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Why look beyond the SM Higgs?

SM-like H(125) = room for BSM decays — extended scalar sector

- The Higgs boson remains the only fundamental scalar particle observed
» Higgs couplings are increasingly SM-like, but sizeable BSM branching fractions remain allowed
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Yet O(10%) BSM branching
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- A SM-like H(125) can coexist with additional scalars
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The scalar search program

A broad and complementary experimental program to search for additional scalars
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Still room below 125 GeV

CMSH-Yvy, full Run2 —1

32 b

| Phys. Lett. B 860 (2025) 139067 |

» Search for an additional SM-like scalar: 70<mp<110 GeV
- Dedicated low-mass selection; categories target ggH,

VBF, VH and ttH produc

tion

 Signal extracted from fits to the myy spectrum
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Searching for additional light scalars

B 15<m¢<350 GeV, 32 / 420 final states
', . Search for a localized resonance in myy
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| CMS-PAS-NPS-25-005 g‘

Fully boosted H—aa—4b

4 b quarks & 1 AKS8 jet
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Other recent H—aaresults

H—>aa—>2p2T1, h—>aa—>41, h—>p19p2—>2b21/4b2T
« At lower masses, tau and muon final states — and asymmetric scalar decays — give us complementary
access to regions where 4b cannot reach.
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Higgs portals to hidden sectors p <
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Beyond prompt decays < displaced / dark sector sTra
P f

Common Physics Origin —> many exotic Higgs scenarios introduce new light scalar states
» h—ss and h—aa
- couple weakly to the Standard Model through the Higgs portal

 As the coupling decreases: prompt decays gradually evolve into
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Additional scalars at higher mass ;@ .

Two complementary resonance topologies: X—+HH, X—-YH .

Resonant scalar searches X—HH and X—YH:

- Motivated by warped-extra-dimensional models, 2HDM/NMSSM and generic spin-0/spin-2 scenarios;
« Run 2 searches span roughly 200 GeV-6 TeV depending on the channel
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http://arxiv.org/abs/arXiv:2605.02848

Signal extracted from simultaneous fits to myy : y
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Additional scalars at higher mass

Resonant X—-HH: WWyy

X—-HH-WWyy:
First search incl. fully hadronic WW +

Resolved — boosted reconstruction with increasing mX: boosted topologies
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. using ParticleNet and ParticleTransformer jet tagging LQQQQQ f;/’ww
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Additional scalars at higher mass

Resonant X—=HH: boosted bbtTt

| arXiv:2601.20011, CMS-BZG-24-014 {.
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Scalar cascades: X—YH iz

b b

New daughter scalar + second unknown mass: yybb, bb4q, 4b A LAt
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arXiv:2605.02848; CMS !

Scalar cascades: X—YH T ]

'

59.7 fo'' (13 TeV)
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X—YH—-4b CC . And there is an even newer CMS combination of three X—=HY(bb)
o r P —[700, 400] GeV (6B = 5pb) 1
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Summary & outlook

The scalar sector remains wide open

Exotic decays of H(125)
 light-scalar searches now reach sub-percent to few-percent BR in favorable regions
« Fully boosted H—aa—4b: 0.13-9.4% upper limits on BR observed for ma =11-62.5 GeV
« prompt — displaced — invisible searches extend coverage over many orders of magnitude in lifetime
Direct searches span additional scalars: GeV — multi-TeV resonances
« Resonant X—HH: boosted bbtt reaches mx=4.5 TeV, with best sensitivity above 1.4 TeV.
« X—YH: searches cover 2D (mx, my) space, with mx reaching about 4 TeV in boosted channels.
« |argest CMS features shown today:
» 3.30local = 0.650 global in bbyy, and
« 3.470local = 2.440 global in 4b
Run2 - Run 3 (— HL-LHC)
- More data + new triggers + ML-driven reconstruction are opening qualitatively new signatures.

No compelling departure from the SM yet — but we are far from having exhausted the scalar sector!
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The BSM Higgs Landscape

BSM Higgs searches expand beyond H—>aa

BSM physics predicts new scalars and/or hidden sectors
» Prompt, invisible (h—xXx), LLP, dark-sector decays

h= Vit o
h — aa X = TH h— yy
a— bb,tt,uu, vy, .. h — ss with Y=W.,Z A,H
Extended scalar sectors Hidden valleys Heavy Higgs bosons .
NMSSM Dark photons Resonant HH Higgs portal dark matter

, . : bb+MET

2HDM+S Long-lived particles production +H(bb)+MET

Singlet extensions Semi-visible decays | Extended scalar sectors Y

Exotic Higgs program is broader than h—>aa alone
- Exploring the scalar sector: h —> aa/ss, h—> y4y4, X—>HH and X—>YH topologies.

. Different final states dominate in different mass regions — no single analysis covers the full parameter
space!



H125 — |ight scalars

A broad experimental program a

H(125) — aa
— XXYY

H—aa searches inspired by 2HDM+S = --—---2-—- «

* Mediator is a singlet (pseudo)scalar

* Inherits Yukawa-like couplings from Y

mixing with H doublets— proportional Modelindependent limits on BR(H—>aa)
to mass CMS Preliminary _36-138 fb™ (13 TeV)  July 2026

T Observed 95% CL exclusion
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----- Expected 95% CL exclusion

* Large BR to b’s/t’s, but experimentally
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Fully boosted H—+aa—4b

Accessing the difficult low-mass regime

» Fully boosted H—alal—4b provides strongest constraints to date on prompt al—bb decays for all
m(al) in 11 - 62.5 GeV.

- Entire H—>aa—4b decay reconstructed inside a single large-radius AKS8 jet
» ParticleNet AK8 mass regression and boosted categories

° S i m u |ta neous reg ressio n Of: m H/ ma 10° CIZIV!SIPr:inrlni/?ar%/ I 138I fb._1 (I13|Te|>V) <103 CMS Preliminary 138 fb™' (13 TeV) <103 CMS Preliminary 138 fb' (13 TeV)
= . e T T T T T T T T T ]
§ 1:_ + Data QCD 4b _: _g 40;_ _+_ Data — H— a1a1—>4b, m(a1)=15GeV—; _g o5 :_ —+— Data — H— a1a1e4b, m(a1)=15GeV_:
X11 BOOSTED 2 al . QCD 3b . QCD < 2b 1 @ 3BF QCh  —— H-aa—~4bm@)=30GeVy G L QCD  —— H-—a,a,—4b, m(a,)=30GeV ]
/ § i E; 30 t'W/Z ~ —— H—a,a,—4b, m(a )=55GeV § 20— t/W/Z  —— H—a,a,—4b, m(a )=55GeV ]
| . LUl t/W/z Uncertainty - m __F . . . . -
ar .* . ) &l i _ = Uncertainty  O-lepton events 4 wr U 0-lept t ’
f" \'\‘12 X717 21 06: \\\ | 25g ncer alnL \ g 5E ncertainty epton evené -
- H— - . 0.4 \ . 205_ y\\\\\\\%ﬁ E - O ]
N ‘ X11 X272 - 3 \ g 15 3 5%5& . E 10 - 3 X i

azts a2 s 1 1p i = -

0.2 E e ~ - 5
< ‘ “ Y | : : 5:_-\‘_—1» _voxh»_\’:._ _: -
A2z al‘l"dz _ . ] _ S = W et
L O 1.4 o . o o _; 14 | ' ' ' ' | ' ' ' ' | ' ' - b ' | | | S
%1. x\&\\\\\ N ~ S %1_22_ . s : %1:2 N oot t \§
driven back d modelli ZosMNNNNIN N N e By
- 0. 1 w08k 4 08} ’ RN
Data-driven background modelling SR e - - S - 15 SR
. . 0 1 2 3 4 50 100 150 20 40 60

« QCD esti mated di reCt|y from data ParticleNet X4b tagger score bins ParticleNet mass(X) [GeV] ParticleNet mass(a_) [GeV]

» Events failing a tight X4b requirement define the control region
- Transfer factors parameterized in: (regressed my , regressed ma)
» Signal extracted using a simultaneous 2DAlphabet fit
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Fully boosted H—+aa—4b

CMS NPS-25-005
Limits stronger than ATLAS ZH Run 2 (Ol and 2l) with custom AK8 bb-tagging for ma <30 GeV.
» Direct synergy with Run-3 boosted bb reconstruction developments

Expected limits: ~10 x improvement over
BR(H—aa—4b) = 0.22-3.1% previous searches
1 CMS Preliminary 138 b~ (13 TeV) 1 CMS Preliminary 138 b (13 TeV)
-t Tttt r ettt -ttt rr Tt r Ty .
: - 95% CL upper limit : - 95% CL upper limit : - H prOd UCed Wlth
[ Obs§rved I Obs§rved 68% expected | pT(H) > 250 Gev
Median expected [ e Median expected 95% expected |

» Uses all major Higgs

production modes
(ggH, VBF, VH)

Br (H— a, a,— bbbb)
S

Br (H— a, a,— bbbb)
3
3

1072¢
O~

— Combined
10—3 e E M T W N T TR WA T K S S T S N S S

A T R 103 v 1
20 30 40 50 60 20 30 40 50 60

Mass(a,) [GeV] Mass(a,) [GeV]

Addresses a regime where:
« standard resolved approaches loose efficiency
. jet substructure becomes the dominant handle



bbyy Analysis Synergies

Run-2 result (approved SUS-24-008)
From Run 2 VH search to a broader Run 3 program

& combined WH + ZH

c} -O.SI lllllllllllllll I lll

137 ™' (13 TeV)
lllllllllllll

045 —CMS Preliminary

g ------- Median expected
= 04
° ° ° § Expected 68% CL
Excellent diphoton mass resolution complements bb reconstruction ° . Expected 95% CL
" % 0.3 PAS —— Observed
l(e/ ) ggH 4 %’ 0.25
& resolved bb + yvy topology
v/l g ’ »)/ = 0.15
. y H f’ 0.1 |
= Y R b Y el T ST o Y e N
v”b A‘\\ 1” %ll ll2‘151|ll3l('Jllll315l - 1410111141511 ll510ll ll515111'60
Mg g < M, (GeV)
A .
“b *..  H—=AA-—bbyy
Run 3 overview 1 Simulation Preliminary (2024_109 fb™)

0.9

. retain VH sensitivity — add ggH production for the first time —
significantly increase signal yield

. exploit HiggsDNA + FlashggFinalFits workflow 06

- Shared boosted topology reconstruction with 4b analyses. Shared °®
challenges: Z:

« b-tagging uncertainties dominate sensitivity 02
» low-mass bb reconstruction — boosted A—bb reconstruction =

0

0.8

Fraction of Events

15 20 25 30 35 40 45 50 60
m, [GeV]
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bb1T / 4b2T1 Analyses

CMS NPS-25-003

09 09
T
o A
(\) , \
v4
(o

m, [GeV]

b
Asymmetric TRSM-inspired scalar scenarios H—h h, with h #h,
Cascade
] hy—ih,
Analysis strategy: Y
» Full Run-2 UL dataset. Channels: pth, eth, ep in ggH and VBF _ \ h 3
« Events split in basis of invariant mass of visible 1t and leading b-jet che a- .
Strong use of BDT categorization of dedicated SRs and SVFit reconstruction el B
of M ~ : S Y 111 1) i Boundedness
E T T T T T 1: gnv 8 25_ CMS + Dat Bzt — —f 00 1.0 x 3.0 4.0 SYO 6'0 10—*
o vis S, mu i Lo
bre : g e R cms 188107 (18 TeV)
: 0_81: WL«M : 110:—:’9 | Observed 95% CLlupper I|m||t —;
: g:i; . z: E 100;&0 P M‘Eh’ €Th S1 _f 50
0'2__ — " N 90 %_ N o o Cut-based _%
Some d152;:1;11;;1;$g variables used in BDT o : 01;5”'25”'3'0'”'45”5'5”55"?Idlléld”élcr’;;i[‘l)g;\ifo E 703—‘»"‘ N> m(ZJ
. . ot E —30
- Complementary to bbyy: exploits the dominant b-quark decay mode of the o0Ed® °
light scalar while leveraging t-trigger acceptance; sensitivity is driven by b- 500 8 = - ngo
tagging performance and low-mass bb reconstruction. s0f =
- Natural complementarity with 4b analyses in branching-ratio coverage (but 30 E
cleaner final state) 08
15 20 25 30 35 40 45 50 55 210



bb+MET signatures

Connecting Exotic Higgs, Dark Matter and EW SUSY searches

bb+MET

« Target: pp—bb +xx within the type-ll 2HDM+a framework. Key

features:

- pseudo-scalar mediator a/A, dark matter pair produces MET

 bb final state provides maximal sensitivity at large tanf3

v + H(bb) + MET

. Gauge-mediated SUSY search: x1°—=h+G, with h—=bb

« Signature: y + H(bb) + ptmiss
« Analysis simultaneously exploits:

 resolved Higgs (AK4), boosted Higgs candidates (AK8)

- MET-based signal regions

 ParticleNet and DeepFlavour strategies reused
- Shared MET and trigger systematics with SUSY analyses

Data/PredictiogI

95%CL a(pp — bbxY)(fb)

107'¢

lllllllllll
50 100

glMl?l rrrrrrr I rrrrrrrri l LI |1|3l8| lfbl-l1l(l1|3| :rlelvl)
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bb -+ pf'= --- Median expected
- x _ ?%)e(\a,ev W 68% expected |
- tang =35 95% expected
S sina =0.7 —— Otheory 1 g
. Run-2 CMS excluded
Slight Excess .
. — mediators up to ma
~260GeV

(mild excess at higher
masses motivating the
Run-3 extension)
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| CMS-PAS-B2G-24-010 1‘»
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Additional scalars at higher mass . =wasscmn

Resonant X—=HH: WWyy, boosted bbtt

Extended scalar sectors can produce resonant Higgs-pair production, enhancing HH well
above the non-resonant SM rate.

NEW boosted HH—bbTrT:
most sensitive LHC limits in mass range of 1.4 to 4.5 TeV
HH- WWyy: 9
competitive in the intermediate mass region r
- 138 b (13 TeV)
N T L T T T L T T T [+
— First LHC search incl. fully hadronic 138 b (13 Tev) £ § | | | E
and boosted WW topology '.g'_ - W'WW (th'is Wor'k) 1 T CMS —Ob 4 I
— Leverages H — vy mass resolution = - CMS Preliminary HH — vy, wt(notin HH Comb) 1~ | Serve -
138fb' (13Tey) L 10¢ o HH — 4W/42W2r > =2 3 0°F spin-0 Expected =
N L - HH — bb,WW — = 1l resolved) 1 o - =
< CMS PreI/m/nar W yyets ] ! - ’ b — _
5 108 e Y 0/1 tiets _ < i —— HH — bb,WW — = 1] (merged-jet) - — 68% CL -
: O O . { |
S o = 11b, scaled x 10%) ] = — POYY . 2 |
L] 103 77z MC stat. unc. - % ~ —e— HH — bb,bb (merged-jet) 7 1 O - 950/0 CL 3
t Data ] ~ B VA SRR D Narrow Width Approximation ] N E
@) 10—1 = “e, = B i
102 L 7 (- - N, M s o e, - [ -
@) - ]
e ///Zi////// f/// 4+ i bbrr: i 10 —
10° E 1072  CMS-B2G-24-011 “XX... = - gy el =
= E (mX: 400-900 GeV) N, .., : e —e—— * -
100 % | L ndi i T e e _
1.5—— S5 4031 . N el |
% - MC stat unc. ] 10 = Spin 0, ggF production E 15— =
E 10| — muVW/ /% ///%%/ %/ (.g -~ —Observed ~ TiSRaL ] - High BR x relatively clean Tt signature . :
S o~ - ---- Expected . _ Resolved — boosted reconstruction with increasing mX -
0'8.0 — s s o o 10E . . ' T - )
Boosted PNN Scores 31 0—1 1 2 3 4 5 6 1 0—1 Lovo o b v b v v P i Ly
m, [TeV] 1 15 2 25 3 35 4 45

M, (TeV)
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Constraints Beyond Direct Searches |

Flavor, LEP, Higgs couplings, EW precision > Ommarrs —

— 68% CL (stat @ syst) Binv, Bundet float., |ky| < 1
— 95% CL (stat @ syst) Bl B, Bynget float., off-shell inc.
| SM expected

my = 125.38 GeV

Direct searches are only one projection of the extended Higgs sector. SH pz020
Complementary constraints: =t
- LEP / EW precision: Z width, charged Higgs limits, mW, p parameter =
» Flavour: b—sy, Bs—pup, B-mixing; especially powerful in Type-ll-like models =
» Higgs couplings: h(125) alignment, exotic BR fraction, loop-level deviations :ji

« Theory consistency: perturbativity, unitarity, vacuum stability, mass
splittings

1.0 1.5 2.0

“Alignmentness” Parameter value

A Alignment limit
: — i — b P —
- Even when no new scalar is directly observed, precision :rec'seMeasu _____ : LHCP2026
measurements restrict the same parameter space. synergy "
o ° - - - Direct Searches ,/'
For exotic Higgs searches, direct limits should

-
N
-~
~

------ ~ 1/M?

increasingly be interpreted together with Higgs-
coupling, flavour, LEP and EW precision constraints.

Excluded

—>» Mass of 2"d Higgs
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