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Introduction
• Standard Model (SM) & New physics beyond the Standard Model (BSM)

• The Standard Model (SM) explains a wide range of experimental 
measurements.

• Remaining problems (such as absence of gravity, neutrino masses, 
matter-antimatter asymmetry, supersymmetry, and absence of dark 
matter candidates) indicates new physics Beyond the Standard 
Model (BSM).

• Many BSMs predicts heavy resonance of new particles 
( ⁄𝐻 𝑆 , 𝐴, 𝐻±, 𝐻±±,𝑊"	𝑎𝑛𝑑	𝑍′).

• This talk summaries the recent heavy resonance searches
in the LHC-ATLAS experiment full run 2 data.
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Charged Higgs searches (𝐻±, 𝐻±±)
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𝐻± → 𝜏𝜈"
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Figure 7: Observed and expected 95% CL exclusion limits on (a) f(?? ! C1�
+) ⇥ B(�+ ! ga) and (b) B(C !

1�
+) ⇥ B(�+ ! ga) as a function of <�+ , from a combined fit in the ghad-vis +jets and ghad-vis +lepton channels.

The surrounding shaded bands correspond to the 1f and 2f confidence intervals around the expected limit.
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Figure 8: Observed and expected 95% CL exclusion limits on tan V as a function of <�+ , shown in the context
of (a) the hMSSM and the (b) the "

125
⌘ scenario of the MSSM, for <�+ > 150 GeV and (1  tan V  60). The

surrounding shaded bands correspond to the 1f and 2f confidence intervals around the expected limit.

to the f( ˆ̀) obtained when performing a conditional fit with a certain set of systematic uncertainties fixed361

to their best fit values from the unconditional fit. The results for example <�+ mass hypotheses 170 GeV362

and 1000 GeV are summarized in Table 5.363

Figure 8 shows the 95% CL exclusion limits on tan V as a function of <�+ in the context of the hMSSM [91]364

and the "125
⌘ scenario of the MSSM [45]. The boundaries chosen correspond to regions in which theoretical365

predictions are available and in which this analysis has coverage. Exclusion limits for <�+  140 GeV366

are not shown, as the hMSSM scenario is not valid in this range [40]. At tan V = 60, above which no367

reliable theoretical calculations exist, �+ bosons with masses up to 1400 GeV are excluded, significantly368
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Good Agreement on PNN score between data and SM

Analysis splitted based on associated t decay
(sensitive in high mass) (sensitive in low mass)

Signal process

Previous study using 36.1	𝑓𝑏!", 𝑠 = 13	TeV

Summary of Improvements from the Previous Results:
• RNN tau ID
• Reweighting 𝑡𝑡 & W+jets backgrounds
• Mass parameterized PNN as final discriminant

No excess is observed

PhysRevD.111.072006
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2 jets

yielding CLS < 0.05 are excluded at 95% CL. The asymp-
totic approximation [89] is used throughout the statistical
analysis.
Figures 5 and 6 show the PNN score distributions

corresponding to two example mHþ hypotheses for the
SRs of the τhad þ jets and τhad þ lepton channels, respec-
tively. All plots are obtained after the statistical fitting
procedure with the background-only hypothesis.

The data are found to be consistent under the back-
ground-only hypothesis. Exclusion upper limits are set at
95% CL on σðpp → tbHþÞ × BðHþ → τνÞ for the full
mass range investigated, as well as on Bðt → bHþÞ ×
BðHþ → τνÞ in the lowHþ mass range. Figure 7 shows the
expected and observed combined exclusion limits as a
function of mHþ . The observed limits range from 4.5 pb to
0.4 fb. At low mass, the sensitivity of the analysis is driven

FIG. 5. PNN score distributions after the fit to data (“Post-fit”) under the background-only hypothesis in the SR of the τhad þ jets
channel for the (a) 170 GeV and (b) 1000 GeV mHþ hypotheses. The signal distribution of the 170 GeV (1000 GeV) Hþ mass
hypothesis is shown by the solid black (teal) line, where the signal distribution is scaled to its expected 95% CL limit. The lower panel of
each plot shows the ratio of data to the SM background prediction. The uncertainty bands include all statistical and systematic
uncertainties. Bin boundaries are optimized for the best sensitivity of the final fit (see Sec. V) but are displayed as equidistant for better
readability.

TABLE IV. Prefit event yields for the backgrounds, hypothetical signal for two Hþ mass hypotheses, and the
observed number of data events in each of the three SRs. The values shown for the signal assume mHþ ¼ 170 GeV
and 1000 GeV, with a cross section times branching fraction σðpp → tbHþÞ × BðHþ → τνÞ corresponding to 1 pb.
Combined statistical and systematic uncertainties are quoted.

Event yields and uncertainties

Sample τhad þ jets τhad þ e τhad þ μ

True τhad
tt̄ 13400% 2000 39000% 6000 39000% 5000
Single top quark 1600% 400 2900% 400 3630% 330
Z → ττ 220% 110 900% 500 800% 400
W → τν 1770% 270 2.4% 2.0 0.07% 0.21
Diboson (WW;WZ; ZZ) 120% 60 70% 35 80% 40

Misidentified jet → τhad-vis 2430% 200 8500% 700 8200% 700
Misidentified e; μ → τhad-vis 280% 170 1000% 500 1000% 500

All backgrounds 19800% 2100 52000% 6000 53000% 6000

Hþ (170 GeV), σ × B ¼ 1 pb 980% 150 580% 70 690% 80
Hþ (1000 GeV), σ × B ¼ 1 pb 13000% 800 940% 60 1040% 70

Data 19650% 140 51500% 230 52730% 230

G. AAD et al. PHYS. REV. D 111, 072006 (2025)

072006-10

https://link.springer.com/article/10.1007/JHEP09(2018)139
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.072006


𝐻± → 𝑐𝑠
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Search for  with H± → cs m(H±) < m(t) Backgrounds Yields

Process Sample % of total MC 
bkgs

Signal Signal 5972715

ttbar

ttbar (l) + l 39,15

~ 90 %
ttbar (c) + l 37,11

ttbar + c 5,55

ttbar + b 6,49

Single-Top
sglTop_s+tchan 1,60

~ 5 %
sglTop_tW 3,08

Weak 
Boson

W+jets 4,86
~ 5 %

Z+jets + VV 1,06

Other 
Top

ttV 0,26

~ 0 

ttH 0,11

ttbar allhad 0,03

4tops 0,02

3tops 0,00

tH 0,01

sglTop_tZ 0,02

sglTop_tWZ 0,00

Data-driven QCD 0,65
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Trigger 
Lowest unprescaled lepton triggers

4 Jets 
p" > 25#$%

2 b-jets 
DL1r 85% WP

1 lepton (  or ) 
, tight ID + Isolation

e μ
pT > 27 GeV

MET 
No  cutE"

Signal process 
& Preselection

-> j1

-> j2

-> b&$'

-> b()*

➢ Label jets as , , ,   
based on b-tagging and invariant top-mass

b&$' b()* j1 j2
Jet labeling based on b tag & top mass reconstruction

Use BDT to reduce backgrounds (mainly 𝑡𝑡) for each mass points
Property type List of input variables (26)

Top Quark kinematics (15)

Hadronic Top 𝑝!"#, 𝑝!"$, 𝑝!%!"# , 𝑝%!"#
$!"#%&'($ , 𝑚"#"$, 𝑚"#%!"# , 𝑚"$%!"# , cos 𝜃

Leptonic Top 𝑝!%)'* , 𝑝!&, 𝑚', 𝑚()'* , 𝑝!$)'*
𝑡𝑡 system Δ𝑅 𝑏&)*, 𝑏+,- , 𝑚((

Event variables (3)

Event level 𝑁")(., 𝑆! = Σ 𝑝! , 𝑃(( (Probability of correct jet labeling)

Flavour Tagging (8)

Flavor tagging score 𝑗#, 𝑗$𝑏+,-𝑏&)* Flavor tagging scores

Number of tags 𝑁%/01234, 𝑁%/01254, 𝑁6/012788.), 𝑁6/012!9:+(

Eur. Phys. J. C 85 (2025) 153
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Figure 5: BDT-score distributions for the training with the (a) 80 GeV, (b) 110 GeV, (c) 130 GeV and (d) 150 GeV
signal mass hypotheses after performing background-only binned-likelihood fits to the distributions as described
in Section 8. The processes tt (allHad), CW , Single top, tt�, Other top, W+ jets, Z + jets, ++ listed in Table 1) are
combined with the multijet background in the ‘Other’ category. The background yields are normalised to their
best-fit values. The uncertainty band represents the combined statistical and systematic uncertainty of the prediction.
Overlaid is the signal shape normalised to �(C ! �

±(! 2B)1) = 1%. The binning procedure for the BDT score is
defined in Section 8.
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Figure 5: BDT-score distributions for the training with the (a) 80 GeV, (b) 110 GeV, (c) 130 GeV and (d) 150 GeV
signal mass hypotheses after performing background-only binned-likelihood fits to the distributions as described
in Section 8. The processes tt (allHad), CW , Single top, tt�, Other top, W+ jets, Z + jets, ++ listed in Table 1) are
combined with the multijet background in the ‘Other’ category. The background yields are normalised to their
best-fit values. The uncertainty band represents the combined statistical and systematic uncertainty of the prediction.
Overlaid is the signal shape normalised to �(C ! �

±(! 2B)1) = 1%. The binning procedure for the BDT score is
defined in Section 8.
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Good Agreement between data and SM

ATLAS DRAFT
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Figure 6: Observed (solid line) and expected (dotted line) upper limits on ��± for charged Higgs boson with masses
between 60 GeV and 168 GeV, assuming �(C ! ,1) +�(C ! �

±(! 2B)1) = 1.0. The ±1f and ±2f variations
around the expected upper limit are indicated by the green and yellow bands, respectively.

10 Conclusions543

A search for a light charged Higgs boson produced in decays of the top quark, C ! �
±
1, with �

± ! 2B544

is performed in the �
± mass range from 60 to 168 GeV. The data analysed corresponds to 140 fb�1 of545

pp collisions at
p
B = 13 TeV recorded with the ATLAS detector at the LHC between 2015 and 2018.546

This analysis focuses on the lepton-plus-jets final state, characterised by an isolated electron or muon547

and at least four jets. The search exploits 1-quark and 2-quark identification techniques as well as548

multivariate methods to suppress the dominant tt background. No significant signal excess is found in549

data. Observed and expected 95% CL upper limits on the branching fraction �(C ! �
±
1), assuming550

�(C ! ,1) + �(C ! �
±(! 2B)1) = 1.0, are found to range from 0.066% to 3.6% and 0.077% to551

2.3%, respectively, depending on the mass of the charged Higgs boson. These are the first direct limits552

on �(C ! �
±
1) in the �

± ! 2B channel for charged Higgs bosons with masses of 60 GeV, 70 GeV and553

168 GeV, and currently the most stringent limits for masses between 120 GeV and 160 GeV.554
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0.066%
3.6%

No excess is observed
Upperlimit on 𝐵𝑟(𝑡 → 𝐻±𝑏) assuming 
• 𝐵𝑟 𝑡 → 𝑊𝑏 + 𝐵𝑟 𝑡 → 𝐻±𝑏 = 1
• 𝐵𝑟(𝐻( → 𝑐𝑠) = 1
at 95% CL between 0.066 % to 3.6 %

https://link.springer.com/article/10.1140/epjc/s10052-024-13715-4


𝐻± → 𝑊±ℎ, h → 𝑏𝑏 (resolved & boosted)
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Figure 15: Upper limits at 95%CL on the product of the cross-section for ! ! ! "#$± and the branching ratio
B (%± &) " B

!
& ! #ø#

"
from the combined fit to all signal and control regions of the resolved and merged analyses.

The bands surrounding the expected limit correspond to the ±1 and ±2 standard deviation (s.d.) intervals around
the expected limit. The results of the resolved analysis are used up to a mass of 900 GeV and those of the merged
analysis are used at higher masses.

The dominant uncertainties for low charged Higgs boson masses (e.g. ' ! ± = 0.4TeV) are related to
the modelling of the "ø" + HF and "ø" + LF backgrounds, while at high charged Higgs boson masses (e.g.
' ! ± = 2.0TeV) the dominant uncertainties are related to the data statistical uncertainty. The relative
impact of the dominant uncertainties on the best-fit signal-strength parameter ( , i.e. the ratio of the
extracted to injected signal cross-section times branching ratio, are detailed in Table 7.

37

!"#$%&"'()*+,,"%(-! ; ! " #$$%&'( . /"01"'()*+,,"%(- ! ; ! ) #$$%&'( .

Signal Process

Large R jet

!3

¥ Hadronic W: qqbb channel 

¥ Leptonic W: lvbb channel

¥2 channels based on the decay products of      : 

H+
¥One lepton + jet channel: events with multiple jets, b-jets and one lepton as originating from 

top-quark / W boson (     decay chain) -> lvqqbbbb final state

H+

Introduction (2/2)

, MET > 30 GeV

!  𝑞𝑞𝑏𝑏 !  𝑙±𝜈𝑏𝑏

𝑚678 = 𝑚9$:

Resolved channel Merged channel

Use BDT to solve jet combinations for Resolved channel
Use NN to distinguish Signal and backgrounds for Merged channel

!12

¥ 20 regions for the fit: 8 CRs (4CR for qqbb/lvbb each); 8 SRs (4SR for qqbb/lvbb each); 4 low 
purity SRs

SR, CR summary

¥ 4 more low-purity SRs defined in qqbb channel to recover any lost sensitivity in the maxMVA 
spectrum gaps: shown in blue boxes

¥ SRs and CRs optimised based on the max MVA score (wBDT) 
¥ SR: choose the cut on max MVA score based on better expected limits and mass resolution 
¥ CR: choose the one with low          but with enough statistics to constrain the background modelS/ B

¥ 4 categories defined based on jet/ b-jet multiplicity: 5j3b, >=6j3b, 5j>=4b, >=6j>=4b 

!"#$%#"& '()*+,-.//0123-454670809-':60;25-<4=+4>6 ?

!"#$%&'&(&)*#)+,%(-.#)+,/*'0#)'/"1(
! !"#$%"&'%()*"#2(3'4+5#"4(-67(8+9(:(;<55(:(=6(8+9(/*(; <55>?@A7(

8+91

! +*)#,&'%()*"#2(-=6(8+9(:(;<55(:(@A7(8+91

" 3B5(&C'))+4('"(DD(&./*+(.#)+,/*%(4+E'"+4()/(/C)';'0+()F+(+<C+.)+4(
$';')&

22(#)$0"

345(#)$0"

SRs and CRs for Resolved channel 
are categorized using max BDT score. 

For Merged channel, CRs are sidebands
(50 < 𝑚()) < 95	GeV, 𝑚()) > 140	GeV).
SRs are categorized using NN score

No excess is observed
Max local significance=0.9 @900 GeV

Free parameters : Cross Section and background Normalization Factors 
(𝑡𝑡 + 𝐻𝐹 for Resolved channel ,𝑡𝑡 + 𝐻𝐹, 𝑡𝑡 + 𝐿𝐹	and	𝑉𝑉	&	𝑉 + jets for Merged channel) 

JHEP02(2025)143

https://link.springer.com/article/10.1007/JHEP02(2025)143
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Figure 1:Representative Feynman diagrams of production and decay of the (a)! ±
5 and (b)! ±±

5 states.

simulation, in the reconstruction and analysis of real and simulated data, in detector operations, and in
the trigger and data acquisition systems of the experiment. The searches target events where the vector
boson decays include electrons or muons. Model independent upper limits at 95% conÞdence level (CL)
are reported on the production cross-section times branching fraction for the VBF production of the! ±

5
and! ±±

5 bosons individually. The results are interpreted in the context of the GM model, including the
simultaneous contributions of! ±

5 and! ±±
5 , setting upper limits on thesin" ! parameter as a function of

# ! 5. A simultaneous search for the! ±
5 and! ±±

5 states in the VBF topology using the same leptonic decay
modes and137fb! 1 of integrated luminosity was published by the CMS Collaboration [23], reporting
upper bounds at 95% CL on thesin" ! parameter. The reported CMS upper bounds vary between" 0.2
and 0.55 in the mass range 200Ð2000 GeV.

Constraints on the GM model have also been reported by the ATLAS Collaboration considering the VBF
production of the! 0

5 state and the$ ±$ # boson pair decay channel [24] at
$

%= 13TeV using an integrated
luminosity of 36.1 fb! 1. In addition, the ATLAS and CMS Collaborations have reported constraints
on the GM model at

$
%= 8 TeV [25] and

$
%= 13 TeV with 35.9 fb! 1 of integrated luminosity [26],

respectively, via searches for! ±
5 % $ ± & and! ±±

5 % $ ±$ ± using semileptonic Þnal states. The results
from Refs. [24, 25] are not included in this combination due to their limited sensitivity. Constraints from
searches for heavy neutral Higgs bosons produced via VBF and decaying into$$ or &&channels can
also be interpreted in the GM model as discussed in Ref. [27], but a combination of all these searches is
beyond the scope of this Letter.

2 Description of the nominal analyses

A brief description of the! ±
5 % $ ± & and ! ±±

5 % $ ±$ ± analyses is given below. The detailed
information about the reconstruction, identiÞcation, and calibration of physics objects, as well as the
simulation, triggers, and event selection used in these results, can be found in Refs. [17, 18], which form
the basis for this combination analysis. The Þnal states probed by these analyses consist in the leptonic
decays (electrons or muons) of two massive vector bosons produced in association with two jets. The
event selection in the! ± signal region (SR) requires three charged leptons, while the! ±± SR requires a
same-charge lepton pair. In the! ± SR, if there is more than one pair of same ßavour and opposite charge
leptons that can form a& boson candidate, the one with invariant mass closest to the& boson pole mass is
chosen. The third lepton is then taken as the$ boson lepton candidate. The missing transverse momentum,

3

George-Machacek model (GM) extends SM Higgs sector
! Add a new real triplet and a new complex triplet

! Preserve the custodial symmetry and keep 𝜌 = *!
"

*#
" +,&" -!

= 1

! Physical states: a quintuplet (𝐻.
±±, 𝐻.

±, 𝐻./) couples to W,Z, 
a triplet and two singlets

! Production CrossSection and width of 𝐻±, H±± ∝ sin0 𝜃1
! sin 𝜃1: the contribution of the isotriplet scalar fields to 

the masses of the 𝑊 and 𝑍 bosons. 
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Figure 5:Expected and observed exclusion limits at 95% CL for (a)! VBF(" ±
5 ) ! B( " ±

5 " # ± $) and (b)
! VBF(" ±±

5 ) ! B( " ±±
5 " # ±# ±) as a function of%! 5. The inner (outer) band represents the 68% (95%)

conÞdence interval around the median expected limit. The exclusion limits for (c)sin&! are shown up to
%! 5 = 1500GeV. The limits onsin&! obtained separately in the" ±

5 " # ± $ and" ±±
5 " # ±# ± channels are

also shown for comparison. The hatched region covers the parameter space where the intrinsic widths of the" ±
5 and

" ±±
5 bosons would be larger than 10% of%! 5 and is disfavoured in the GM model [16].
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Global significance = 2.5 @ 375 GeV
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Figure 4:The (a)! WZ and (b) inclusive! T distributions in the signal regions for the SM background-only hypothesis.
Data are shown as black markers with vertical error bars representing the statistical uncertainty. Filled histograms
show contributions of various SM processes, with the hatched band representing the total uncertainty. The predicted
yields are shown with their best-Þt normalisations from the simultaneous Þt. The last bin of each distribution includes
overßow events. The lower panel shows the ratio of the data to the SM prediction. The line shows the prediction of
the GM model forsin" H = 0.17and! ! 5 = 375GeV, where thesin" H value corresponds to the expected 95% CL
limit for that # 5 mass.

and indirect experimental constraints [16]. The combined expected limits onsin" ! are 10% to 26%
more stringent, depending on! ! 5, than the respective limits obtained separately in the# ±

5 ! $ ± %[17]
and# ±±

5 ! $ ±$ ± [18] channels. The expected limits are 10% to 50% stronger, depending upon! ! 5,
compared to the respective limits obtained by the CMS Collaboration [23]. The observed 95% CL limits
excludesin" ! parameter values greater than 0.10Ð0.36 for the! ! 5 between 200 and 1500 GeV.

The results show a local excess of events over the SM prediction at a resonance mass of around 400GeV
as can be seen in Figure5. The signiÞcance of the excess has been evaluated for di! erent! ! 5 in terms
of the local&Ðvalue using the asymptotic approximation. The largest excess is for! ! 5 = 375GeV, with
a &Ðvalue of5.7 " 10#4, corresponding to a local signiÞcance of 3.3 standard deviations. The global
signiÞcance of the excess was also evaluated [37], and yields a global&Ðvalue of5.6" 10#3, corresponding
to a global signiÞcance of 2.5 standard deviations. The largest local (global) signiÞcances obtained
separately from the Þts performed in the# ±

5 ! $ ± %and# ±±
5 ! $ ±$ ± channels used in this analysis

are 2.8 (1.6) and 3.2 (2.5) for! ! 5 values of 375 GeV and 450 GeV, respectively.

7

• ZW CR overlap exists → Use ZW CR in 3 lepton
• Full systematics propagated from original analyses
• Jet Energy Uncertainties configuration is different

• Calculate the difference on limit w/ and w/o 
Jet Energy uncertainties

• Shift combination limit by the difference

𝐻.
±: 3 leptons 𝐻.

±±: Same sign 2 leptons

Distribution for 𝑚1$ = 375 GeV

Phys. Lett. B 860 (2025) 139137

https://www.sciencedirect.com/science/article/pii/S0370269324006956


Other analyses

2025/5/20 Recent Heavy resonances Searches (inclusing new scalers & BSM Higgs decays) 8



𝑆 → 𝑍#𝑍# → 4𝑙

2025/5/20 Recent Heavy resonances Searches (inclusing new scalers & BSM Higgs decays) 9

Previous study using 36.1	𝑓𝑏!", 𝑠 = 13	TeV

Phys. Lett. B 865 (2025) 139472

! Search for new scaler S ( 30,115 ∪ 130. 800 GeV)  motivated by dark matter model: Hidden Abelian Higgs Model (HAHM)
! Decaying to new spin-1 bosons 𝑍2  and then decays to 4𝑙 final states (4𝑒, 4𝜇, 2𝑒2𝜇)

! Background estimation
! Main backgrounds 𝑍𝑍∗ → 4𝑙 from simulation
! Reducible backgrounds (𝑡𝑡, Z+jet) from control region

! Bump hunting search on 𝑚44 = *%&5*'(

0
! 𝑚67: invariant mass of same-flavor opposite-sign lepton pair

! for 4𝑒, 4𝜇, lepton pairs with min|m89 −m+:|  are selected
! 2 Signal Region, SR1: 𝑚;4 < 115	GeV, SR2: 𝑚;4 > 130	GeV 0
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Figure 5: 95% CL expected and observed limits on the total cross-section times branching ratio! ("" ! #) " B(# !
$d$d ! 4%). (a) SR1 expected limit; (b) SR1 observed limit; (c) ratio of observed to expected limits in SR1;
(d) SR2 expected limit; (e) SR2 observed limit; (f) ratio of observed to expected limits in SR2. The horizontal bands
in the SR2 Þgures show the region excluded by the$ boson veto requirement,|& !" ,#$ # & %| > 8 GeV.

with the smallest' 0-value is at(&&, & %d) = (110 GeV, 30 GeV) with a local signiÞcance of2.7! , while
in SR2 the smallest' 0-value is at(&&, & %d) = (350 GeV, 75 GeV) with a local signiÞcance of2.8! . The
local signiÞcance can be converted to a global signiÞcance by including the look-elsewhere e! ect using
MC pseudo experiments as outlined in Ref. [75]. For SR2, the largest global signiÞcance is0.5! .

The local signiÞcance of the deviation in SR1 is re-evaluated using the same frequentist signiÞcance
testing as described above but applied in the two-dimensional(&4' , $&'' %) plane with a binning of
! &4' " ! $&'' %= 3 GeV" 1 GeV. The evaluation is done in a narrow window scanned over the plane with
size set to contain at least 99% of the expected signal. The resulting local' 0-value still corresponds to a
signiÞcance of2.7! but for the mass point(&&, & %d) = (109 GeV, 31 GeV). Converting this to a global
signiÞcance yields1.6! .
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Figure 5: 95% CL expected and observed limits on the total cross-section times branching ratio! ("" ! #) " B(# !
$d$d ! 4%). (a) SR1 expected limit; (b) SR1 observed limit; (c) ratio of observed to expected limits in SR1;
(d) SR2 expected limit; (e) SR2 observed limit; (f) ratio of observed to expected limits in SR2. The horizontal bands
in the SR2 Þgures show the region excluded by the$ boson veto requirement,|& !" ,#$ # & %| > 8 GeV.

with the smallest' 0-value is at(&&, & %d) = (110 GeV, 30 GeV) with a local signiÞcance of2.7! , while
in SR2 the smallest' 0-value is at(&&, & %d) = (350 GeV, 75 GeV) with a local signiÞcance of2.8! . The
local signiÞcance can be converted to a global signiÞcance by including the look-elsewhere e! ect using
MC pseudo experiments as outlined in Ref. [75]. For SR2, the largest global signiÞcance is0.5! .

The local signiÞcance of the deviation in SR1 is re-evaluated using the same frequentist signiÞcance
testing as described above but applied in the two-dimensional(&4' , $&'' %) plane with a binning of
! &4' " ! $&'' %= 3 GeV" 1 GeV. The evaluation is done in a narrow window scanned over the plane with
size set to contain at least 99% of the expected signal. The resulting local' 0-value still corresponds to a
signiÞcance of2.7! but for the mass point(&&, & %d) = (109 GeV, 31 GeV). Converting this to a global
signiÞcance yields1.6! .
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Figure 2: Distributions of the total invariant mass! 4! for the two signal regions (a) SR1 and (b) SR2. In (a), the
requirement! 4! < 115 GeVis not applied, but is shown by the arrow. The hatched bands show the uncertainty
in the background prediction; however, in (a), background uncertainties are not shown for! 4! > 115 GeV. The
uncertainties on the data points are asymmetric Poisson errors (Eqs. (40.82a) and (40.82b) of Ref. [62]). The lower
panels show the ratio of the observed data to the background (ÔBkgÕ) predictions. The arrows at the upper edge
indicate data points that fall outside of the" -axis range, and the plotted uncertainties include both the Poisson errors
on the data and the uncertainty on the background prediction. Distributions for two example signal points are also
shown. These are normalized to production cross sections of0.5 fb for SR1 and0.1 fb for SR2.
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Figure 3: Events selected in signal regions (a) SR1 and (b) SR2, represented in the(! 4! , ! ! !! ") plane. The points
are di! erentiated by Þnal state (4#, 2#2$, and4$) and by data-taking period (2015Ð2016, 2017, and 2018).
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Figure 1: Distributions of the average dilepton mass!! !! " = 1
2 (! "# + ! $%) for the two signal regions (a) SR1

and (b) SR2. The hatched bands show the uncertainty in the background prediction. The uncertainties on the data
points are asymmetric Poisson errors (Eqs. (40.82a) and (40.82b) of Ref. [62]). The lower panels show the ratio
of the observed data to the background (ÔBkgÕ) predictions. The arrows at the upper edge indicate data points that
fall outside of the" -axis range, and the plotted uncertainties include both the Poisson errors on the data and the
uncertainty on the background prediction. Distributions for two example signal points are also shown. These are
normalized to production cross sections of0.5 fb for SR1 and0.1 fb for SR2.

one. Each Þt parameter is then interpolated separately using the thin plate spline method [68Ð70], with the
regularization parameter set to zero so that the interpolation passes smoothly through each control point.
The interpolation procedure is validated by removing points from the interpolation one by one and then
comparing the!! !! " distribution for that point to what would be interpolated.

Exclusion limits on# ($$ # %) $ B(%# &d&d # 4' ) are set using frequentist signiÞcance testing of a
statistic derived from a proÞle likelihood ratio that considers the data, the background model, and the signal
model distributions for various hypothesized(! &, ! ' d) points [71Ð73]. To reduce the resources required,
events are binned coarsely in! 4! and limits set independently within each! 4! bin as a function of!! !! ".
Bins with a width of1 GeVare used for!! !! ". In SR1 there are eight equal-sized bins in! 4! in the range
of 30 GeVto 110 GeV, and for SR2, there are 14 equal-sized bins in the range of125 GeVto 825 GeV.
These bin widths were chosen to have su! cient statistics while still being commensurate with the widths
of the new scalar and the dark vector boson. Only signal MC events with! 4! within one bin width of the
generated! & value are used to form the signal model distributions for this calculation. Limits are evaluated
as described in Refs. [7Ð9] (using theHypoTestInverter component of theR!! S"#"$ toolkit [74] and
evaluating the test statistic distributions with MC pseudoexperiments taking into account both statistical
and systematic uncertainties), resulting in CLs frequentist upper limits at 95% conÞdence level (CL) on
# ($$ # %) $ B(%# &d&d # 4' ) as a function of the! ' d parameter in each! 4! bin. Expected and
observed limits and their ratios are shown in Figures5(a)to 5(c) for SR1 and Figures5(d) to 5(f) for SR2.
The corresponding one-dimensional local( 0-values are shown in Figures6(a)and6(b). In SR1, the point
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𝑚;4  distribution 𝑚44  distribution
No significant excess is observed 

https://link.springer.com/article/10.1007/JHEP06(2018)166
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-13/
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Previous Study arxiv2005.02983 using full Run 2 data

The signal models are named! ! ,"
#,$,%, where! is the name of the parent particle and the mass of the parent

particle inGeV is denoted by" . If applicable, the masses of the daughter particles inGeVare denoted by
the subscripts#, $. If applicable, whether the signal spectrum is narrow (%) or wide (&) is denoted by the
superscript' . And, also if applicable, the decay channel is denoted by the superscript( . For example,
) !&

3000,80,400 denotes a 3TeV ) ! , which decays into a 80GeV) !! and a 400GeV * !! , with a narrow+ JJ

spectrum.

4 Event reconstruction and selection

Events are required to contain at least one reconstructed"" collision vertex candidate with at least two
associated ID tracks with" T larger than 0.5 GeV [55]. The primary vertex (PV) for each event is chosen
as the reconstructed vertex with the highest sum of the" 2

T of its associated tracks. Jets are reconstructed
from locally calibrated calorimeter cell-clusters [56] using the anti-, ' algorithm [57, 58] with a radius
parameter of- = 1. These large radius jets are trimmed [59] by reclustering the jet constituents with the, '

algorithm using- = 0.2 and removing the constituents with" T less than 5% of the original jet" T. The
jet four-vectors are then calibrated as detailed in Ref. [60]. The analysis uses a subset of the available
kinematic features of the events, which is described in the following. The d! et mass (+ JJ) is deÞned in this
study as+ 2

JJ = 2(| "" 1|| "" 2| # "" 1 á "" 2), where the momenta are those of the two jets with the highest" T.2

The feature. is deÞned as the mass of a single jet. The feature/ 21 = / 2/ / 1 (/ 32 = / 3/ / 2) is the ratio of
the 2- and 1-subjettiness (3- and 2-subjettiness) [61] of each jet, with lower values indicating that the jets
are more two- (three-) prong. The features/ 21 and/ 32 are selected from a larger set of jet substructure
observables for their classiÞcation performance across the signal models described in Section3. Including
a speciÞc jet feature in the analysis means incorporating its value for both the jets.

The requirements used to select events are summarized in Table1. The leading jet" T selection is based on
the trigger, as described in Section3. A requirement on the" T of the subleading jet enhances events with a
d! et topology. The jets are required to be relatively central without extreme values of jet mass so that
their substructures are well reconstructed. The' -channel resonance signals which generate d! et events are
targeted, as two jets is the primary decay channel for many new physics processes. Only events where the
absolute di" erence between the rapidity0 of the two jets,|! 1 | = |01 # 02|, is less than 1.2 are considered,
as this selection contains a higher proportion of' -channel events.

Table 1: Summary of the event selection used to deÞne the data sample for the analysis based on reconstructed jet
properties.

Observable Selection
leading jet" T [GeV ] > 500
subleading jet" T [GeV ] > 200
jet |2| (both) < 2.0
jet mass,. [GeV ] (both) 30 < . < 500
|! 1 | = |01 # 02| < 1.2

2 This di" ers from the typical deÞnition,+ 2
JJ = (" (

1 + " (
2 )2, by setting the individual jet masses to zero. The choice was made to

reduce the correlation between+ JJand the training features.
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Event Selection for dijet events Three subsets of Features 𝒯
𝑀 , 𝑀, 𝜏0" , {𝑀, 𝜏<0}

𝜏*+ , 𝜏,*  increase S/ 𝐵 in boosted 2- and 3-body decays of BSM particles

Figure 6: Comparison of the 95% CL upper limits on! ( " " ! # ! $%) set bySALAD andCURTAIN! at&= 0.02
with T = ' , (21. The one and two sigma variations on the expected limits for both theSALAD andCURTAIN!
methods are shown as the shaded regions. The signal models are detailed in Section3. The observed limits from
the ATLAS d! et search [72] and the ATLAS all-hadronic diboson search [28] are shown in the red triangles and
grey X-symbols respectively, and were derived in the previous weakly supervised ATLAS search [4]. Limits for the
inclusive d! et search are calculated using the) " signals from this paper and the analysis of Ref. [72]; the diboson
search limits are computed using the Heavy Vector Triplet [7] ) " signal from Ref. [28]. The acceptance for the) "

in this paper, compared with the) " acceptance in Ref. [28], is 86%. The limit from the inclusive d! et search which
exceeds the shown range is marked with a red arrow.

Additionally, as mentioned in Section5, including uninformative features can degrade the performance of
the classiÞer. The scan over many di" erent feature sets is therefore one of the strengths of the analysis.
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Benchmarking signals
• 𝑊+ → 𝑊++𝑍++
• 𝐴, → 𝐻++𝑍++
• 𝑉+ → 𝑊𝑉
• 𝑊-- , 𝑍-- , 𝐻′′	: altered versions of the SM 𝑊,𝑍,𝐻

𝑚.
- , 𝑚/

0 = 3	or	4.5	TeV

𝜏=> = ⁄𝜏= 𝜏> , 𝜏?:N-jettiness

𝜏; → 0

Narrow jets

Analysis strategy
A) Signal Region(SR): 𝑚// − 300,𝑚// + 300 GeV, Sidebands (SB): 𝑚// − 600,𝑚// − 300 ∪ 𝑚// + 300,𝑚// + 600 GeV.
B) Background estimation in data SR using 2 methods (SALAD/CURTAINs)

• SALAD reweights simulated events using a neural network parameterized by 𝑚11, trained on simulated SB and data SB.
• CURTAINs uses normalizing flows to learn the conditional feature distribution in data SB and morph it into data SR via mass-dependent transformations.

C) Classification of Signal
•  Trained NN Classification Without Labels (CWoLa) on SR and SB data and cut on output

D) Fit SB data with increasingly complex functions until 𝜒0 prob > 5%; 
• if unsuccessful, reduce SB mass range.

𝑚2 ! = 2.6, 2.8	or	3.8	TeV

SALAD and CURTAINs set similar limits 
 No significant excess is observed 

(a) (b) (c)

Figure 2: Histograms of! JJ in the Þrst set of non-overlapping! JJ SRs for theCURTAIN! method on all feature
sets at the" = 0.1 classiÞer selection using the|! # | < 1.2 data. The Þgures show the resulting distributions when
the analysis is evaluated on the Þrst, third, Þfth, and seventh! JJ SRs. Shown are di! erent feature sets: (a) is the
result ofT = $ , (b) is the result ofT = $ , %21 and (c) is the result ofT = $ , %21, %32. The Þt is derived from
the background-only Þt interpolated from the SBs. The uncertainties in the observed counts include the Poisson
statistical uncertainty of the bin counts. The uncertainties in the Þt are represented by the dashed histograms and
include the uncertainties in the Þt parameters and the uncertainty from the classiÞer ensemble on the data. The
vertical dashed lines mark the edges of each SR in! JJ. The lower panel in each plot shows the Gaussian-equivalent
signiÞcance of the deviation between the Þt and data.

Seven of the original eight! JJ SRs satisfy the validation and are considered for further analysis. The
lowest! JJ SR does not satisfy the validation and is excluded from the Þnal results. This validation failure
can be attributed to the correlations between! JJ and the masses of the two jets, which are shown to di! er
between the low and high! JJregions. These correlations make the background estimates more challenging
in the low! JJ region. More details of the validation procedure and the individual results of the validation
procedure are shown in AppendixC.

6 Results

This section presents the main results of the analysis. Figure2 shows the distribution of events over! JJ for
di! erent non-overlapping! JJ SRs after the Þt when using theCURTAIN! method. Between neighboring
SRs, sharp discontinuities are observed in the! JJ spectrum. These can appear because the classiÞer
selection is performed in each SR independently. Therefore, there is no guarantee that adjacent SRs will
smoothly match each other. A similar feature was observed in the previous ATLAS weakly supervised
search [4].

Figure3 and Figure4 show the signiÞcances of the observed data in the SRs for theSALAD andCURTAIN!
methods, respectively. The signiÞcances are extracted from the likelihood Þt described in Section5.4.3.
The largest observed excess for theSALAD (CURTAIN! ) method has a local signiÞcance of1.24& (1.26&).
There is a deÞcit in the Þrst! JJ SR with a local signiÞcance of! 2.98& (! 2.54&) when using theSALAD
(CURTAIN! ) method and an e" ciency of theCW" L# classiÞer of" = 0.1. This deÞcit was not observed
on the test data sample as shown in AppendixC. For all other selections and! JJ SRs both theSALAD and
CURTAIN! behave similarly to the results on the test data samples.
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Figure 1: This Þgure shows a schematic drawing of the analysis strategy with the consecutive steps shown in the
di! erent panels. The distribution shows the data which consists of a background and a potential signal which is
localized on the! JJ spectrum and (potentially) di! erent from the background in other features, here collectively
labeled asT . The Þrst panel (a) shows how the SR and SB regions are deÞned on the! JJspectrum. The second panel
(b) shows how the background is estimated in the SR. Then a classiÞer is trained between the estimated background
and the data in the SR. The third panel (c) shows the data after a cut is applied on the classiÞer output of each event,
thereby increasing the relative contribution of a potential signal. After this step, a bump hunt is performed in the! JJ
spectrum. The whole process is repeated with shifted regions SR and SB until the entire! JJ spectrum is covered.

5 Analysis method

The analysis employs weakly supervised machine learning to search for resonant signals, which appear as
localized peaks in the! JJ spectrum. The primary background arises from non-resonant d" et production
via the strong interaction. In addition to being resonant, a potential signal is expected to show distinct
properties in other observables, like jet substructure, compared with the background, enabling e! ective
di! erentiation.

The analysis strategy is structured into four steps, whereas the Þrst three steps are explicitly depicted in
Figure1:

1. Potentially signal-enriched (Signal Region, SR) and signal-depleted regions (Sideband, SB) are
deÞned.

2. Two di! erent methods ÑSALAD andCURTAIN! Ñ use the signal-depleted regions to create
estimates of the background process in the signal-enriched region.

3. A weakly supervised machine learning classiÞer is trained to classify the estimated background from
data, and enhances the ratio of a potential signal to the background

4. A statistical inference is performed in the signal-enriched region.

Each step is brießy described in this overview, with more details in the following sections.

The analysis starts with the deÞnition of the SR and SB. As potential signals are localized in the! JJ

spectrum, SR and SB are deÞned as collections of events with! JJ values in ranges on this spectrum.
Various mass hypotheses are systematically tested by iteratively shifting the SR and SB over a total of seven
combinations of regions, which cover the investigated! JJ spectrum. For each combination of regions the
entire analysis chain is independently executed, including the background estimations, the training and
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Summary 
! !"#$%&'()%$*++',#-.%,./.0&%".'12%,.$30'0/.%$.',/".$

! The analysis results, including the exploration of new phase space within existing 
models and unexplored channels with new models, have been reported.

! With the high statistics of Run 2 data, new analysis methods have improved sensitivity,
No discoveries have been made it but one anlysis have small excess.
• 𝐻#

±, H#
±± produced by VBF have 2.5 sigma excess at 375 GeV. 

! 4*&*,.%5,3$6./&$7%
! Continued data analysis in Run-3 
! Further development of analysis techniques 
! Exploring new theoretical frameworks

2025/5/20 Recent Heavy resonances Searches (inclusing new scalers & BSM Higgs decays) 11

First 13.6 TeV collision in 2025 ATLAS experiment X account 

https://x.com/ATLASexperiment/status/1919662692744261823


Back up
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Event Selection for 𝐻±, 𝐻±± analysis
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