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Intro & Motivations

The Standard Model (SM) Higgs sector may be extended by adding additional
gauge-singlet real scalar fields.

TRSM is one of the simplest multi-scalar extensions, featuring two real
singlets in addition to the SM Higgs doublet.
[Robens ea, Eur.Phys.J.C 80 (2020) 2, 151; Robens, Symmetry 15 (2023) 27]

It provides a rich phenomenology for:

Electroweak symmetry breaking (EWSB) dynamics.

Dark matter candidates (if one singlet is stabilized by a discrete
symmetry).

Electroweak baryogenesis (via a strong first-order phase transition).

Exotic Higgs decays and resonant signatures testable at colliders.
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Intro & Motivations

ATLAS and CMS have searches for exotic decays of the Higgs bosons in various final states,
bbbb: BR ( 33.6%), Huge QCD background

bbWW : balance BR ( 24.9%) and background

bbττ : Clean signature with moderate BR ( 7.4%)

bbγγ: Very clean signature with low BR ( 0.26%)

4W : Multi-leptons,but complex reconstruction

bbZZ: Multiple final states depending on Z decays

Channel Collaboration Masse Range HiggsTools

S → HH → 2b2γ CMS 250GeV < mS < 900 ✓
S → HH → 2b2τ CMS 250GeV < mS < 900GeV ✓
H → aa → 2b2µ CMS 15GeV < ma < 60GeV ✓
H → aa → 2b2µ ATLAS 15GeV < ma < 60GeV ✓
H → aa → 2µ2τ CMS 15GeV < ma < 61.5GeV ✓
H → aa → 2b2τ CMS 15GeV < ma < 60GeV ✓
H → aa → 4γ CMS 15GeV < ma < 60GeV ✓

H → aa → 2µ2τ CMS 3.6GeV < ma < 21GeV ✓
H → aa → 2b2µ ATLAS 15GeV < ma < 60GeV ✓
S → HH → bbV V CMS 260GeV < mS < 900GeV ✓
H → aa → 4b ATLAS 20GeV < ma < 60GeV ✓

S → HH → 2b2γ ATLAS 260GeV < mS < 1000 ✓
S → HH → 2b2γ ATLAS 250GeV < mS < 1000 ✓

Table: Recent Limits on exotic decays established by ATLAS and CMS AT LHC.
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Two Real Singlet Model (TRSM)

The most general extension of the SM by n real scalar singlet fields ϕi

(i ∈ [1, ..., n]) has a scalar potential of the form
[Robens ea, Eur.Phys.J.C 80 (2020) 2, 151; Robens, Symmetry 15 (2023) 27]

V (Φ, ϕi) = Vsinglets(Φ, ϕi) + VSM (Φ) (1)

with the most general renormalizable expression for Vsinglets(Φ, ϕi) given
by:

Vsinglets (Φ, ϕi) =aiϕi +mijϕiϕj + Tijkϕiϕjϕk + λijklϕiϕjϕkϕl (2)

+ TiHHϕi

(
Φ†Φ

)
+ λijHHϕiϕj

(
Φ†Φ

)
(3)

with real coefficient tensors.

In this work we focus on the TRSM, which introduces two extra real
scalar fields S and X.
[Robens ea, Eur.Phys.J.C 80 (2020) 2, 151; Robens, Symmetry 15 (2023) 27]
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Two Real Singlet Model (TRSM)

In order to reduce the number of free parameters two discrete Z2

symmetries are introduced:

ZS
2 : S −→ −S, X −→ X, SM −→ SM, (4)

ZX
2 : X −→ −X, S −→ S, SM −→ SM. (5)

The most general renormalizable scalar potential invariant under the
ZS

2 ⊗ZX
2 symmetry is given by:

V = µ2
ΦΦ

†Φ+ λΦ(Φ
†Φ)

2
+ µ2

SS
2 + λSS

4 + µ2
XX2 + λXX4

+ λΦSΦ
†ΦS2 + λΦXΦ†ΦX2 + λSXS2X2.

(6)

All coefficients in eq. (6) are real, thus the scalar potential contains nine
free real couplings parameters:

µΦ, λΦ, µS , λS , µX , λX , λΦS , λΦX , λXS (7)
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Two Real Singlet Model (TRSM)

M1,M2,M3, θhS , θSX , θhX , vS , vX , vh

where M represents mass, θ is the mixing angle and v is the vacuum
expectation value.

Due to EWSB, vh = vSM = 246 GeV, Mi = 125 GeV and are SM-like -
and thus we end with seven free independent input parameters.

M1,M2, θhS , θSX , θhX , vS , vX
As we choose vS , vX ̸= 0, thus Z2 symmetries are spontaneously broken,
and the fields ϕh,S,X mix into three physical scalar states (hi), broken
phase.

pp → hi → hjhk

Asymmetric if i, j, k ∈ [1, 2, 3] and i ̸= j ̸= k
Symmetric: if j = k.

Cascade Decays: if kinematics allows, one can also have a process such as
h3 → h1h2 with h2 → h1h1.
In all cases, one can have SM final states.

Talk - June 01th , 2026 (Rudjer Boskovic Institute (RBI), Bijenicka cesta 54, 10000 Zagreb, Croatia. Based on work with: Aman Desai, Kristin Lohwasser, Tania Robens, Prasenjit Sanyal arXiv:2603.29395 june 01, 2026., Extended Scalar Sectors From All Angles 2026· CERN, 01-05 June, 2026 )SM, BSM, TRSM, Lights scalars 6/20 6 / 20



Benchmark Planes (BPs)

Six benchmark scenarios are considered (as motivation) [T. Robens ea, Eur.Phys.J.C 80 (2020) 2,

151].

Benchmark Scenario hSM Candidate Target Signatures Possible successive decays
BP1 h3 h3 → h2h1 h2 → h1h1 if mh2

> 2mh1
BP2 h2 h3 → h1h2 −
BP3 h1 h3 → h1h2 h2 → h1h1 if mh2

> 250GeV
BP4 h3 h2 → h1h1 −
BP5 h2 h3 → h1h1 −
BP6 h1 h3 → h2h2 h2 → h1h1 if mh2

> 250Gev

Our Strategy : Scan BSM Parameters (BP4), keeping only points passing various available

constraints.
Unitarity constraint, Perturbativity, Vacuum Stability.
Oblique parameters: S, T , U

ScannerS Code (M. Mühlleitner, M. O. P. Sampaio, R. Santos & J. Wittbrodt)

[Eur.Phys.J.C 82 (2022) 3, 198]

Constraints of flavour physics observables.

Are not relevant as the singlets do not change the Yukawa sector.

Exclusion limits at 95% Confidence Level (CL) from Higgs searches at colliders (LEP, Tevatron and
LHC). Higgs boson signal strength measurements.

HiggsBounds (P. Bechtle et al), and HiggsSignal (P. Bechtle et al): HiggsTools (H. Bahl et al)

[Comput.Phys.Commun. 291 (2023) 108803]

Parameters MH1
MH2

MH3
θhs θhx θsx vϕ vs vx

Ranges [1, 62] [1, 124] 125.09 −1.284 1.309 −1.509 vsm 990 310
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4f ANALYSIS (TRSM)
TRSM can accommodate light scalars.

Γ(h1) is dominated by bb̄ and ττ ,so,
4b, 2b2τ , and 4τ could be promising
signatures at TRSM.

σV h(bb̄bb̄ + W (Z)) and BR(h → bb)
correlated positively.

ATLAS(CMS) upper limit: 10.9%(8.9%)
on the BR(h→BSM) at 95% CL.
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bbbb+W (Z) ANALYSIS

MadGraph
v3.5.5

(Event Gen-
eration)

PYTHIA 8
(Showering/Hadro)

Delphes
3.5.0

(Detector
Simulation)

MadAnalysis
(Cuts +
Analysis)

MC toolbox
Targeted Signal

✓ CMS standard parameter card within assumed

low-pt.

⋆ b-jets: pT > 20 GeV, within |η| < 2.5
⋆ Leading lepton: pT > 10 GeV, within

|η| < 2.5
⋆ Leading jets: pT > 20 GeV, within |η| < 2.5
⋆ ∆Rij > 0.4, to ensure resolved b-jets, jet and

leptons, where x, y = ℓ, j, b.
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Background Processes

Background Process Single-Lepton (Wh2) Dilepton (Zh2)
tt̄+ jets (incl. b, c) Dominant subdominant
Single top (tW , t-channel) Minor Minor
W+jets (incl. W + bb̄) subdominant –
Z+jets (incl. Z + bb̄) – Dominant
Diboson (WW , WZ, ZZ) Minor Minor
tt̄V (V = W,Z) Minor Minor

Table: Dominant background processes for the single-lepton and dilepton channels in the pp → h2V ,
h2 → h1h1 → bbbb analysis.

Cross-section [pb]

Process Decay channel W+ W− Z

tt̄+0,1,2,jets

tt̄ → bb̄ℓ+νℓjj 89.78± 0.035 – –

tt̄ → bb̄jjℓ−ν̄ℓ – 89.78± 0.035 –

tt̄ → bb̄ℓ+νℓℓ
−ν̄ℓ – – 29.89± 0.011

W+jets W → ℓνℓ 475.3± 0.62 323.8± 0.48 –

Z+jets Z → ℓ+ℓ− – – 812.4± 0.36

Table: Leading-order cross sections for background processes at
√
s = 13.6 TeV after detector simulation.
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Tagging and Mis-tagging

Table: Polynomial functions used to fit the efficiency of the three working points of the DeepCSV algorithm for the three jet flavours as a function of the jet pt for jets
with 20 < pt < 1000GeV .

Flavour Working point pt (GeV) Function
b DeepCSV L 20–160 0.4344 + 0.02069pt− 0.0004429pt2 + 5.137× 10−6pt3 − 3.406× 10−8pt4 + 1.285× 10−10pt5

−2.559× 10−13pt6 + 2.084× 10−16pt7

160–300 0.714 + 0.002617pt− 1.656× 10−5pt2 + 4.767× 10−8pt3 − 6.431× 10−11pt4 + 3.287× 10−14pt5

300–1000 0.872− 6.885× 10−5pt+ 4.34× 10−8pt2

DeepCSV M 20–50 0.194 + 0.0211pt− 0.000348pt2 + 2.761× 10−6pt3 − 1.044× 10−8pt4 + 1.499× 10−11pt5

50–250 0.557 + 0.003417pt− 3.26× 10−5pt2 + 1.506× 10−7pt3 − 3.63× 10−10pt4 + 3.522× 10−13pt5

250–1000 0.768− 0.00055pt+ 2.876× 10−7pt2

DeepCSV T 20–50 −0.033 + 0.0225pt− 0.00035pt2 + 2.586× 10−6pt3 − 9.096× 10−9pt4 + 1.212× 10−11pt5

50–160 0.169 + 0.013pt− 0.00019pt2 + 1.373× 10−6pt3 − 4.923× 10−9pt4 + 6.87× 10−12pt5

160–1000 0.62− 0.00083pt+ 4.3078× 10−7pt2

c DeepCSV L 20–300 0.398− 0.000182pt+ 2.53× 10−6pt2 − 6.796× 10−9pt3 + 8.66× 10−12pt4 − 4.42× 10−15pt5

300–1000 0.35 + 0.000374pt− 1.81× 10−7pt2

DeepCSV M 20–200 0.136− 0.000639pt+ 6.188× 10−6pt2 − 2.26× 10−8pt3 + 3.61× 10−11pt4 + 2.09× 10−14pt5

200–1000 0.103 + 0.00014pt− 1.15× 10−7pt2

DeepCSV T 20–65 0.0234− 8.417× 10−5pt+ 1.24× 10−6pt2 − 5.5× 10−9pt3 + 9.96× 10−12pt4 − 6.32× 10−15pt5

165–1000 0.0218 + 2.46× 10−5pt− 2.021× 10−8pt2

udsg DeepCSV L 20–150 0.245− 0.0054pt+ 6.92× 10−5pt2 − 3.89× 10−7pt3 + 1.021× 10−9pt4 − 1.007× 10−12pt5

150–1000 0.0558 + 0.000428pt− 1.0× 10−7pt2

DeepCSV M 20–225 0.019− 0.00031pt+ 3.39× 10−6pt2 − 1.47× 10−8pt3 + 2.92× 10−11pt4 − 2.12× 10−14pt5

225–1000 0.00328 + 5.7× 10−5pt+ 4.7× 10−9pt2

DeepCSV T 20–150 0.00284− 8.63× 10−5pt+ 1.38× 10−6pt2 − 9.69× 10−9pt3 + 3.19× 10−11pt4 − 3.97× 10−14pt5

150–1000 0.00063 + 4.51× 10−6pt+ 2.83× 10−9pt2

DeepCSV M corresponds to an average b-tagging efficiency of about 70− 75%, a charm-jet misidentification
rate of approximately εc→b ≃ 10− 15%, and a light-flavor (u, d, s, g) jet misidentification rate of about
εj→b ≃ 1− 2%.
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W+H2 : bbbbℓ
+νl Analysis
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Figure: Distributions of the number of b- jets (N(b), upper left), (N(jets), upper right), the
invariant mass of b-jets (M(b1, b2), lower left), and the invariant mass of the b-jets (M(b1, b3),
lower right).
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Cut-Based Analysis and Discovery Significance

Cuts Single-Lepton (Wh2) Dilepton (Zh2)
cut 1 N(b) ≥ 2 N(b) ≥ 2
cut 2 N(ℓ) = 1 N(ℓ) = 2
cut 3 N(j) == 2 N(j) == 2
cut 4 ∆R(b, b) ∈ (0.4, 1.6] ∆R(b, b) ∈ (0.4, 1.6]
cut 5 ∆Mmin

bb orM(b1, b2) ∈ [20, 60] GeV ∆Mmin
bb or M(b1, b2) ∈ [20, 60] GeV

cut 6 – M(ℓ1, ℓ2) ∈ [80, 100] GeV

Table: Optimizing cuts for signal significance over background. We currently use the same
cuts for all benchmark points. For BP5, BP8, and BP9, the invariant mass is chosen as the
selection cut, as it yields better significance compared ∆Mmin

bb .

The simplified ∆Mmin
bb strategy is employed instead of the χ2 reconstruction method

when only two b-jets are required to be reconstructed.

∆Mmin
bb = min

i<j
|mij −mh1 |

For exactly two reconstructed b-jets:

∆Mmin
bb = |mbb −mh1

|
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Cut-Based Analysis and Discovery Significance

With the systematic uncertainty σB = αB on the background normalisation,
the Sig is given by:

Z (S,B) =

√√√√2

([
S + B

]
ln

[
(S + B)(B + σ2

B)

B2 + (S + B)σ2
B

]
−

B2

σ2
B

ln
[
1 +

σ2
BS

B(B + σ2
B)

])
, (8)

In the Limit of α = 0, this sig reduce to,

Z =
√
2 ((S +B) · ln (1 + S/B)− S) (9)

Figure: Signal significance Z as a function of the invariant mass window cut ∆Mbb for different

benchmark points (BP1–BP7). The left panel corresponds to the W+h2 production channel,
while the right panel shows the Zh2 channel. The peak of each curve indicates the optimal ∆Mbb

selection, balancing signal efficiency and background suppression. For BP5, BP8, and BP9, the
invariant mass is chosen as the selection cut, as it yields better significance compared to ∆Mmin

bb .
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Discovery Significance

Figure: W+h2 Significance Z for all nine benchmark points at L = 300 fb−1 (left)
and L = 3000 fb−1(right), including systematic uncertainties α = 0%, 5%, 10%, 15%.
Horizontal dashed lines indicate the 3σ evidence and 5σ discovery thresholds.
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Discovery Significance

Figure: Significance Z as a function of integrated luminosity L for benchmark points
BP2 (left) and BP4 (right), for the channels W+h2. Results are shown for
background systematic uncertainties of α = 0%, 5%, 10%, 15%. Horizontal dashed
lines indicate the 3σ evidence and 5σ discovery thresholds.
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Discovery Significance

L [fb−1] syst. unc. BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8 BP9

300

0% 2.02 2.45 2.40 2.18 1.60 1.83 1.53 1.17 0.79

5% 0.83 0.77 0.75 0.69 0.31 0.50 0.42 0.20 0.14

10% 0.44 0.40 0.39 0.36 0.16 0.26 0.22 0.10 0.07

15% 0.30 0.27 0.26 0.24 0.11 0.17 0.14 0.07 0.05

3000

0% 6.40 7.74 7.58 6.89 5.06 5.80 4.82 3.70 2.51

5% 0.90 0.81 0.79 0.72 0.32 0.52 0.43 0.21 0.14

10% 0.45 0.40 0.40 0.36 0.16 0.26 0.22 0.10 0.07

15% 0.30 0.27 0.26 0.24 0.11 0.17 0.15 0.07 0.05

Table: Significances for the nine benchmark points in the W−h2 production channel at
√
s = 13.6 TeV for integrated luminosities of L = 300

and 3000 fb−1, including background systematic uncertainties of 0%, 5%, 10%, and 15%.

L [fb−1] syst. unc. BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8 BP9

300

0% 0.88 0.55 0.65 0.58 0.41 0.48 0.44 0.18 0.31

5% 0.83 0.13 0.63 0.14 0.05 0.09 0.08 0.02 0.03

10% 0.72 0.07 0.58 0.07 0.03 0.05 0.04 0.01 0.02

15% 0.61 0.05 0.52 0.05 0.02 0.03 0.03 0.01 0.01

3000

0% 2.78 1.74 2.04 1.85 1.29 1.52 1.39 0.57 0.98

5% 1.88 0.14 1.62 0.15 0.05 0.09 0.08 0.02 0.03

10% 1.16 0.07 1.11 0.07 0.03 0.05 0.04 0.01 0.02

15% 0.82 0.05 0.81 0.05 0.02 0.03 0.03 0.01 0.01

Table: Significances for the nine benchmark points in the Zh2 production channel at
√
s = 13.6 TeV for integrated luminosities of L = 300

and 3000 fb−1, including background systematic uncertainties of 0%, 5%, 10%, and 15%.
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Conclusions& Perspective

In this work, we explored the TRSM framework’s potential for optimizing
searches for extremely light scalars.

Focusing on the hh → bb̄bb̄ decays pattern and the associated production
of light scalars with a Z or W± boson.

Analyzing the final state particles with basic selections cuts and
reconstructing events using Delphes with CMS standard card and
DeepCSV algorithm.

The statistical significance reaches the evidence threshold (Z ≥ 3) for
several benchmark points (BPs) at the LHC in the W+H channel.

At the HL-LHC, the W−H channel also achieves Z > 5 for several
benchmark points.

The ZH2 channel exhibits very low sensitivity, but it could provide
complementary channel.

Perspectives

Use the full processes for Signal and Background.
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Thank you for your attention.
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