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MOTIVATION

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

o 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]
o It provides a rich phenomenology for:
o Electroweak symmetry breaking (EWSB) dynamics.

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

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

o Exotic Higgs decays and resonant signatures testable at colliders.
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MOTIVATION

@ Both ATLAS and CMS have explored several decay channels for di-Higgs production:

@ bbbb: BR ( 33.6%), Huge QCD background
B: o @ bbWW: balance BR ( 24.9%) and background
P @ bbr7: Clean signature with moderate BR ( 7.4%)
= @ bbyy: Very clean signature with low BR ( 0.26%)
Tl @ 4W: Multi-leptons,but complex reconstruction
@ bbZZ: Multiple final states depending on Z decays
‘ Channel | Collaboration | Masse Range | HiggsTools |
S — HH — 202~ CMS 250GeV < mg < 900 v
S — HH — 2b27 CMS 250GeV < mg < 900GeV v
H— aa— 2b2u CMS 15GeV < m, < 60GeV v
H— aa — 202 ATLAS 15GeV < m, < 60GeV v
H— aa — 2p271 CMS 15GeV < m, < 61.5GeV v
H— aa — 2b27 CMS 15GeV < m, < 60GeV v
H— aa — 4y CMS 15GeV < m, < 60GeV v
H— aa — 2u271 CMS 3.6GeV < m, < 21GeV v
H— aa — 202u ATLAS 15GeV < m, < 60GeV v
S— HH— bbVV CMS 260GeV < mg < 900GeV v
H— aa — 4b ATLAS 20GeV < m, < 60GeV v
S — HH — 2b2~y ATLAS 260GeV < mg < 1000 v
S — HH — 2b2v ATLAS 250GeV < mg < 1000 v

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

e Extending the Standard Model by Real Singlet Scalar Fields

[Robens ea, Eur.Phys.J.C 80 (2020) 2, 151; Robens, Symmetry 15 (2023) 27]

@ The scalar potential of n real scalar singlet fields ¢;

V(q)7 ¢z) = Vsinglets(q)v ¢’L) + VSM((P) (1)
with the most general renormalizable expression for Viinglets(®, ¢;) given
by:

Viinglets (®, i) =ai0i + mijdid; + Tijndidjon + Nijudsdjondr  (2)
+ Tinng: (21®) + Njjundip; (270) (3)

with real coefficient tensors.

@ In this work we focus on the TRSM, which introduces two extra real
scalar fields S and X.
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Two Real Singlet Model (TRSM)

@ In order to reduce the number of free parameters two discrete Zo
symmetries are introduced:

Z5:8— -8 X— X, SM— SM, (4)
Z5 X — -X, §— 8, SM— SM. (5)

@ The most general renormalizable scalar potential invariant under the
ZQS ® Z3 symmetry is given by:
V=000 4 Mg (@10) 4 p25% + AsS* + X2 + AxX* ©)
+ Aps®T S + \px®TOX? + A\gx S X2

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

by A, [1S5 AS, X, AXs Aes, Aa X, AXS (7)
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Two Real Singlet Model (TRSM)

Depending on the vevs acquired by the scalars different phases of the model
can be realized. The fields can be decompose (in unitary gauge) as:

0

s gn+v|, s=05tl  x_ Oxtix (8)

NG V2 V2

leading to the tadpole equations
% vk
—opd = v*Ap + 7)\@ + LA@X (9)
v Vs
—usis = UsAs + 5 — s+ S2 Asx (10)
2 1}2 SUX

—Uuxpy = UX)\X+ )\q>X+ 9 Asx- (11)

These have solutions for any values of v, vg, vx.

GEINONSTRS N[, BSM, TRSM, LIGHTS SCALARS 6/1 6/19



-
Two Real Singlet Model (TRSM)

@ If vx = 0 the field ¢ x does not mix with ¢, 3. = candidate particle for dark matter (DM).
The phenomenology of the two visible scalar states is very similar to the real singlet
extension.

@ If both singlet vevs vanish, ¢, is the SM Higgs boson. = ¢g x form separate dark sectors
stabilized by their respective Zs symmetries. = Collider phenomenology is (at tree-level)
only impacted by possible invisible decays of hi25 to the DM particles.

@ Broken phase (vev# 0), leads to the most interesting collider phenomenology. The mass
eigenstates hi 2,3 are related to the fields ¢, 5 x through the 3 x 3 orthogonal mixing matrix

R
hl ¢h
ha | =R | ¢s | - (12)
hs dx

‘We assume the mass eigenstates to be ordered by their masses
My < Mz < M3 (13)

and parametrize the mixing matrix R by three mixing angles, 65, 05x, 0sx. Using the
short-hand notation

s1 = sinfg, sz =sinfnx, s3 =sinfgx, c¢1 = cosbg,... (14)
it is given by
Ci1C2 —S81C2 —82
R = 81€C3 — €C18283 0103+3182$3 —C283 . (15)
c182¢c3 + 5183 §182€C3 — C183 Cc2C3

alk - Ocr 01°1
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Two Real Singlet Model (TRSM)

@ Where the angles 6 can be chosen to lie in

s Vs
—3 < Ons, Onx,0sx < 5 (16)

In the TRSM, the nine parameters of the scalar potential can be expressed
in terms of the three physical Higgs masses, the three mixing angles, and
the three vacuum expectation values (vevs). These relations are given by:

1 2 52 1 2 52 1 2 52
)@-—E m; R, A _—E m; R, )\x_—g m; R,
292 7 i vl s 21}% - P2 21}2): Z i

1

LR ¢

1 1
Aps = P Z m?Ril Riz, Adeox= P Z m?Rz‘l Riz, Asx = Z m?RQRiB, (17)
CE X i
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Two Real Singlet Model (TRSM)

My, My, M3, 045, 0sx, 0nx, vs, vx, Up

where M represents mass, 6 is the mixing angle and v is the vacuum
expectation value.

@ Due to EWSB, v, = vgm = 246 GeV, M; = 125 GeV and are SM-like -
and thus we end with seven free independent input parameters.
My, M3, 045, 0sx,0nx, vs, vx
o As we choose vg, vx # 0, thus Z5 symmetries are spontaneously broken,
and the fields ¢, s, x mix into three physical scalar states (h;), broken
phase.

o Asymmetric if 4, j,k € [1,2,3] and i # j# k
e Symmetric: if j= k.

o Cascade Decays: if kinematics allows, one can also have a process such as
hs — hihe with ho — hihy.

o In all cases, one can have SM final states.
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Benchmark Planes (BPs)

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

151].

Benchmark Scenario hsy Candidate

Target Signatures

Possible successive decays

BP1 h3 hg — h2h1
BP2 h2 h3 — h1h2
BP3 hy hg — hiha
BP4 h3 h2 — hlhl
BP5 h2 h3 — hlhl
BP6 1 hs — hohs

hs — hihy if Mhy > thl
hz — hihy if my, > 250GeV

hs — hyhy if My > 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. Miihlleitner, 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 [ My, Mhpu, Mn3 Ohs [ Oz Vg Vs Vg
Ranges | [1, 62] [1, 124] 125.09 —1.284 1.309 —1.509  oya 990 310
(RS \[, BSM, TRSM, LIGHTS SCALARS 10/ 10/19
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4f ANALYSIS (TRSM)

@ TRSM can accommodate light scalars. @ " (bbbb 4+ W(Z)) reaches 0.82(0.41) pb
@ I'(hy) is dominated by bb and 7r,s0, when BR(h — bb) reach its maximum.

4b,2b27, and 47 are promising signatures @ ATLAS(CMS) upper limit: 10.9%(8.9%)
at TRSM. on the BR(h—BSM) at 95% CL.
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bbbb + W(Z) ANALYSIS

MC tOOlbOX Targeted Signal
( MadGraph h
v3.5.5
(Event Gen-
eration)
- J
s l B
PYTHIA 8
(Showering/Hadro
- l J
( Delphes ) v Full SM background processes are considered :
3.5.0 pp — bbbbly;, bbbbll
(Detector
Simulation) v' CMS standard parameter card within assumed
- low-pt.
l * b-jets: pT > 5 GeV, within |n] < 2.5
( MadAnalysis * Leading lepton: pT > 5 GeV, within |n| < 2.5
(Cuts + * Leading jets: pT > 5 GeV, within |n| < 2.5
Analysis) * ARy > 0.4, to ensure resolved b-jets, jet and
J leptons, where =,y = £, j, b.
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bbbbl " v, Preliminary Analysis
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@ Soft b-(anti quarks) with low pT
@ Soft leptons with low pT

@ we use the CMS defaults card for our full detector simulation, assumed low-pt. =
Nevertheless, for a real experimental environment (CMS/ATLAS Run 3),
the targeted final states (bbbblv,) would be selected using any suitable cross-trigger:

@ single-lepton triggers: @ lepton + jets cross-triggers :
v" Threshold pT(u/e): 24/27 v PT(¢) > 17 GeV + 1 jet PT > 30
GeV GeV
v Isolation(/e):0.15/0.10 v Isolation:Tight lepton isolation
. still applied
v Efficiency(u/e): 90 — 95% v' Efficiency for real leptons 90%
v Fake rate(p/e): 1074(107°) V' Jet requirements: > 3;
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bbbbl" v, : Preliminary Analysis
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bbbbl~ 1y : Preliminary Analysis
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Event selection requirements :

1-lepton (e*pF) and 4 b-jets

Hr > 15 GeV, PT(b) > 8, PT(l,§) > 10GeV
mw-veto : [mw — Mp(£)] < 10 GeV

Mp1p2 < My, GeV and, My1..4 < My, GeV
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bbbl ¢~ : Preliminary Analysis
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v" Event selection requirements :

*

*

2-leptons (et uT) and 4 b-jets
Hr > 15 GeV, PT(b) > 8, PT(l,j) > 10GeV
mZ-veto : |’mz — Mg(' < 10 GeV
Mp1pa < Mh1 GeV and, My .4 < Mh2 GeV
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Conclusions& Perspective

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

e Focusing on the hh — bbbb decays pattern and the associated production
of light scalars with a Z or W* boson.

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

Perspectives

@ Dedicated scan/ check for several benchmark points to determine
discovery potential at Run 2/3 and HL-LHC.

@ Realistic detector simulations using Delphes and appropriate trigger
choices may lead to an improvement in the sensitivity of the analysis.

o Use K-factor (NLO) for Signals and Background.
e Explore the TRSM signature sensitivity using cut-basd analysis or MVA.
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