the X➝HH searches have not considered the possible 
interference with nonresonant HH (constructive or destructive) 

✤ CMS has conducted a study of the interference effects, with the 
goal of identifying phase space regions where NWA is valid  

✤ Real singlet model used to produce benchmarks with ΓX/MX = 5 / 
10 / 20% and relative interference effect Rint = ±10% or ±20%

4.4 Effects of finite width and interference in resonant HH production 61

Figure 42: Expected differential cross sections for HH production, as a function of mHH, for
the real-singlet model with mX = 280 GeV and GX/mX = 5%. The parameters sin a and lHHX
have been chosen such that (upper row) Rint = ±10% and (lower row) Rint = ±20%, for (left)
negative and (right) positive values of Rint. The total cross section for HH production sfull

(red line, labelled as sfull) is compared to the cross sections s resonant-only (blue line, labelled as
sres) and snonresonant (green line, labelled as snores) considering only resonant and nonresonant
production. In the lower panels the ratio of sfull over (sresonant-only

+ snonresonant
) is shown.

the difference between sfull (red graph) and snonresonant (green graph). For mX = 280 GeV, this
signature develops a peak-dip structure for a negative interference ratio, and a shoulder-like
enhancement towards large masses for a positive interference ratio. Similar effects, albeit on
reversed sides of the peak, are visible for mX = 500 GeV. Although the expected interference
effects clearly depend on the underlying model, they can be expected to be of mounting im-
portance in the future as the LHC data set increases.

60

Figure 41: Contours of the variable Rint as defined in Eq. (13) and discussed in the text, in
the (sin a, lHHX) plane for the singlet model with kl = 1 and different resonance masses mX
between (upper left) 280 and (lower right) 800 GeV. Contours are shown for Rint values of
(dashed blue) �0.2, (solid blue) �0.1, (solid green) +0.1, and (dashed green) +0.2. Regions that
are excluded, at 95% CL, from the combined likelihood analysis of the HH analyses presented
in this report are indicated by red filled areas. Dashed black lines indicate constant relative
widths of 5, 10, and 20%.

4.4 Effects of finite width and interference in resonant HH production 61

Figure 42: Expected differential cross sections for HH production, as a function of mHH, for
the real-singlet model with mX = 280 GeV and GX/mX = 5%. The parameters sin a and lHHX
have been chosen such that (upper row) Rint = ±10% and (lower row) Rint = ±20%, for (left)
negative and (right) positive values of Rint. The total cross section for HH production sfull

(red line, labelled as sfull) is compared to the cross sections s resonant-only (blue line, labelled as
sres) and snonresonant (green line, labelled as snores) considering only resonant and nonresonant
production. In the lower panels the ratio of sfull over (sresonant-only

+ snonresonant
) is shown.

the difference between sfull (red graph) and snonresonant (green graph). For mX = 280 GeV, this
signature develops a peak-dip structure for a negative interference ratio, and a shoulder-like
enhancement towards large masses for a positive interference ratio. Similar effects, albeit on
reversed sides of the peak, are visible for mX = 500 GeV. Although the expected interference
effects clearly depend on the underlying model, they can be expected to be of mounting im-
portance in the future as the LHC data set increases.

4.4 Effects of finite width and interference in resonant HH production 59

where mX is chosen based on the signal samples used in the HH combination presented in
Section 3.2. The resonant, nonresonant, and total cross sections for each combination of grid
points are generated separately. We perform a parameter scan in the parameters mX, sin a, and
lHHX of the interference ratio defined as

Rint =
sfull �

�
sresonant-only

+ snonresonant�

sresonant-only + snonresonant . (13)

We obtain the nonresonant cross section by setting the coupling gXkk defined in Eq. (11) to
zero, and the resonant-only cross section by setting the coupling gHkk to zero. The variable Rint
provides information concerning the relative strength of the interference between the SM and
BSM processes. The larger the deviation of Rint from zero, the stronger the modification of the
cross section due to the interference. We consider the gluon fusion production mode due to
its dominant contribution to the cross section. The UFO model and procedure are validated
using the program HPAIR [203, 209] where the results varying kl in the nonresonant scenario
are found to agree with the NLO predictions of Ref. [4].

Exact conclusions from this study naturally depend on the allowed size of Rint and the relative
width GX/mX. In the following, we choose as benchmark points Rint = ±10 and ±20%, and
GX/mX = 5, 10 and 20%. The corresponding contours and exclusion limits derived from the
HH combination in the singlet model are shown in Fig. 41.

Contours of positive and negative interference ratios are shown in green (for Rint = ±10%)
and blue (for Rint = ±20%). They are found to swap positions at mX = 400 GeV, likely be-
cause of the peak of the nonresonant HH distribution. The dotted lines denote coupling value
combinations beyond which the relative width of the resonance, GX/mX, exceeds 5 and 10%,
respectively, implying the narrow width approximation not being accurate anymore. For a
given mX, the quadratic dependence of GX on both sin a and lHHX according to Eq. (12) leads
to elliptical isolines of constant GX/mX. The experimental bound from the HH combination
discussed in Section 3.2 is obtained from the 95% CL upper limit on s(pp ! X)B(X ! HH),
with the X production cross section growing with increasing sin a, and B(X ! HH) growing
with increasing lHHX. We note that large values of sin a, corresponding to regions where the
H boson is less SM-like, also tend to be excluded by precision measurements of the H boson.

For most of the studied mass points, sizable interference ratios occur only in parameter regions
to which the current measurements are not yet sensitive. However, there are regions at inter-
mediate mX where the interpretation of NWA-based limits for HH derived in the singlet model
would solicit some care already in the Run 2 combination (e.g. mX = 500 GeV, sin a = 0.2 and
lHHX = 400 GeV). On the other hand, exclusion limits for mX above 600 GeV are very loose.
Interference effects are small for large resonance masses, and might only play a role when the
full data set from the HL-LHC [210] becomes available, as discussed in Section 5.3.

The differential cross sections as a function of mHH are shown for exemplary points from the
(sin a, lHHX) parameter space in Fig. 42 for mX = 280 GeV, and in Fig. 43 for mX = 500 GeV. The
parameters are chosen such that GX/mX = 5%, which is well below the detector resolution, and
Rint = ±10% or ±20% so that sizable interference effects are expected. The lineshapes show
points in parameter space where the Rint contours intersect with lines of constant GX/mX = 5%
in Fig. 41.

The mass points of mX = 280 and 500 GeV have been chosen because these values are on the
left- and right-hand side of the peak in the mHH distribution for nonresonant SM HH produc-
tion. The line shapes are in general not affected strongly, especially for small mX. The signature
indicating the presence of the X resonance, including interference effects, can be assessed as

[2403.16926] [2403.16926]

[2403.16926]
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ATLAS X➝HH: Limits in 2HDM & MSSM

mechanism throughout the parameter space where the searches have sensitivity. The � boson has a finite
natural width in the 2HDM. This is taken into account by considering in the combination only channels for
which the experimental mass resolution is large in comparison to the � boson natural width. In particular,
the 11̄WW (11̄11̄ and 11̄g+g�) channel upper limits are valid for � boson natural widths ��/<� up to 2%
(5%). The results are sensitive to cos(V � U) values that are not probed by the SM Higgs boson coupling
measurements [61]. For example, the point tan V = 10, cos(V � U) = �0.1 is excluded at 95% CL for <�

values in the range 270–810 GeV, a region allowed by Higgs boson coupling measurements.

ATLAS

(a)

ATLAS

(b)

ATLAS

(c)

ATLAS

(d)

Figure 2: Exclusion limits at the 95% CL on the Type-I 2HDM parameter space. Observed and expected limits
for the combination of all channels and expected limits for each of the individual channels are presented. The
2HDM parameters are shown in the <�–tan V plane for (a) cos(V � U) = �0.1 and (b) cos(V � U) = 0.1, and in the
cos(V � U)–<� plane for (c) tan V = 1 and (d) tan V = 10. The 11̄WW channel limits are valid for � boson natural
widths ��/<� < 2%, so limits from this channel are quoted for the parameter space that satisfies this requirement.
The limits in the 11̄11̄ and 11̄g+g� channels are only valid for ��/m� < 5%, so no limits are quoted in the dark
shaded regions, where the width exceeds this value.

The MSSM has a Type-II 2HDM Higgs sector structure [62] and, therefore, includes the 2HDM parameters
discussed earlier. The resonant ⌘⌘ production is assumed to come from � ! ⌘⌘ for this interpretation.

6

Supersymmetry constrains the number of free parameters in the Higgs sector at lowest order to be two, taken
here as <� and tan V. Radiative corrections have a large impact on the MSSM and the limits are influenced
by how the supersymmetry parameters are chosen, with each choice defining a particular scenario. In this
Letter, the M125

⌘,EFT and M125
⌘,EFT( j̃) scenarios are used [63]. These scenarios have supersymmetry mass

parameters that are not related to the Higgs sector at a very high energy scale such that the low tan V
region has <⌘ ⇡ 125 GeV. The M125

⌘,EFT( j̃) scenario differs from M125
⌘,EFT in that it includes low-mass

neutralinos and charginos. The MSSM gluon–gluon fusion cross section is obtained using a SusHi
implementation that includes supersymmetric QCD corrections [64, 65]. The Higgs boson masses and
mixing are calculated with the Feynhiggs program [66–73] as described in Ref. [74]. The Higgs boson
branching ratio calculation uses FeynHiggs, HDECAY and PROPHECY4f as described in Refs. [75, 76]. The
upper limits on the Higgs boson pair production cross section are interpreted in the MSSM as constraints
in the <�–tan V plane, as shown in Figure 3. The combined analysis excludes parameter space in the
region 2 . tan V . 5, which is not excluded by the �/� ! gg, � ! /⌘, � ! // or �± ! C1
searches [77–80].

(a) (b)

Figure 3: Observed and expected exclusion limits at the 95% CL on the MSSM parameter space for the (a) M125
⌘,EFT

and (b) M125
⌘,EFT ( j̃) benchmark scenarios for each of the individual channels and their combination. The 11̄WW

channel limits are valid for � boson natural widths ��/<� < 2%, so limits from this channel are quoted for the
parameter space that satisfies this requirement. The limits do not apply in the dark shaded regions, where the mass of
the lightest CP-even Higgs boson, ⌘, is not compatible with 125 GeV within the experimental mass resolution.

In conclusion, this Letter reports a combined search for a narrow-width resonance decaying to ⌘⌘ in the
11̄11̄, 11̄g+g� and 11̄WW final states using up to 139 fb�1 of ?? collision data at

p
B = 13 TeV collected

by the ATLAS experiment. The data are found to be consistent with the SM prediction and upper limits at
the 95% CL are set on the resonant - ! ⌘⌘ cross section assuming <- to be in the range 251 GeV–5 TeV.
The observed (expected) upper limits are in the range 0.96–600 fb (1.2–390 fb) and they constitute an
improvement of a factor of 2–5, depending on <-, with respect to the previous ATLAS combined result [14].
The results are also interpreted in the context of the Type-I 2HDM and MSSM, excluding parameter space
that was hitherto allowed by the most sensitive searches for these models.

7
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• High-purity signal regions are defined by F
max
BDT � 0.9,472

• Low-purity signal regions are defined by 0.0  F
max
BDT < 0.9 for events with exactly three 1-tagged473

jets and by 0.6  F
max
BDT < 0.9 for events with at least four 1-tagged jets,474

• Control regions are defined in the range of �0.5  F
max
BDT < 0.0 for events with exactly three 1-tagged475

jets and by �0.5  F
max
BDT < 0.6 for events with at least four 1-tagged jets.476

Events enter the signal regions of the merged analysis, if the mass of the ⌘ ! 11̄ tagged large-' jet (<⌘) is477

in a window around the Higgs boson pole mass, 95 GeV  <⌘ < 140 GeV. The signal regions are further478

split based on the NN output score. A dedicated signal region is defined for each of the 01 and � 11479

categories. Hence, six regions are used for the merged ✓
±
a11̄ channel:480

• High-NN-score signal regions are defined by FNN � 0.83,481

• Medium-NN-score signal regions are defined by 0.4  FNN < 0.83,482

• Low-NN-score signal regions are defined by FNN < 0.4.483

In the merged @@̄11̄ channel four regions are used:484

• High-NN-score signal regions are defined by FNN � 0.2 (FNN � 0.1) for events with (without)485

additional 1-tagged jets,486

• Low-NN-score signal regions are defined by FNN < 0.2 (FNN < 0.1) for events with (without)487

additional 1-tagged jets.488

Furthermore, two sets of sideband control regions are defined in the merged event categories by inverting489

the selection requirement on <⌘. Low-mass sidebands (50 GeV  <⌘ < 95 GeV) are defined to constrain490

the ,+jets background, while high-mass sidebands (140 GeV  <⌘ < 250 GeV) are defined to target491

backgrounds containing boosted top quarks. Again, a dedicated region is defined per 01 and � 11 category.492

The various signal and control regions are summarised in Table 3.493

Table 2: Topological and kinematic selections for each channel and category as described in the text. Events are
further classified according to the number of 1-tagged jets in the events.

Resolved analysis Merged analysis

Decay channel ✓
±
a11̄ @@̄11̄ ✓

±
a11̄ @@̄11̄

Preselection

#
✓ = 1

⇢
miss
T > 30 GeV

#
small�' jets

� 5 #
large�' jets

� 1

#
1�tags

� 2 #
⌘�tags = 1

Classification requirement
<top > 225 GeV <top < 225 GeV #

,�tags = 0 #
,�tags = 1

5 931, 5 9 � 41, � 6 931, and � 6 9 � 41 01 and � 11

5th November 2024 – 09:15 16
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Table 3: Summary of signal and control regions considered in the statistical analysis for the resolved and merged
channels.

Region Requirement ✓
±
a11̄ channel @@̄11̄ channel

Resolved

Signal regions
Jet & 1-tag multiplicity 5 931, 5 9 � 41, � 6 931, � 6 9 � 41

BDT score F
max
BDT � 0.7 F

max
BDT � 0.9

Low-purity signal regions
Jet & 1-tag multiplicity 5 931, 5 9 � 41, � 6 931, � 6 9 � 41

BDT score –
0.0  F

max
BDT < 0.9 (for events with 5 931 or � 6 931)

0.6  F
max
BDT < 0.9 (for events with 5 9 � 41 or � 6 9 � 41)

Control regions
Jet & 1-tag multiplicity 5 931, 5 9 � 41, � 6 931, � 6 9 � 41

BDT score �0.5  F
max
BDT < 0.5

�0.5  F
max
BDT < 0.0 (for events with 5 931 or � 6 931)

�0.5  F
max
BDT < 0.6 (for events with 5 9 � 41 or � 6 9 � 41)

Merged

High-NN score signal region

1-tag multiplicity 01, � 11

Mass window 95 GeV  <� < 140 GeV

NN score FNN � 0.83
FNN � 0.2 (for events with 01)

FNN � 0.1 (for events with � 11)

Medium-NN score signal region
1-tag multiplicity 01, � 11

Mass window 95 GeV  <� < 140 GeV

NN score 0.4  FNN < 0.83 –

Low-NN score signal region

1-tag multiplicity 01, � 11

Mass window 95 GeV  <� < 140 GeV

NN score FNN < 0.4
FNN < 0.2 (for events with 01)

FNN < 0.1 (for events with � 11)

Low-mass control region
1-tag multiplicity 01, � 11

Mass window <� < 95 GeV

NN score –

High-mass control region
1-tag multiplicity 01, � 11

Mass window <� � 140 GeV

NN score –

The products of kinematic acceptance and reconstruction efficiency for ?? ! C̄1�
+
(! ,

+
⌘) is presented494

in Figure 5 and Figure 6 separately for all signal regions of the resolved and merged ✓
±
a11̄ and @@̄11̄ decay495

channels. In this context, the acceptance is defined as the fraction of simulated signal events for which496

the expected final state particles satisfy all relevant object definition requirements. The denominator of497

the acceptance is calculated considering simulated signal events with inclusive decays of the , boson,498

and ⌘ ! 11̄ decays of the 125 GeV Higgs boson. The reconstruction efficiency is defined as the ratio of499

simulated signal events that satisfy all selection criteria for a given signal region to the total number of500

simulated signal events that satisfy the acceptance requirements.501
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Figure 7: Distributions of the <,⌘ observable in the control regions of the resolved (a) @@̄11̄ and (b) ✓±a11̄ event
categories. The term ‘Others’ summarises events from C� 91, C,⌘, CC̄CC̄, and SM+⌘ production. The distributions are
presented after a background-only maximum-likelihood fit to data. The lower panels show the ratio of the observed
to the estimated SM background. The shaded bands show the total post-fit uncertainty in the background.
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Figure 8: Distributions of the <,⌘ observable in the control regions of the merged (a) @@̄11̄ and (b) ✓±a11̄ event
categories. The term ‘Others’ summarises events from C� 91, C,⌘, CC̄CC̄, and SM+⌘ production. The distributions are
presented after a background-only maximum-likelihood fit to data. The lower panels show the ratio of the observed
to the estimated SM background. The shaded bands show the total post-fit uncertainty in the background.
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