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Introduction

After ten years of the discovery of a Higgs boson at LHC

« Measurements of the Higgs sector with Run1+Run2 data
- Consistent with the SM

« But, many theoretical and experimental motivations to search for physics
beyond SM

Large number of BSM searches at LHC:

BSM Searches in the nggS Sector: Other BSM Searches

« Complimentary to the investigation of « Searches for Resonances
proper’[ies of the observed nggs boson e Non-resonance searches

* Includes  Long Lived Particles

« Searches for more complex Higgs sector

- Prediction of additional Higgs bosons
from many models beyond SM

« Search for exotic decays not expected

within the SM.
Only a few recent results are presented here
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Searches for Additional Higgs bosons

Many extensions of the SM adds scalar doublets, triplets etc.. to the Higgs sector
« 2HDM

3HDM

2HDM + Scalar

Higgs Triplets

These models predict additional scalar bosons:
.« h H,A H H

Searches performed in final states with
« Di-bosons (yy, Zy, VV)

« Di-leptons (eu, uy, tt etc..)

« QOther complex final states

Resonant Di-Higgs searches: X = hh, X 2 hY, X 2 YY
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Additional H 2 1t
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Additional Higgs bosons with masses below 350 GeV are excluded at 95% CL
in M125, and M'2°, ger MSSM benchmark scenarios
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https://arxiv.org/pdf/2208.02717.pdf

Higgs decaying to Top quarks

JHEP 07 (2023) 203 arXiv:2311.04033
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https://link.springer.com/article/10.1007/JHEP07(2023)203
https://arxiv.org/abs/2311.04033

Interpretations in MSSM

Interpretation in NMSSM scenario  (as proposed in arxiv: 1307.5208, 1502.05653)

Exclusion of MSSM parameter space via direct searches for heavy Higgs bosons
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-043/

A 2 aH, H 2 tt, a 2Invisible

2HDM-+a model (portal to DM) (arxiv:1701.07427)

* Final state: 2t + MET
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https://arxiv.org/abs/2305.12938

H* > W/Z and H** 5> WtW+  =uzizow

Georgi-Machacek model (Fermiophobic Higgs fiveplet) H™ > WW+
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https://arxiv.org/abs/2312.00420
https://arxiv.org/abs/2207.03925

+
H % WH, H%TT JHEP 09 (2023) 032

Benchmark: 2HDM
* my=200 GeV, m, =125 GeV
* (1}, lty7,, final states split by lepton

flavor/charge
* my (/1,7,,) or BDT (/1) as discriminant
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https://arxiv.org/abs/2207.01046

L FV X ; e “ Phys.Rev.D 108(2023)072004

* LFV decays of additional Higgs bosons (X) in Type III 2ZHDM
* Formy>2my, the dominant decay modeis X > WIW

- Limat the search region to 100-160 GeV.
* Events categorized using BDT

* Fitting m,, distribution in signal regions
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Largest excess: 3.80(2.80) local (global) at 146 GeV
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https://arxiv.org/pdf/2305.18106.pdf

Resonant Di-Higgs Searches
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X->hh (h = h,,.)

Benchmark models:
2HDM (e.g. MSSM), real singlet etc..

Additional hh = bbWW and multilepton
channels

For my > 250 GeV

Improved sensitivity with bbbb merged-jet

CMS Preliminary  August 2023
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/

arXiv:2310.01643

JHEP 10 (2023) 009
PLB 842 (2023) 137392
PRD 108 (2023) 052009

Larger extended Higgs sectors: VS - |
Such as two additional singlets (TRSM), 2HDM+S CMS. :bbbb (merged jet), bbyy, bbrr

(including NMSSM) g <<
g b

H/Y..
: : X
ATLAS: bb+ generic hadronic, tt+WW/ZZ/ Y
7 SO0 s " ﬁﬁ
// g ’Y
//
X>Yh->WW/ZZ + tt Y X\ Parametric fit in m,, — my, plane
\
\
9 RQQQQ H A CMS 138 fo' (13 TeV)
N — my =300 GeV =350 GeV - 400 GeV
O
=, | ATLAS {s=13 TeV, 140 fb” | P r—————e %t %} v—
104 . o =,
o 10 m, /25 = [20, 30, 40, 50, 60] —— Obs. limits (95% CL) P . .
= 108 mg=[200,300,400,500] T Expected £ 1o Q| [m=450GeV = 500 GeV =550 GeV ]
; Expected + 2¢ >| | ——— ~ ;
T 102 e NMSSM Scan _ T
L 2 Z800GeV | =700 Gev
) NG ~ ) N ‘
T 102:\5‘ - i"\.-_ ____M;\: T ol Tl it v ]
5 1E‘ '»,’% 1 ",""" 1 i E >\</ 10 305" 750 200 250 300 350 400 79_150’200 780300 350 400 100 200 300 400 500
o) 1 *, @| fm-750Gev iv. 0GeV it -850GeV ]
107} <
X | ok w w 3
_2_ T 10 160 2(‘)0 360 460 560 100 200 300 400 500 600 100 200 300 400 500 600
10 Q n =900 GeV 'II -950GeV Jmy=1000 Gev
ol = 900 GeV e my = 1000 GeV
-3 I I I I | I I ~
107520 240 260 320 340 360 430 450 530 550 o VAF ifv
mg+m, /25 [GeV] m, Gevl™
Approaching NMSSM cross sections (Spin-0) X — HY — Jyybb
B Expected limit +1 6 Expected limit 2 ¢
at the lowest masses . Expected 9%% upper limit —— Observed 95% upper limit
(max. allowed cross sections from NMSSMTools 5.5.0) 3.8 (2.8)c local (global) at

Phoenix 2023, 18 - 20 Dec. 2023 Arun Nayak my = 650 GeV and my = 90 GeV 15/40


https://www.lupm.in2p3.fr/users/nmssm/history.html

arXiv:2310.01643

JHEP 10 (2023) 009
PLB 842 (2023) 137392

PRD 108 (2023) 052009

Larger extended Higgs sectors:

MS. : bbbb d jet), bbyy, bb
Such as two additional singlets (TRSM), 2HDM+S CMS (merged jet), bbyy, bbtr
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https://www.lupm.in2p3.fr/users/nmssm/history.html

X =2 YY and Z*—HA e

Merged Jets
My: 1-3 TeV
M,: 25-100 GeV
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. m,=45GeV |

1k
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olpp — X — ¢¢ — (bb)(bb)] (fb)

S om,=50GeV ] K. .~ m,=80GeV

1k

72741618 2 22242628 3 727476718 2 22242628 3

m, (TeV) m, (TeV)

Phoenix 2023, 18 - 20 Dec. 2023

m, (TeV)
—m N/ =1
95% CL limits:
--mNf=2

—e— observed

. expected = 16 - MyN/f =4

-= expected £ 26 _ m,N/f = 8

q ™+ o |epton-specific (or type X)
A/< - 2HDM at large tanp
A "« direct A/H production
R + strongly suppressed

h/H > «  Fit mytot distribution
! T (4tyis + P

.. -1
— 300 CMS Preliminary 138 b (1 3 TeV) 20 —~ Type X 2HDM Alignment Scenario 138 b (13 TeV)
> fe) 95% CL excluded:
(] = CMS [ Observed [ 68% expected
g ’l'; Prelimin. ary Expected 95% expected
-©- $ \:| HiggsTools-1
S 95% CL allowed:
< ‘o .
10 < m, =200 GeV [ muon g-2: Phys. Rev. D 104, 095008
250 8 % % 200 = T T T | T T | T T T | T T T | T ‘I‘a 3
- 3 ]
8 X8 1o
6 R 10; E
200 ° o 120 E
4 o 100 =
o0 - E
3 X C ]
g 10— =
) = =
150 > = - .
E 1 1 1 1 I 1 1 1 | 1 1 1 I | 1 1 1
— 60 80 100 120 140 160
. m, (GeV)
o
6 fb | o
10 :
%0 s 100 120 140 160 ' B

Excludes Type-X 2HDM

m, (GeV) In probed mass range
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Non-standard Higgs decays

. W|dth.of SM Higgs is small -) small K, .
COUp|Iﬂg tO BSM Caﬂ I’eSU|t 1N Ky B | ATLAS Run 2 |
detectable branching fractions - :
| Kt —— _=_ —— Leptons Quarks
« Constraint on Br(h - undetected), - AR ¢
. j A : AR o
fromm combination of Higgs i T ]
. orce carriers iggs boson
measurements, still allows for ad] Al
O(10%) decays into unobserved K
particles. =
« BSM models predict exotic decays of the K, e — - iMpme‘:"”l N
SM H(125): - | -
o Decays to (pseudo) scalars "1'6
o Invisible decays (e.g. Dark Sectors) 68% CL interval
o Lepton Flavor Violation (LFV)
o Decays to Long-Lived Particles (LLPs) |
045 0.2
95% CL limit
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h(125) = aa searches

* h(125) < aa decay mode possible in NMSSM Large number of searches at LHC

scenarios, where “a” stands for just a Higgs \
boson that could be scalar or pseudo-scalar / (W))((W))
« Many final states analyzed for varying m, (W)(gg)
values, up to m, < m;/2 HHARK
« The decay products of “a” boson boosted for h=>aa= (gg )(v)
low m, values: Ebbiégg;
- Challenging final states (bb)(xc)
- Special care needed to reconstruct and
identity leptons k ()

* Results are presented in terms of upper limits
ONn Cross section times branching fractions
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125) = aa

CMS-PAS-HIG-18-026 JHEP 07 (2023) 148 PRD 105 (2022) 012006
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m, [GeV] m, (GeV)

CMS-PAS-HIG-22-007 Limits on B(H -> aa) for Limits on B(h - aa) for Type [l
Type IV of 2HDM+S (tanf = 2) of 2HDM+S

CMS Preliminary 138 b (13 TeV) - 1 .
§ _lllI||II|IIII|III||Illlllllllllllllllllllll‘lllll_ m_4.OCMS Prellmlnary 138 fb (13 TeV) — 103CMS Prellmlnary 35.9'138fb-1 (13TeV)
R —_ E T T T T T T 17T T T T T
= 14 95% CL upper limits = c X © =
Ke) . N ~ © =
'g L 1tbb Final state —e— Observed 4 i 9;:: :Ly('::BI(Y-I frr:b) i ':::::) - 1 \ - 2HDM+S
" 12 Combined e Nedanoxpected 35 e g L 10°E typell
& [ 95% expected . 6 L or . "N . T D tanp=2.0
(,F i - 68% expected i 3.0 - - 3 10 E
' - ] @ o F
m I b b b i < N o] R | I \\ SRS N LA | R\
8l TT+ _ 2.5 — © 8 E
i 4 @) 1 =
-~ : \O 107 _E <
2.0 \ G 10° = |
1 102 =
] = Observed exclusion 95% CL 3
15 ]
SE ~—— Expected exclusion 95% CL 7
10 :E H —aa - ppup H—>aa -ttt E:
- PLB 796 (2019) 131 PLB 800 (2019) 135087
1.0 101 B H— aa - pprtt H —aa — pptr N
i 1074 JHEP 08 (2020) 139 JHEP 11 (2018) 018 —g
- E H — aa — libb H — aa — bbbb =
011|||||||||||||||||||[|||||||||||||||||||1\‘[|||| 05 - HIG-22-007 HIG-18-026 u
15 20 25 30 35 40 45 50 55 60 : 1078 L L T R B I I L
m. (GeV 2 3 4 5678910 20 30 40 5060
e, ( ) 20 30 40 50 60 m, (GeV)

Ma, (GeV) Summary2HDMSRun2
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http://dx.doi.org/10.1007/JHEP07(2023)148
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-026/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-007/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012006
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

h(125) = AA (ALPs) 24y

Search for ALPs in Higgs decay, with ALP = 2y

. x107°
ATLAS: Search for wider mass range (0.1 - 62 GeV) 3 008 T T
. C — observed 7
* Prompt (Short_llved)’ |arge [ % 0'07:_ Vs =13 TeV, 140 fb” ---- expected =
m, > 5 GeV T 0.06F ggz,} z:_'(l)irfﬁtrsompt decays) — i
- Long-lived,small I": = 0.05C 3
M, >0.1 GeV 5 Lok E
E : -
CMS: Low mass ALPs in Higgs decay s 0.03F -
o = ]
 Merged yy reconstructed as a single photon- S 002 =
like objects 0.01E
« Regressor trained to predict m(A) based on 00 R P S
low-level detector information o (GoV]
_1 2 a ‘
10 R R " FATLAS T
T - CMS 95% CL upper limits . 10 Vs =13 T :
:E . -e- Observed i 10° oms Loyl
T L ---- Median expected i e ATLAS LbyL _
T I 68% expected o, 3
Q1072 95% expected = ’% 107 F Beam dump Sol —— Obs. limit [CEM = 1.0 3
5 - 1 5 107 ~—- Obs. limit [CZ| = 0.1
-‘g - = oL SNt9s7a (9-2) E
= n (@) E
g T 10° E
% -3 -6 ]
- 10 3 E 10 3
(\g - ] 107 E
Li.)o i | 1 | 1 1 1 [ | Il | | 1 1 | | | Il | | | 1 1 I l— 10—8 1 Lol L 1111 ]
0 02 04 06 038 1 1.2 10” 107 10 10 10° 10°
m, [GeV] m,[GeV]

PRL 131 (2023) 101801
‘ ' ATLAS-CONF-2023-040
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http://dx.doi.org/10.1103/PhysRevLett.131.101801

h 2LX/XX> 4/

EPJC 82 (2022) 290

Motivated by DM models with scalar/vector portal, which include mediator £ between
dark/hidden sector and SM

/ l (
=>» searches for g ¢ , ‘ ) ey A
h=> XX/ZX>40 (1 =eor p) g o 1
s H----0- H----- «
AR
A “ ’ =
\_ ‘ ‘ ./
CMS 137 fb" (13 TeV) 107

) 3 b 7Y -

= N - L — Observ;d % . ATLAS :

; ; S 5E 2 Expected / (s=13TeV, 139 fb" -

2 105 EE - Z- Expected £ 1o / H 224 24 :

2 blc/)bI 0.1— 2D Expected =2 ¢ / B

> c - / | i

= vk 7 % 5 ]
x s F / i
< S 0.06[ % §
= =1 - ’

;10_6 O 0.04 —/‘%‘ ]

P 0\0 = 1 |

= S 0.02F~— % -

o o

m, [GeV] 2 3 4 5678910 20 30 40 5060

m, [GeV]

Limits set also In other channels
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https://link.springer.com/article/10.1007/JHEP03(2022)041
http://dx.doi.org/10.1140/epjc/s10052-022-10127-0

Searches for Resonances
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Multijet Resonance Searches:gzzzs

P Jet
Search for Resonance Y = XX = 4jets VL J
: et
Search for excess in Y
M,; (Y) vs average <My> (X) plane XT Tet
. 138 fb' (13 TeV)
ST o sETTTTTT T T T ARG I PP = n Tt
= | CMs Ty 11 @
Y } ST TR t = 3000 A T 110t 3
a 2r R - S0 1 410t g S L Ys=13Tev, 140 10" 11 &
e T : T - B 4
2. 151 / 1 102 5 ' =
5 i - 2000~ ., m
© 1 — 10° 15001 I8
g - = = Diquark il N i
< S — ¢ — (ug) (ug) I 10 1000/~ -
0.5 68% and 95% B o
contours - - i
ol v by baa oo Tl 1 500__ ]
2 3 4/ 5 6 7 8 9 10 § :
FOUf-jetmaSS[TeV] oLl b b b b ey e, I
2000 3000 4000 5000 6000 7000 800% E\)/OOO
CMS: 3.9 local (1.6 global) excess at Ty (5
M4j =8 TeV and <My,> =2 TeV No events in ATLAS around 8 TeV
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http://dx.doi.org/10.1007/JHEP07(2023)161
https://arxiv.org/abs/2307.14944

Multijet Resonance Searches _ ... ..

Right-handed “ Kaluza-klein GKK b %zj Excited q* ,,,,,, W, Z
Z boson gluon (QQQQQQ quark

138 fb! (13 TeV)

138 fb ' (13 TeV)

(a E T T T T T = — 104: T T T T =
O = = O — -
- £ 1CMS —3— Data Zr—ggg 1 = - 'CMS .
2 107 —— Data fit fa(x;3) 20TeV 3 O H —e— Observed limit _
G>,) 105;_ - F|t unc. 68% CL 40 TeV _;I o\o 103 ; | """" EXpeCted Ilmlt _g
L = e, T 28 Ex 108 - B Expected limit 68% CL
104? | ' = ® 102— Expected limit 95% CL ]|
= CL : 1 < = - iE
10° : jetinvariant = EN Zr — ggg benchmark 3
10261, mass 4 o | nominal scenario -
S = T 10 | =
- I — — -
10 & = & [ | _
= 3 | _
16 | - : 1 ° 4 =
= 2016 | 2016-2018 e L X ‘-LLI. - = | 1_;(/ My ~ 3% =
10—1 only | comb:ned .---'",'_“-‘ | . | h';- ® - - | i
—T [ 2016 2016-2018

o = E 10 = only combined =
L = . — | =
0 = B ] 1 1 | ] L
Tl= -2F = 2 3 4 5 6 7 8 9
—4__ | | | | | 1 | | — mX[TeV]

2 3 4 5 6 78 ['I? \1/(]) Probing mass region 1.75 -9 TeV
M Also limits for narrow width scenario (I'y/my ~ 0.01%)
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http://arxiv.org/abs/2310.14023

Multijet Resonance Searches

ATLAS-CONF-2023-049

Search for pair-produced multijet signals

gluino cascade
decay |

IIIIIIII|IIII|IIII|IIIIIIIII
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-049/

Multijet Resonance Searches .. .

Search for a new Z' resonance decaying into a pair of dark quarks which hadronize
into dark hadrons before promptly decaying back as Standard Model particles
-> jets with high charged-particle multiplicity

0 JEALE BURIES LN AL BUE [FFT [T EI[FF T[T T
§ :}82 ATLAS ;Bgéiground MC
5 Jop Vs=13TeV, 139 15" < Modbi8
o 1 m, =25TeV - ode
"("cé O e R R, | Unceriai TraCk
£ e e, 4 MUtIDiCtY
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N arXiv:1712.09279
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Phoenix m,[Gev  Arun Nayak 27/40


https://arxiv.org/abs/2311.03944

Leptoquark searches

Search for a resonance decaying to a lepton and a jet

138 b (13 TeV)
—

w

Lepton induced single
production of LQs

Y T Tt
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q
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http://arxiv.org/abs/2308.06143

Leptoquark searches

g ,LQ 138 o' (13 TeV)
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Heavy Resonances =2 VV, VH gszenx

Radion/Graviton in Randall-Sundrum model with warped W/Z"in composite Higgs and little Higgs models
extra dimensions “

Bosons reconstructed in 2 Anti-kT (R=0.8)
jets or leptons+MET

/ q q q
W _
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Wy X q :
> Z ; Ve q
W q/// q q 61
& 137 1™ (13 TeV) p I
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Search for Heavy Vector boson

arXiv:2308.08521

Search for heavy vector bosons
decaying to 3rd generation quarks

0 b-tag-in-top category 1 b-tag-in-top category

S
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https://arxiv.org/abs/2308.08521
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-045/
http://dx.doi.org/10.1007/JHEP10(2023)043

Searches for Long-Lived Particles

Many searches for Long Lived Particles (LLPs)
« Predicted by several BSM models
« Unconventional Signatures:

o Emerging jets

o Heavy charged LLPs
o Delayed jets

o Displaced jets

o Displaced lepton Jets

o Disappearing tracks summary of LI P searches

o Displaced muons CMS Long lived particle summary
o Displaced Vertices ATL-PHYS-PUB-2023-008

O

Dedicated triggers in Run-3
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/

Displaced Lepton Jets

Search for displaced dark photons in exotic Higgs decays 'Opnfr;'ii;gd
« Falkowski—Ruderman-Volansky—Zupan (FRVZ) dark photon

fd HLSP
| °
model Hoe oo
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« Signature: displaced collimated jets of leptons or light hadrons, — fa

Yd
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= e e B - Vs5=13TeV, 139 fb"' e B oo [ob]

LICJ %\ \ - - 10-3 FRSVZ Modeel, my,=10 GeV — = ggF/WH/VBF comb. Eexpg
3 = ggF/WH/VBF combination Ezngzg ffg =
MR - es%Olimis e o
\\ . AR N 107 100 10 102 103 104 105

0 01 02 03 04 05 0.6 0.7 08 09 1 ot [mm]

arXiv:2206.12181 Cosmic-ray Tagger Score Branching fractions >10% excluded for proper decay

length 173 - 1296 mm for m,4 ~ 10 GeV
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Search for Displaced muons_

: : : [
Search for long-lived exotic particles v q
decaying to a pair of muons ) ) / % é »
Z gz’ .......
« Uses 2022 Run-3 data oo iH ° g v
- Improved sensitivity due to lower trigger ? 4D f =7~ REARE <l
thresholds \ u I
* Interpretations in Hidden Abelian Higgs ¢ ! a
model (HAHM) and RPV SUSY model
10 = mx = 60 GeV
Pylty), Ppu,) [GeV] CMS Simulation Preliminary
A 5 1— L | R | L | L | L | R
c [~ e Run 2 (2018) m(H) =125GeV = 7]
28, 28 ——Run2(2016) § 0sb- Run 3 (2022) m(Z)=20GeV -+
TR Run 3 (2022, L3) ]
23, 23 __Run2(2018) % 0.6 — Run 3 (2022, L2) 7
S F ]
s 04 -
16 10 | Run 3 (2022 B 8 02BN 3
g2 -
Run 3 (2022, 1.2) SR
10, 10 —+ ™|

Axis not to scale

| | |
| I L

0.01 1 Tracker end d, [cm]
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Search for Displaced muons_

: : : L
Search for long-lived exotic particles p g
: : i I
decaying to a pair of muons Z , . /x é .
« Uses 2022 Run-3 data Hoomoo iH ? g
- Improved sensitivity due to lower trigger ? a0 f 7R ST <l
thresholds u i
* Interpretations in Hidden Abelian Higgs ¢ ! 7
model (HAHM) and RPV SUSY model
10 = my, = 60 GeV
36.7 fb' (13.6 TeV)
IR L0 O s B B IO L I B I R R A IR L I IR IR
N = - 95% CL limits: S . % : -
. ,F CMS Preliminary = Obserie 1 102 CMS Preliminary 2% St upper imits =
T 10 E m(H)=125GeV - - Expected (median) q 7 E m(H) = 125 GeV - - Combined exp: (median) =
L - m(zD) - 40 GeV Expected (68% quantile) 3 L 10 E m(Z)=40GeV Combined exp. (68% quantile) §
R 10 EE B(Z. o) < 0.134 = Expe_cted (95% quantile) EE R = . ZDa 0434 Combined exp. (95% c_|1uantile) 3
S D TMS-TMS exp. (median) = 1 BlZ,—u) — 13.6 TeV obs. (36.7 fb') =
5 g - - STA-STA exp. (median) - 1§ — 13 TeV obs. (97.6 fb™) S
= " = 10 g =
10 B TMS +STA g - = Run-2 + Run-3 3
: 3 10 =
10° - :
E 10—3 _E ............................................................................ E_
10° = : :
= = 4 e NN\l _._.
104k j Y E
E 1075 e i
10_5 RTTIT IR T vl T I RTTTT MR MR Eu.u.uﬂ T BRI BRI T AT B RTTTT MRS T M IIIE
10° 102 10" 1 10 10® 10° 10 d 25[0 A ?6 10° 102 10" 1 10 102 10° 10° i 95[0 1 6
Improved sensitivity with Run-3
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Search for displaced vertices

Search for long-lived particles with at least one
displaced vertex and missing transverse momentum

q
« Sensitive to long-lived particles with mean proper decay P\ = “.oe® . ... .
lengths between 0.1 and 1000 mm -
. T i 4% v 51 U 5
ML based analysis for discrimination of background 1
: : q
displaced vertices . .
long-lived gluinos ™ -
,  CMS Simuation Preliminary 137 fb (13 TeV) ,CMS Preliminary 137 fo”' (13 TeV)
% = background MC R §1O ; o - I_IH_”| T . .
z W) MG stat. uncertainty = ¢ 95% CL upper limits: [ 68% expected G|u|nos with
—_— ¢t =0.1 mm, AM = 100 GeV Q103 —— Observed 95% expected = _
g s ¢t = 10 mm, AM = 100 GeV | © = e Median expected “ gg production, B=1 - ct =110 100 mm
'§ : 7 ct=100mm, AM=100GeV [ 102 | excluded @ 959 C|_
= Mhrack =9 for gluino mass
ol ] 10F = < 1.8and?2TeV,
: 1k 1 when AM = 100 and
S — ! 200 GeV
107" E
ol // / /
10°E _
C o~ —0 .
: // ////// 10729 ~ da = most stringent for
/ - m; = 2000 GeV, m, = 1900 GeV ,
Olllb-llllloz 03 O4I-II65I)II(I)6IIIIO|7IIII08 09%1 10_3_ | IIIIIII| | IIIIIXII| | IIIIIII| | IIIIIII| A mOdels Wlth
5. 0.1 1 10 100 1000 ot < 100mm
CT; (mm)
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Higgs decay tO LLP PRD 106, (2022) 032005

* Hidden sector models predict exotic Higgs decays to LLP p g
- Search for events with two displaced vertices from b ;;",;04 f
long-lived particles (LLP) pairs __°E=:== f

* Requires reconstructing vertices of LLPs decaying to jets P : _

IN the muon spectrometer, displaced between 3m and 14m . /
with respect to the primary vertex 0 events observed with
- Dedicated muon spectrometer multi-Rol trigger and | 0-32 * 0.05 expected bkg
track segment and vtx reconstruction in muon BR(®(125)>s5) =10%
spectrometer excluded for c1(s) in range
. , 4cm—7.8m
- Background from punch-through jets suppressed with for m, = 5 GeV

track & calo isolation

>\ 0-45 _| LI | T T 1T I L | TT I-z:' I |||||||| I LI | T T 1T I L 3 0-25 | ! ! ' I ! ' ! I ! T T EI ! T T ' T ! ! T T ' ! ! | ! - E 1 E

e = ATLAS Simulation I R c - ATLAS Simulation © - 8 =

o 04F @ o 95 & 4 9 - 3 3 5 -

S “*E Barrel (| < 0.7) Qo o 4o o © | Endcaps (1.3<In|<2.5) % s me »

% 035 f——e— Mg,m_ =[125,5] GeV E J— % 0.2 [ —e— m,,m=[1255] GeV .¢.¢'_¢,_ ] x 10 S

= 8 momei2516]Gev | - o - —&— m,,m_=[125,16] GeV = o . :

% O 3 o s _L'L"_ + 1 T % - s — n - %z ~

8 O08F—— mumasssicor == N 8 sk —#— m,,m_=[125,35] GeV $ 4 B T ] IR N R RS A

£ gogE T mam125s5 Gev e . S 0I5 —— mum 12555 Gev _+ & _4} ] © E Baras)s ss = 1%

-oq—l') . E : 2 B = c I

()] ! ! — [7) » n o _3

> 0.2 :4; = ' = R - A J|> ~ 107E

O - - ! 1 O 01 5a + - E E 3

s 0150 58 R A = - Lt o (gL ATLAS — my,m, = [1255]Gev
C 1 : J B E- . , =[125,16] GeV F

c 0.1 —%>—_+" e ¢ + v + 1 & = (s=13TeV, 139 b ZZ 2:{125,35} cov

=) = =5= o —A E g —o—'°'+ 3 i - T Observed limt ... My, m_ = [125,55] GeV -

E 0-05: —A— _{:':- : — E — H— $ I (_JI 10_5 1 1 ||||||I 1 1 ||||||| 1 1 ||||||| 1 1 | I
- —o- ' .- B & ] -2 -1 2

OO | I -l % Ll Ll 2' 1Ll |§#l |4| L1l é ) I | 6| Ll 7 8 Jo L 11 9 O . . \ I . ' : I , g E -O-I . I . . . I . " , | ' % \o 1 0 1 O 1 ) 1 0. 1 O
0 2 4 6 8 10 12 %f 2 Proper lifetime (ct,) [m]

hong=ived partcie L, m| Long-lived particle |L | [m]

Also limits for m, = 125
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Higgs decay to LLP @ LHCDb .........

« Two LLP production processes: X G X
o A Higgs-like boson (mass 30 to 200 GeV)
decaying into LLPs (t: 5 to 200 ps)
o Direct LLP production from quark interactions -"*0""{ :\
(mass: 10 to 90 GeV), where Xis a stable h
particle, with mass identical to the LLP
. ' =0 (qq ()
The LLP doecastr Into a muon and two (a) X1 (b) X1
quarks (¥1 = 1" qq;)
2 10 sm @ ] 2 P ®) ° |
— Data = Z Mg =60 GeV/c? From H|ggs
NC ----- Signal _§ g 1 .
; o bb sim. % ol é Decay
> 4 2 10
) S Mmge=10 GeV/c? S
s O O
% L Sb 160 léO 260 5 10” 5IO l(I)O 150 260 )
= I Higgs mass [GeV/c] Higgs mass [GeV/c]
LTQ-] L 10 5 . : :
A 1] . . _ LHCb_1 .—10:_ LHCb_1 E
0 50 100 %50 —§1 m)zosz.%f(g)(}eV/c2 @) é 10 L Q"-..‘ T4 ii(f)bps (b) 1 Non-Resonant
LLP mass [GeV/c] g ! ' g W ' .
2 g2 production
S 2 10"
O S
e T T R I R
LLP lifetime [ps] LLP mass [GeV/cT]
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Summary

« Large number of BSM searches at LHC
o Stringent limits in several models with Run1+Run?2 data
o A few small excesses observed
» More data needed to make conclusive statement
« Analysis of Run-3 data starting to ramp up

o With improved analysis technigues and extending to uncovered
regimes

Smy Tuned
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High maSS H 9 WW CMS-PAS-HIG-20-016

Dilepton Analysis: . e i "
H> WW -2 ey + w H " v y
H-> WW > ee/up + w z;]> _ e

1%,%4 = W, Z w "
Events categorized by Vi
multiclass DNN: e 138M7(13TeV)
- 99F E oy e
e 1 e
- background —Exp. for SM-like Higgs

Search in four scenarios:

107 Scenario: g =1 E
° fVBF =0 (ggF Only) . . 3.8 (26)0 local (glObal)

95% CL limit on 6(H—WW—s2I2v) [pb]

o[ @ 650 GeV
¢ fVBF = 1 (VBF Oﬂ|y) 102%
« Floating f F onl - 3 . .
9 fver (99 ) 102} . Assuming 2% relative
¢ SM fVBF - 1 . .
ol signal width
10_5 :— T T R R N S,
1000 2000 3000 4000 5000
m,, [GeV]
Scenario Mass [GeV ] | ggF cross sec. [pb] | VBF cross sec. [pb] | Local signi. [c] | Global signi. [¢]
SM fvgF 800 0.16 0.057 3.2 1.7 +0.2
fver =1 650 0.0 0.16 3.8 2.6+£0.2
fver =0 950 0.19 0.0 2.6 04 +0.6
floating fygr | 650 29 x107° 0.16 3.8 2.440.2
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High maSS H 9 WW CMS-PAS-HIG-20-016

+
€ Q Q

Dilepton Analysis: - = =
H> WW > ey + w H ) - w
H> WW > ee/up + w T _ -

144 W,z W -

Events categorized by DNN:

- ggF
- VBF
- background

X
=

Q2 g

A
Y

Other scenarios

138 o (13 TeV) 138" (13 TeV) I __138fb7(13TeV)
o) L L = L T P e i B B B o) |
o 10 CMS - Observed 3 & 10fFCMS - Observed = = E)E)s:cr:}/:g
_ Preliminary ----Expected 1 = Preliminary ---- Expected =
& [ 68% expected & [ 68% expected & [|68;Vo expected ]
N 1 [195%expected 3 o 1 [95% expected % [95% expected =
g —Exp. for SM-like Higgs] T — Exp. for SM-like Higgs = — Exp. for SM-like Higgs
1 = . ]
< 107'¢ Scenario: f, ;=0 T = Scenario: Floating f ;T Scenario: SMf, g 3
T T -
T 1 L
T 102: © ©
c
& & S
= -3 = = |
£ E E " TSinm ;
| . N '
O 1 0—4 L O O
2 2 >
g Yo o
o o o
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my [GeV] m,, [GeV] my [GeV]
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H .i g h m a SS H 9 WW ATLAS-CONF-2022-066

ATLAS: Cut based analysis:

Dilepton Analysis: Categorised to VBF and ggF based on cuts
H-> WW -2 ey + w

'5‘ :I T T 1 | ' T TT | ' T TT1 | T T T | ' T TT1 | I'T TT | T T T T T T T T I: g :I rr I rrrT I rrT I L I rrTT | FTT I UL T T U I:
2 - . ’ gy - . .
= [ ATLAS Preliminary - s ATLAS Preliminary —
? "“F \s=13TeV, 139 fb" E ~ F Vs =13 TeV, 139 fb E
- 3 I B ]
% . NWA, ggF, H — WW—sevuv ] = [ NWA,VBF, H > WW—evuv i
T oF . 0 (] +20 1
T : T F Mo E
0 - . g e Expected i
g; T = ] i —— Observed Limits
© C - ©
S - - g 10_15— =
E o E St ;
2 - a | ]
O . . O
X | X 107 E
& 10°F = 3 - ]
o e 0 o pew moo0 w0 s a0 R T T TR T
m,, [GeV m,, [GeV]
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Same-sign top pair production via H/A

Benchmark model: Generic 2HDM

* Event selection: same-sign di-lepton, 3 jets

* Signal extraction: BDT based on kinematics and
jet flavor-tagging scores

CMS 138 fb (13 TeV)
[ S L L B B L L B
%1 o8l \_/BS [114] 1] \_/V [164] E Others [226]
€ It [408] [ tiH [479] [ ttw [668]
210" ¢ ] Nonprompt [2648] ¢ Data [4691] [ Total unc. &
'-”1 0° L = 92HDM Signal(x2.5)

= m,=350GeV,p =1.0
5 tu
10°¢ Interference

10* ¢

my - my = 50 GeV

ptu VS. mA

m, = 350 GeV,p_= 1.0 0.4

_ 0.4
10°t  Interference .
10%_ m, - m, =50 GeV § J0- 1
10°E

0.2 0.2

10%

CMS 138 fo' (13 TeV)
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' ' ' ' ' ' ' I T | | | > 2 T T =
g ) ] | g2HDM S | g2HDM S
S 1/////////Ay////////////////////(/////////////////AV//////////// A Nodntera e 10 £ No mterference =
S 0.9 g i = i T
06 04 02 0 02 04 06 08 1 0.8~ —Observed L 0.8~ —Observed 12 2
BDT score . ----Expected ) . ---Expected m
Fo! 3 ¥o!

=S N R B IS I I I BRI B B
©10°| [ VBS [53] [V [91]  []Others [202]3 0.6 L o6 o
€, - Il t[351] [CJttH[421] [ HW[567] - 1 g = 10 g
°>’10 [ 1 Nonprompt [2103] ¢ Data[3791] [ 7] Totalunc. 3 _..:. L _..:,
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Q Q
Q Q
= =
— I
@) @)
2 2
To) To)
o o
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1 m, [GeV] m, [GeV]
g;j// A /////////// without the A-H interference
06 -04 02 0 02 04 06 08 1 (Interpretations also with A-H interference)
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X 9 (I)(I) 9 (YY) (YY) (merged d]phOtonS) CMS-PAS-EXO-22-022

Search for a massive resonance XX decaying my : 0.3 and 3 TeV,
. . . o o
to a pair of spin-0 bosons ¢ > yy my/My: 0.5% - 2.5%

108 138 fb' (13 TeV) . -1
c [ohs Preliminary | e CMS Preliminary 138 fb™' (13 TeV) 1
o pesa m™ - 0.98 kS Failing region . =
2 uoe / ume = 0.98 % S _ X — (]) (I) — (YY)(’Y’Y) — QObserved - E
q>') odata / oo = 0.81 - ] _ o === - S,
w 55 0.6 0,65 0.7 BR((I) — YY)_1 OO /O == EXpli1 Gexperiment B (-
49 Siadin S my [GeV] R | O
[ r _ _ T | —
- Passing region \—\62\ ‘l ‘ '| | | 8
[ —e— data = 1 1 _ (7))
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L . o e e : N —
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m; [GeV] E>< B N Rl Cg’
1 1
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= E ' ‘ — T T O 1 1 = -1 =
= 8 CMS Preliminary 0-44% < a'**° < 0.49% - S il AR 10 =
S = + Data X — 00 — (v7)(vY) - 0.015— ] =
S Y= — Diphoton Fit (mN)/f=1/9  — E 1 LY O T —
2.‘ - My = 400 GeV L ~— : : _ 1 ()]
. 6 m, = 2 GeV - " K = Q
EL G = Cyeory /100 I B 1 ] o
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> 2k | E most sensitive search of its kind at the LHC
300 400 600 1000 2000 3000
My [GeV]
Phoe

Arun Nayak


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-022/index.html

High mass X — Zy

arXiv:2309.04364

Signal benchmark:

Higgs Characterisation Model
(https://arxiv.org/pdi/1306.6464.pdf)

> T T I > T T T |
o ATLAS 8 4 ATLAS
G 10 G 10
‘C_) E = 13 TeV, 140 fb-1 ; gitBamOdel ‘C_) E = 13 TeV, 140 fb-1 L [S)itBamOdel 3 LA L L B B I B B LI L L LA N N I L N B BN B B B
> 10 eey —— Background 5 10° ny —— Background = i ]
T B %N 420 GeV signal T Ty e 420 GeV signal >~ {02k ATLAS Expected —
s 10 s 10 ’# i Vs =13 TeV, 140 fb' — Observed E
16 i0 > 99— X Zy, spin-0 [ Expected £ 16~ ]
m [ ]Expected+2c
X
1 1 — 10k —
x = E
10"k 107"k iy - .
= = Q i ]
102 102 ° B .
= oF 5 1E =
10°g . } = 107 . ‘ = = = 3
= —é;_’ X— Zy, spin-0 “‘ ‘50 J00 0420 430 440 :o . :— gg— X— Zy, spin-0 “\ 0430 = g : :
10k AR | = 10 ' \ | o 3 i ]
3 o ' b 3 I 3 =
C 2 _— —: C 2 7 Q_ —1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
g . g o 10777500 1000 1500 2000 2500 3000 3500
= C =
2 of 2 my [GeV]
: 1 1 1 1 1 1 1 | : =l 1 1 1 1 1 1 1 | 1 1 :
3x10? 10° 2x10°  3x10° 3x10? 10° 2x10° 3x10°
mz, [GeV] mg, [GeV]

Highly boosted Z boson for high mass X
XGBoost to reconstruct collinear electrons
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Charged Higgs decay to Vector bosons

VBF production of H* > W | HE - WAL

Searches for VBF production of charged Higgs
boson, and decaying to pair of gauge bosons

- Motivated by the Georgi—-Machacek model, with
SU(2) scalar triplets

« (Clean signature: two isolated same-sign lepton (2/ss) or three
isolated lepton (34), with two VBF jets

« Signal extraction using binned max. likelihood fit of 2D distribution (
MV and m; )

137 fb' (13 TeV) 137 b (13 TeV) 137 o' (13 TeV)
E . T T I T T T T T T T T T i 'E : T T T I T T T T T T T T T U)I
o [CMS —iObEsed 1 & [ECMS — Observed :
g I B 68%expected | N B 68% expected 08l
*'; == 95% expected 1 = L B = 95% expected 3 f == Observed
sugh @ g ceof g =1 ] [ ¥ 68% expected
T 10" O 8= 1 T Taw Sy 0.6 | = 95% expected
1 F Hrw J/m(H,)> 0.1
T I
Q 0.4
x -
i @ P
>
&) 1 0.2 ;
et el L 1 | 1 1 1 L '.'l 1 1 | L 500 1 000 1 500 2000
1000 2000 3000 my, [GeV]
m,,- [GeV] m; [GeV]
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JHEP 06 (2021) 145

Searches for the production of toH*, H*—>tb, in the mass range 9.QQQQQQQ —<——1

200 GeV -2 TeV. '___f_lf__<5
. . t
 Final state: 17 + jets !
9.QQQ0Q0Q———b

« Events categorized according to no. of jets and b-jets
« Neural Network to discriminate signal from background
« Background dominated by tt+jets (normalized from control regions)

« Limits on production cross section times branching fraction, and interpretations in
MSSM scenarios.

= LELAYL T 070 | 22, JiE | | 2 NN ) LA \ 0 IR | | R, 005 | LA LA A @- 0 el ]I'Illlllllllll 2 "'][]I'Tl1lrl]"""'r]]""I'II‘]"I'IT'I']I‘I'
2 T T SIS e T e T T & 40 w 1 5% arLas ¢ Data .
- ATLAS —e— 95% observed CL, = — 30 i - (S =13 TeV. 139 fb" B H' 200 GeV -
8 OB\ O\ o e 95% expected CL ] i ATLAS 4 _ e [t + light
N (s=13 TeV, 139 fb™! g Expected+ 16~ 20l | T o Df+>c
" (] Expected £ 20 i 95% CL, exclusions [ oSkl Bt + 21b ]
L 15 —e— 95% obs. 36 fb"' result = H—tb () Observed i500LC @ttt + X A
3 A . VRN 95% exp. 36 fb" result 3 10 hMSSM .. Expected F it [ non-tt .
i - —— hMSSMtanf = 0.5 2 " Vs=13TeV [ Expected + 10 ] Uncertainty
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T A TN | A Expected 36 fb™'
a 10 1 - N Vil -
& E ' 2
© C
L )
5 1F B gl 3
R £ o
1072'_111111111lllllllllllll ] gigugiifiy 1111 0-6—l L) l Py 1J o) 1 1 l RN RN 7 E 1'0;—-;'._.
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m,, [GeV] “0 01 02 03 04 05 06 07 08 09 1

m,. [GeV] NN output
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Charged Higgs decay to Vector bosons

. . ii . p n 'l‘ e-fli 3 b ) } i : - 4 ¢
Pair productlon of H**, associated 8 o e T ATLAS
production of H* and H*=. P N eIy (13 Tev i )

. 25 Total uncertainty
- Motivated by Type Il seesaw model 20
15
q w- q w~ 10
y A A
vzt 8 2 *
w* N W 8 e b . ech “ ’
\ ; A . :
q [;:\F q ’{;:V: |-ﬂ'=n”~ :l 2()()0;-‘\"" I—ZT:‘:’H“ 313()1)(};:" N:'H -‘14()()( tl ZI:‘H” :lsou(}c:‘l
Clean signatures: two same-sign leptons
(2¢ss), three leptons (37) and four leptons (474). Strong limits on ¢ x BR
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) . £ B 2

E ’ A TLAS —e— observed 95% CL upper Iimit - ‘e 50 :_ A TLAS : —e— oObserved 95% CL upper Iimit a

'g 00 :_ E—1 3 TeV 139 fb’ : - - - - expected 95% CL upper Ilmlt—: »? [ 3\ TeV 139 fb - - - - expected 95% CL upper limit :

b 80— [ expected limit (+20) 7 ? 40 = \\ [ | expected limit (+20) E

" E [ ] expected limit (+10) T < E '\\ [ expected limit (+10) 5

% 60— ——— Theory (NLO QCD) A = 30 \ ——— Theory (NLO QCD) -

e E i i - .

. E u [ z s

T 40f J T 20f -

1 E 3 : :

g 20F - CI& 10F- =

> 0' ....... | AFPAPRPR] B BPIPE) RFrBr e o T e ] e N e 7l § 0: N WS O IrE BT P e b e e e o o :

© 200 250 300 350 400 450 500 550 600 ; 200 250 300 350 400 450 500 550 600

my =+ [GeV] ny i+ [GeV]

Phoenix 2023, 18 - 20 Dec. 2023 Arun Nayak JHEP 06 (2021) 146 49/40


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-06/

X 9 S VV H, H%TT JHEP 10(2023)009

YHDM+S model (e.g, NMSSM) 7 70000° 8
 X>SH,H>ttandS 2> VV (lor2/s) Y ¢
e Mx: 0.5-1.5 TeV, Ms: 200-500 GeV XN
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 BDT to suppress background in each SR
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LFV Higgs decayS CMS-HIG-20-009

Search for H>et and ut decays B ‘ Ty
« Forbidden in SM, but allowed in many BSM >0

models
» 2 tau decay modes: Ty, Of Ty, Y

« Jet based categories designed to enhance the
contribution of different Higgs production
mechanisms: O-jet, 1-jet, 2-jets (ggH), and VBF 104k

« BDT classifier to extract signal
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LFV Higgs decays

Search for H>eu decays T

4 EEm Expected *+ 1o
Vs =13 TeV, 36-139 fb Expected + 26

« Events with b-jets and significant MET

300

are rejected to suppress backgrounds N :
« Events categorized according to p+°+, o1 '
ne, and VBF '
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