Overview of BSM Higgs
searches at the LHC

Extended scalar sectors from all angles
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Higgs, as a gateway to BSM
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Many ways to add a scalar
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Direct or associated production
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Direct production
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H—-7Y (low mass)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-12/

H-7YY (low mass)
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Model-dependent limits are also provided: assuming the production-mode o X BR(yy) as predicted by SM at a given mass m
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H-7YY (low mass)

Events / GeV

x10°CMS Supplementary

(1|3|TeY)

220 |

200
180
160
140
120
100
80
60
40
20
0

L I
= H— vy
- m, = 95.4 GeV

III|III|III|III|III|III|III|III|II

132 fb”
T ]

¢ Data
— S+B fit

------ B component

[ ]+1o

12 o

IIIIIIIII|IIIIIlllllllIII|III|III|III|III|

1000

500 |

-500

B component subtracted

%

llIlII

)SM

[ o, x B(H—= vy

95%CL

o, X B(H — vv)

0

’
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

/70

CMS

CMS HIG-20-002
arxiv:2405.18149

132 b (13 TeV)

T
\

-2

-2

— Obse

CMS supplementary

132 b (13 TeV)
I

. Combined *+ 1o
--- U=y, 7

~ 0.19
8 = 0.33 J_ro__‘ 5

combined

At 95.4 GeV:
2.9 local s.d.
1.3 global s.d.

75 80

85

90

95

100

105 110

m, (GeV)

Multiple MVA discriminants are used for photon energy, ID, and event classification (also uses vertex information).

Search for narrow signal peak over smoothly-falling background (parametric fit).
Targets ggF, VBF, ttH, VH modes, via the Class MVA and jet multiplicity variables.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-002/index.html

H—YY (high mass)
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Geometric event classification:

Barrel-Barrel, Barrel-Endcap (due to higher SM
background contributions, poorer resolution)

“Non-resonant” signatures are also probed with an alternative method (MC+data driven).

Also see ATLAS HIGG-2018-27 arXiv:2102.13405.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-024/
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First probe of the 20-60 GeV mass range

TT — € decays are considered for this production and decay mode.

- Overcomes triggering challenges and DY/QCD background
- Data-driven corrections to the DY MC (Njets) 2HDM interpretation is also provided.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-08/

H— 77 (high mass)
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Probes the heavy mass range 0.2-2.5 eV

largets 7,7, T,€, T; U Signatures with and without b-tags
J h*h> “h hH 519 J 2HDM interpretation also provided.

— two different production mechanisms: bbH/A vs ggF

Also see CMS HIG-21-001, arXiv:2208.02717
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-46/
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Golden signature, with 4 electrons and muons, ZZ could be the dominant decay at high masses.
— muons (electrons) down to 5 (7) GeV in pr are considered.

— FSR photon recovery is applied to improve mass resolution of Zs.

—SM is estimated from MC: Powheg (MCFM) for gg9/7 (qqZZ), both reweighted to NNLO.
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A likelihood ratio based kinematic discriminant is used to define categories. ====-=---- > @ffg(QH"M | M)

— both against qqZZ contribution, and for VBF signal with additional jets. m— ———
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/index.html
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Finite widths including interference of signal with backgrounds are also considered.

Also see ATLAS HIGG-2018-09, arXiv:2009.14791
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/index.html

Di-top resonance: H/A—-tt ™ BN Vs Pis-HiG-22-013

4 -~ -
s, Dilepton channel ...z > )
| Other Prefit uncertainty t Data g t
-1 < Chan < -3 -1<Chan < % 1< Chan <3 < <Chan<?i %<chan<% L<chan<l l<chn<l l<chan<l l<chan<l

£103 1<Che|<% '1<Chel<% 3 <Cha<l1 1<Chel<§ -3 < Chel <3 %<Chel<1 1<Che|<% '1<Chel<% .%<Che|<1,
v i I g . CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)
O S A L L R T ) L L L L Y L ==

D - (&) — —
5102 -8 81.0 +SMtt jl-g B +SMtt |
c 3 —}— A resonance 0.8 ~ —+ Aresonance 7
> 101 —Io 0sE —+ H resonance | ~} —+ Hresonance -
V B —+n ] _

| - 0.6
06— —
Preflt —|— A(365 2% =1 —|— H(365 2%), gy = —{— nt ll(fh = Uncertalnty
1.2F ' ‘_ 7 0.4

= 0.4 ’
S — _
O _ _
o 0.2 — 0.2 —
M — —
O | _ -
810 0.0 L Lo b b T 0oE
9 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
o cos0~* Chel
+J
©
< 0.8

Postfit (BG + A/H) —— A(365, 2%), ga=0.75+0.03 —}— H(365, 2%), gy =0.0+0.27 Uncertainty
‘L1 No tf bound states | | | | | | | | | | | | | | o

Considers 1(2)L channels, via a 3D (2D) fit (mass vs angular variables).
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Ratio to background

tt MC is corrected to NNLO QCD and NLO EWK precision.
— signal interference with SM tt production is considered, i.e. peak/dip.

At threshold, non-perturbative QCD effects become relevant:

— 1t bound state 1, as a PS resonance: m = 343 GeV, 0 = 6.43 pb
(Fuks, Hagiwara, Ma, Zheng arXiv: 2102.11281)

Ratio to background

600 1200 600\ 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200
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The combined “excess” is over 5 s.d.

Difficult to disentangle a bound state from a fundamental pseudoscalar!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html
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Data is consistent with SM expectations once/if the potential bound state is taken into account
(with unconstrained normalization).
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PS and S scenarios are probed: separately as well as simultaneously (a la 2HDM).

Overview of BSM Higgs Searches at the LHC
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The uncertainty due to the presence of a hypothetical ¢ bound state ("toponium"), which 1s not included
in the MC simulation of the SM ¢7 background, is expected to be negligible in this analysis as its effect
1s limited to the narrow kinematic region with m;; < 350 GeV [145]. This region does not contribute
significantly to the sensitivity of the search, even for the smallest tested value of m 4,5 = 400 GeV.

Halil Saka (University of Cyprus)

Overview of BSM Higgs Searches at the LHC

A previous, recent result by ATLAS does not see an excess.
—analysis is not directly targeting the “n,” region

This analysis also targets 1/2L channels, angular variables.
— Also has a dedicated merged, 1 lepton category
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/
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Associated production

Overview of BSM Higgs Searches at the LHC
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ttH/A - tttt

Against the recently observed tttt SM background.
—Both CMS and ATLAS observed a mild excess.

ATLAS EXOT-2022-13

arXiv:2408.17164
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1L, 2LOS final states are considered here, and they are
combined with 2LSS, 3L, 4L results (arXiv:2211.01136).
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%L zi_ As  fse=mTevitem' : z 200002— ;\?‘Ll;zg Tev. 139 f' i t[f)jti:ht —; 20000F- ;\?‘Ln;zg Tev. 139 i’ i t[f)jtight —
h s — Observed = = Pre-Fljt = 1o = ;_ B Fljt Fasc _;
N\ N Expected < 407 > I > = = B tt+>1b =
13; — S)I\(/Ip:Z(tftf) _§ 15000%/ tg):;;t)s E 15000%‘/ tg):hers =
12F 7 scale uncertainty",o"' = o 7772 Uncertainty _; 2 77772 Uncertainty —
122 ; 6_5 10000?%/////% ------ Bkg. before corr. :é 10000 %//// ------ Bkg. before corr. :é
61 - 5000.""'"%""" = 5000 -
4E % — - E
25 Z 167 E E
I T T T ks 1%1? e _ ° | E 1.% E
S 0.5F | | | =)
ATLAS t1tt result / i ’ 1 ; Number of Iarzgse—R jets Numbe::)?Jets

The cross-section is set to the SM value in the BSM analysis.
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ttH/A - tttt

Events
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o

Data / Bkg.

0.5

*: normalised to total post-fit Bkg.

— ATLAS ¢ Data

(s=13TeV, 189 fp' ~— fH - tittm, = 400 Gev *
R )ttt
1L, 210j, 4b [ ti+light
Post-Fit [ tt+>1c
B tt+=>1b
[ ] Others

7. Uncertainty
----- Pre-Fit Bkg.

[N [ ) ) e e (I

EEEREEEEE .

O 01 02 03 04 05 06 07 08 09 1

GNN Score

A parametrized GNN is used to separate
S from B for a given mass hypothesis.
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Fraction of events / 0.1

Fraction of events / 0.1

ATLAS EXOT-2022-13

arXiv:2408.17164
E .ﬁ’;;f;—::' 199 fU1 : tsfil-\lll_'t:tfﬁ&, mH=400 eV E '3 | | I | | | | | | | | | | | | | | | | | | I | | | | | | | | | I | |
03 et - o 10g _ =
_ Low masses ] M = ATLAS —e— QObserved (combined) =
oo—1_are tttt-like! i = _ [s=13TeV. 139157 — — Expected (combined) _
: gt L] T ~  L/9LOS 2I_, SS/ML I Expected+1c (combined) -
< 1 T * Expected+2 ¢ (combined) —
T - All limits at 95% CL e Expected (1L/2LOS) =
L Y S T BT an i S Expected (2LSS/ML) ]
GNN Score X _1 B TheOI’y (NLO)
L aras sweton - EE 10 = —— tanfB = 0.5 (H) E
0-6-_ ﬁ;;f;et:/,wgfﬁ Etsf;:;&mt,mmeOGev_- h - tan ﬁ _ 10 (H) =
jets I:—-' - e :
0.4 ..... . g_ 10_2 - B g =
e L T e=ea T z
0.2 _ © B ~
- = 3 J : 10—3 | | I | | | | I | | | | | | | | | I | | | | I | | | | | | | | | | |
% 01 02 03 04 05 06 0.7 08 09 1 04 05 06 07 08 09 1
— — My [TEV]

Results combined with the earlier 2LSS and ML analysis.
— significant improvement at lower masses.

Near identical kinematics and acceptance between A and H.

Also see CMS TOP-18-003 (2LSS+ML) ,arXiv:1908.06463
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7 oooor——" CMS PAS-SUS-24-001
A b
<

10°CMS Preliminary

36.7 b 2017 (13 TeV)

36.7 fb™", 2017 (13 TeV)

CMS Prelimina
s s g CMS Preliminary ~ 121.4-126.9 fb~! (13 TeV)
% = = —— Data (SR) (L% n —— Data (SR) a 103'_' B L B L e
e Mo | 8 =l = 1 |250Gev (2017 SL only) 557 O PPer mis
u>J ;_ el L%) 103? ;2 std. deviation g 3-2 |Oca| S.d - Observed
13 - 7 28globalsd Expected
- - o 1021 B 68% expected _|
4;— E mn / 95% expected -
N - M e 2016 FH Exp. |
- i A e — 2017 SL Exp.
2 i 10" O 1 - _
/ Trigger thresholds : O 2017 FH Exp. =
E affect the mass spectra : : — 2018 R B,
o o b b b b by by by 1= | PR ST T S T T T Y S T T T AN SN S Y O AN SO S B B
g 2% T : L 20 fith b h bbb bt bp by Js ~
L_%Wg%% i S TR R T e "0 ‘
120 140 160 180 200 220 240 260 280 300 300 400 500 600 700 800 ),
M,, [GeV] M,, [GeV] io
n
- - ~ ~ ' ' 10_1 = -
Fully hadronic and semileptonic categories (to help with trigger thresholds) ;
— FH: 3 b jets at the trigger level | | |

| l | l I ] | ] | | ] | ] ] | ] | | ] | ] I | | l | | | ] | ] I ] |
250 500 750 1000 1250 1500 1750

— SL: 3 b jets+muon (access to 125-300 GeV mass range) - 2017 dataset me [GeV]

Invariant mass of the two leading jets is the primary discriminant.

The data-driven background model is based on an analytic fit in CR (3rd b-tag veto)
— a transfer factor is used to go to SR from CR

Results are combined with
previously published 2016 dataset

Halil Saka (University of Cyprus) Overview of BSM Higgs Searches at the LHC


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-001/index.html

ATLAS HDBS-2020-03

tgH: nondiagonal couplings

arxiv:2307.14759

First analysis targeting the g2HDM model.:
- New heavy states are set to have sizable non-diagonal Yukawa couplings to quarks. q _ Ptq _t
- Simultaneous such couplings are probed. . T
— First to target BSM tri-top production. |

% 0 F ATELASI | | | | IoDa:ta | | |:||S_ignlal | -IF_ourtlnp | LT {mnana naaas nenadnanasnesns nanns saneananas uanesnas ua q B ptq B t

i [ {s=13 TeV, 139 fb" DTEW DttH tt(Z/y*) ] 3 [ ATLAS ¢ Data WSignalttq 3

oM ity (M) MDiboson  [HFu 11" g " Eeea @ q q

i . @HFel @ Mat Conv  [ElFakes _ C 4 ttw ttH ] ptq
10" ¢ Post-Fit [JQMisID []Other /,Uncertainty g o6F- Post-F Etf(z/y*) EDiboson E Pitq H
: - - Pre-Fit B. : . MFakes  [JOther -
- _ 20k , U%\cenainty---Pre-Fit B. - t t

10° F 1 3
SR o / 10 g &99999999’ - t
e B TH-RE | z
ttW is pulled u R e Ptq q
CO/’?S/ST@I’?ZL W/ B i °o: 01 02 03 04 05 06 07 08 09 E1 Ptt --< ;
DNN®®
many other analyses. _
g g ;
a 1.25 R S R PP TP T [N R
% 1 -;;:/-,;;yvtui/(yéf ///g/s/ﬁ,x/s/‘///*///*///’//‘/ //‘ // //v*u&(/{,@//*/
“ 075 2 L L
05 | 2 | 2, 2 2, 2, 2, 2, 2 2 3, 3
Multilepton (2LSS, 3L, 4L) + b-jet final states.
— /wo DNNs are used (Niet, b-tag scores, MET, angular variables, Hr, etc..) |
() categorize events targeting all signal prod./decay modes (together with Niep and Qiep). 2-3-4 top S{Q”aw" es are
(i) to discriminate S vs B in each category. considered!

— R
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tgH: nondiagonal couplings
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Other 3D “p-p-mass” planes are also probed.
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ATLAS
's=13 TeV, 139 fb™
m,, = 900 GeV

Ptt/Zipti= 1

0.8—

ATLAS HDBS-2020-03

arXiv:2307.14759

PDF
penalty

Observed significance [o]

ptu/Zipti =1

Also see CMS TOP-22-010 arXiv:2311.03261

Overview of BSM Higgs Searches at the LHC
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“Triangle” representation of observed significances
— less model-dependent (ps are normalized to their sum)

(This excess at 900 GeV is not compatible with the signal
model, requires large undetected decay modes)
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Inclusive search: X¢—f

Search for a new spin-0 particle in associated production with a W/Z boson or a tt pair
- target mass range: 15-350 GeV — dilepton resonance (NWA) in multilepton events

Model independent analysis:
- all lepton flavor pairs (€€, uu, tt) and coupling types (S, PS, Higgs-like production/decay) — 24 different scenarios
1 1 _ 8ys 8PS 1

| . 7 T . PH 2 WHHW — 2
A_S (PS F™v FZV | APS ¢PS F*H FZV \/i (PS ll)ll) \/i (PPS lpZ’Y5lP —2sin® 7 (mWW VWV T E Mz Z‘uzl")
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Inclusive search: X¢—£7

arxiv:2402.11098
Builds on an inclusive multilepton analysis (CMS EXO-21-002, arXiv:2202.08676) with many categories

- first of its type “bump-hunt” at the LHC!

CR _ SR 138 fb' (13 TeV)
£ 107 | | | : | | | | | |
@ . £ CMS { Data i [IWZ iz M Rare
§ o MisiD i [l zZ B Conwv. - Unc.
Lu * [ — E
10* Set— Charge/mass/flavor/...
10° |
10°
10 W¢ —> 17T
1 Wo — ee/uu
2 11E | | ! | | | * | | |
1] = .
E 1 E_ ® ¢ o ¢ i { ° *
O 09 | | | | | : | | | | I | |
2 3 S 3, 3, 4 3, 2 7 4 3, Y 7
UTA///'S/DLM'S/DG/: WZC,Q LZ?’C,Q L”ZCQ LZZC,Q LSR L7TSR LQTSR LSR L7TSR LQTSR LSTSR
X6, CR
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Inclusive search: X¢— 47

arXiv:2402.11098
Builds on an inclusive multilepton analysis (CMS EXO-21-002, arXiv:2202.08676) with many categories

- first of its type “bump-hunt” at the LHC!

I I I I I I I I M(ee) I I I138 Ifbl (I13ITe\I/) [ 01T [T M(ﬂﬂ) I1I38 Ifbl I(1I3-I-Iey) - I I I I I I I I M(TT) I I IISI8 fb I(‘II3 I-I-eIV)
" cms 4 Data oncerainy | '"FoMs t Data Uncertainty 2 'F cms I " 4 Data Uncertainty
§1°4§W¢(ee) SR2High Prompt — W¢pg(148.5)7 103 L-tig(uu) SR1Low Prompt — tippg(22.5) - *chms_wqb( 17) SR3 Prompt — W¢pg(50)
S 10° |- 3L 0B MislD —Wgg(308.5) | | 3L1B MisID —tips(57.5) 1 O [ 1L2T OB MisID — W¢g(250) -
L|>J102; o(W¢) B(¢p — ee) =101b ;102; o(tte) B¢ —up) =10fb = 102; o(W¢) B(¢p—11) =10fb =

1o;++++++++ IIIIIIII‘IIIII‘II( IHH|I WI ( ﬁ I(:HIWIIIIIIIII IIIIIIIIMIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIFI 1(: / + + r \ r

q= I | E i# _

IOQ*‘HIIIIOZI‘ ——— QIOQIIHE S

& LTI A AT LT OB T R 3 T ++++;
150 200 250 300 350 20 30 40 50 60 70 100 300 400

Max. Mse (GeV) M, (GeV) Min. M (GeV)

Dilepton resonance of any flavor in V(V)- and tt(V)-like multilepton events:
— MislD contributions are significant.
— Narrow resonant signal shape for ee/uu decays.
— Wide, semi-resonant signal shape for Tt decays.
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Inclusive search: X¢— 47

arXiv:2402.11098
-1
CMS Supplementary 138 (13 TeV) CMS Supplementary 13816 (13 TeV) CMS Supplementary 1381 (13 TeV)
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Model-independent pseudo-scalar limits
(Similarly also for scalar/H-like scenarios)
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Inclusive search: X¢p— 7

arXiv:2402.11098

138 fb™' (13 TeV) 138 fb™' (13 TeV)

CMS Axion-like ¢ production and decay _
tt¢ ( — uu, Tt) combination

CMS
10 |-

10

|

$ . .|
- - : NI
s H-like | e | ]
I H-like ¢ production and decay | - Ion-llke :
X¢( — uu, tt) combination } _
95% CL upper limits - 95% CL upper limits )
101 Observed B 68% expected | _ Observed I 68% expected
E e Median expected 95% expected - 10 S Median expected 95% expected
i | I | Ll | | | I I | L 1 1 1 | | L | L1 1 1 |_ B | | | | I 11 I | | I | 1 | 1 I | | | | 1 1 | | - | | l_
50 100 150 200 250 300 50 100 150 200 250 300
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Model-dependent limits: H-like, axion-like, dilaton-like, ...
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Light pseudoscalar: tta— uu

arxXiv.2304.1424 7

e — 8
= [ .\l/\_T LAS - rfakes efakes = £ ATLAS
2 =13 TeV,139 fo~! mmm #Z B Rare B = [ _ i}
5 15 > © —  fa(35GeV) 2 7 VS5=13TeV, 130 fb™
LLl i tw vy, Syst. Une. | _ 0 - 95% CL Limits
i ] ai/nzgle Top +Z ¢ Data 1 o 61—
_ Signal Region (eyy) . . - L _ _
(ol - A BR = 1,g, = 0.07
i , £ 24sd
51 °© "t (local)
: e )
O— - 11t 1 —_ | 2 :_ ——
R
g BX | |oo .I /T }/}/ {_ 1
& 4¢7///' ',;/34‘4"////////// U7 /T/ YN /J(//i//// /, /T/ v, //#/// ~
0w [ ? N O..............l.........
Lo Ny Y A Y
o0 50 30 40 50 60 20 20 30 40 50 60 70
m2 , [GeV] m, [GeV]
Targets euu and uup channels separately. In 2HDM+a: g, = sin 6/tan f

Similar approach as CMS EXO-21-018 ttppg — pup, but NLO signal model is used.
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Charged states
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Light H*

n tOp decays: - Hib —}Wiab ATLAS HDBS-2020-12

arxXiv.2304.1424 7

~ 1t -
% - ATLAS —e— (Observed Limit =
T - Vs=13TeV,139 fb™" —--- Expected Limit i
gﬁ | 95% CL Limits BN Expected +10 .
’i 10_3 S . _ +§ 10_45_ 160 Gev Expected +20 _g
S [ ATLAS A ;
T ~ Vs=13TeV,139 fb™’ - + ]
g - 95% CL Limits % 1075 | H 160 Gev—:
= 107 . 2120 Gev @ :
T -
+I - 10-6
+Ih ) —20 30 40 50 60 70
Q {02 gg* m, [GeV]
5 CFHE 120 GeV oo
@ [
106 —
| 96 18 20 22 24 26 28 30
The same search strateqgy is also used m, [GeV]
a
to probe for light charged Higgs .
states in top decays. Kinematically allowed max. a / H™ mass
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depends on H / t mass
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Light H* in top decays: H* —cs ATLAS HDES-2020-11

arxXiv:2407.10096

> >:<1'03' L L L L L I B 1% 3?106 | | | | | | =]
8 700:_ ATLAS t Data  --- Bkg uncor. 3 § - ATLAS t Data  ---Bkg uncor. - JEUUCEEETER ~
§ - Vs =13TeV, 140fb™ [ Jtt(ud) tt(cs) 1 W 55 Vs=13TeV, 140fb" [ Jtt(ud) tt(cs) - C
£ 600F Signal Region tt+HF [ Other - - Signal Region tt+HF  [Other - N
§ " Pre-Fit 72 Uncertainty . o[ Pre-Fit 7~ Uncertainty 7 7t //<
w500 = s - : ,’ -
- 7 . I Z g t L 5
400F- = 1.5 - 00009099990, e \ |
3003— - —f E st E b
E = E 1__ —] A e
200/~ = : - -
C _ L PP _] n
100k N E O'5§—| o - 99999928900, < =
;O ., = o —— ‘ — ] =
3 1.2 3 8 12F | I W™
I = W/M/W/M///////////%///////// /// _
@ 0.8 TRl @ 0.8F | | I -
8 200 400 600 800 1000 1200 1400 O 45 6 7 8 9 10 T
ST [GeV] Njets
- +
Single electron/muon channel is targeted. Other reiated iight H _ searcnes
. . o target H- — ¢cb, H- — 7U.
Top pair production is the most significant background.
. . — . . . + '
Data-driven correction to tt MC (Powheg) as a function of St in bins of Njets Also see CMS heavy H™ analysis.
o | HIG-21-010 arXiv:2207.01046
Top quark reconstruction is performed to obtain tiep and thaa masses. with HE = HW?* decays

—
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ATLAS HDBS-2020-11

arxXiv:2407.10096

Similar signal and tt

-'(2 1010 §_L 1 I L I LI LI L I | I L I | I I I J_E
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A BDT-score is used to fit for signal.
- trained with top-quark kinematic variables, event variables (St, Nets,.. ),

and flavor-tagged variables (b, c, light flavor jets).
- multiple versions are trained per-given-mass signal.

The most stringent limits on this
type of signal!
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Multi-resonances
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Max Z pr at ~300 GeV: AM - M(2)

A—ZH (Z— ¢, Hesw— 1) wm> s

000909 A BSM H -
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800| Sogb ot Y 1000[- 1 | Ho4s S
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I i - >
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' 200 400 600 szc')o T 400 4 @ B ©

pr (GeV) 500 1000 1500 2000 00

MA (GeV)

Triple-resonance structure: Z (dilepton), tt (6 or 5 jets), and tt+Z:
— AM and Z pr are used: Z py is a clean, leptonic quantity, cut-off defined by AM =m(ttZ2)-m(tt).

AM suppresses jet energy uncertainties.
Interference effects with SM ttZ are small in these variables (w.r.t. experimental resolution).

— Signal regions are carved out in quantiles around the peak on the AM and Z Pt plane

Data driven 40% uncertainty on the DY+heavy flavor component.
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A—ZH (Z24f, Hi25TT)  tocidibdss
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Six decay modes are considered (£ — ee, uu, H — 7,7, /t,e/7,10).
"A” boson mass reconstructed via the FastMTT algorithm to correct for MET

—> simplified likelihood function using MET (value and unc.) and visible tau decay proaducts. 00l

300 400 500 600 700 800
ggF and bbA proauction moades are fitted simultaneously with 2 signal strengths. m, (GeV)

— Model dependent (MISSIV)

limits are also provided

Halil Saka (University of Cyprus) Overview of BSM Higgs Searches at the LHC 34


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-004/index.html
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8 300:_ CMS Preliminary  Signal Region E : 7 limits also provided
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m, [GeV]
68% expected 95% expected

Observed 95% CL upper limit

Resolved signature (4 jets, b-tagged)

Signal is extracted via a 2D fit to the mx-my plane.

Events with 3 b-tagged jets are used for background
estimation, via a BD [-reweighter technique (arXiv:1608.05806)

----- Expected 95% CL upper limit

Limits scan over the X-Y mass plane:
— largest excess ~4.1 local (2.8 global) s.d. at (700,400) GeV/

Also see ATLAS HDBS-2018-41 arXiv:2202.07288
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Taking Run 2 stock: summary papers E

X—>HH

arxXiv:2403. 16926

arXiv:2405.04914

X—}HH 138 fb”" (13 TeV)
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2 ~e- HH Combination S 10° =
T —— HH — 4W/41/2W27 — > 2| q. -
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The previous analyses belong to a much larger effort!

(HH, HV, HY, ... with various interpretations including HV'I, WED, etc)
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Outlook

Spin-0 BSM resonances provide an extremely rich signal space.

Exotic possibilities also exist (e.g. ® — ¢, H — ¢, ..):
- merged diphotons CMS EXO-22-022 |arXiv:2405.00834]
- displaced muons ATLAS EXOT-2019-24 [arXiv.2208.0058/]
- displaced muons CMS EXO-23-014 |arXiv:2402.14491] (Run3)
- displaced jets CMS EXO-23-013 |arXiv.2409. 10806/ (Run3)
- SOft taus in scouting dataset CMS-NOTE-2024-006 (Run3)

and many more!

Some excesses/deficits. . .,
- deficiencies(’) in state-of-the-art SM simulations/calculations
- collective tensions(?) in rare SM processes s BSM physics
- more data is a curse ) and the blessing!

but:

Let us not forget the “less common” decay modes

- decays into electrons 7
- flavor violation”?

Data have the answer, waiting for the right question.
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lllustration by Sandbox Studio, Chicago with Steve Shanabruch
https.//www.symmetrymagazine.org/article/us-physicists-prioritize-closer-study-of-the-higgs
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Higgs boson production and decay

q q W<z
w2z g — = . —
t t » HO '{r\ﬂ 8 1 = l bb WW — §
9 ; - N o c r . o
9“WZ Bremsstrahlung D - 77 — g
glupn-gluon 4 o o ~ |
fusion (ggF) q -+~ Q
q —>—(, W2 « > =
m“jq > HO g 4 + 10'1 —LT
N | il C >
; - Wz tt fusion Al m a‘
(7))
vector boson 8 B
100000000 fusion (VBF) :I—: .
10-2 — =
10000000 E E
. 09 VBF WH 2 ttH 10_3 " | | . |
100 200 300 400 500 1000
ggf and VBF are the dominant M, [GeV

production modes at the LHC.
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H—-YY (high mass)

:ITIT"TIIIIIIII| IIIIIII[| IIIIIIII| IIIIIIIfl |11

ATLAS HIGG-2018-27

arxiv:2102.13405
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Heaviest mass observed is ~2.36 eV m, [GeV]
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largets direct and b-associated production modes.

Irreducible TT background is estimated via the “tau-embedding” method.

Interference effects among different production modes are taken into account
— modifies the pr spectrum of the new resonance.

2HDM interpretations are also provided, with an NN-aided multi-categorization signal and

background processes.
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CMS TAU-18-001

arxiv:1903.01216

Tau embedding technique
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Embedding technique eliminates possible issues with pmMiss (GeV)
underlying event description, pileup contributions, or T
proauction of associated jets.
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X->ZZ- et/ vy

arXiv:2009. 147917
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Limits, as obtained in the “cut-based” categorization.
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H* - HW* (H-77)

Charged scalar produced in assoc. with top and b quarks | e

- complicated final state, heavy resonance not readily reconstructible

arXiv:2207.01046

t
g%/ CMS HIG-21-010
H—I—

L epton-based categorization (flavor and charge, OS/SS): o W\\
b

-2l et,utr, 3L ert, utt

- BDT-based approach in dilepton final states

— also using tagging of hadronic decays of top quarks. 1 CMS 138 fb™ (13 TeV)
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ttH/A -ttt

100

o(pp — (it,tW,tq) + H) X BR(H — tt) (fb)
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CMS TOP-18-003

arXiv:1908.06463
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Analysis probes 2LL.SS and ML channels.
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PDF pp — tH — ttu/ttc 1
tH/A (H/A ) tq) suppression CMS TOP-22-010

for g=c Ptq arxiv:2311.03261
C1/ ,01; //
: : . - q )’
This analysis targets p,, or p,., one coupling at a time. > H/A B
: : |
- 2LSS is the target signature. d
- A dedicated BDT training is used to discriminate S from B. S ¢
CMS 138 fb' (13 TeV)
C L L L L L
Input variables _ apCMS__ 138 o™ (13 TeV) S10°} [ vBS [53] WV [91] Others [202]
] , 3 © [ [ Nonprompt [4270] ttw [816] ttH [621] *q&; 107 i [ tt [351] ttH [421] tW[567] 1
CvsL(j,) 2 | Wdurs Others [405] [V [398] £10° I Nonprompt [2108] ¢ Data [8791] (] Total unc.
CvsB(j,) 2 | [ves [217] ¢ Data[6942] [ ]Stat.unc. | 108L" " 92HDM Signal(x2.5)
AR( o . ) Al QZHDM Slgnal 1 5 mA —_ 350 Gev, ptC —_ 1 .0 ]
MarJb _ —p, =10 _ 10°¢ Interferenc&_)eOG v E
m(1,, e ...y =10 - m,-m,= e 3
(]a.]b) : P = 1.0 x5) DEEPJET - 10%E AT TH
AR(j,, 1) e ) - 350 GeV taaqer 0 . | . :
: Interf - i = . e LLLLEEEEREE E
M (jga, Ip) 2| e ey €799 _ F . o
pT(ga) 10 -
m(£1, £y, ],) | . 10E
m(*é]_, 62) %12_ | | 1 T B R R R R T [ [ |%
H LLU-: g | ] + + + + + ‘ a 1 1_ ........................... T —
T 50.8F | | | | | b t | - @ ' +
pmlSS 0 01 02 03 04 05 06 07 08 09 1 a T ¢ ¢ Y
T CvsL (leading jet) O 0.9 | | | | | | | .
-06 -04 -02 O 02 04 06 0.8 1
— — BDT score

BDT distributions are ~independent of
coupling values, only depend on mass.
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arxiv:2311.03261

tH/A (H/A—-1tq) . CMS TOP-22.010

Alternate scenario:
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