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The Beyond SM Landscape

* Physics Beyond the Standard Model (SM) come to two
different categories: confirmed and

Gravity

Dark Matter Dark Energy

* ... and there is the related topic of SM properties that are
unmeasured or less well measured

Higgs & rare electroweak processes B-hadron physics, ...

Precision measurements
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What a collider can do for BSM?

e Colliders are like supermarkets

You find there pretty much everything and cheaper, but just for some things you
go somewhere else to buy them!

Zl’ W’
SUSY, Extended Higgs sectors Radion
Long-Lived particles, Vector-like quarks, Dark sector searches
leptoquarks, ... Gravity
Dark Matter Dark Energy
Axion-like particles CP violation searches

. Higgs
See-Saw inspired searches
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A word of warning

* All collider experiments are relevant for BSM Searches

* That goes beyond LHC to include e*e- machines (Belle, Babar,
BES)

* Includes not just pp but also heavy ion collisions

* In this talk I will include mostly ATLAS and CMS results + some
mentions from LHCDb

* Due to very extensive amount of work and models that fell
under BSM only a very limited range of models will be
mentioned
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A Supersymmetry (SUSY) Primer

Or: How we learned to stop worrying and love SUSY

v SUSY models: prime examples of how to address hierarchy & naturalness

v For each fermionic dof there is a bosonic dof, i.e. a fermion like top has two susy top
partners (stops) with the same mass

v but this cannot be true = SUSY is broken

v most SUSY signatures have to do with decay chains

v Lightest SUSY particle is expected to be stable: dark matter candidate

A
X 0 o“)@”
X°mass &

stop

Region we started
looking at the
beginning of the LHC

top
stop mass
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Some examples of SUSY searches
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Some examples of SUSY searches
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-004/index.html
https://arxiv.org/abs/2201.02472
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Beyond SM Higgs bosons

 The Higgs boson was discovered 10 years ago and a
systematic exploration of the Higgs sector could be done
only with the LHC

v SM: minimal with only one Higgs doublet
v Many beyond SM scenarios require an extended Higgs sector, e.g. SUSY, axion models,
etc
v You cannot extend the Higgs sector in any way you like:
- Add singlets or doublets make easy to respect precision measurements
- Any other multiplet (e.qg. triplets) needs some fine tuning
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Two-Higgs-Doublet model (2HDM)

* Appears in SUSY, axion etc

« 2 electroweak doublets = 3 neutral Higgs bosons (h, H, A),
2 charged H*

* Free parameters: Higgs masses, tanf3, cos(3-a), ...
* (weak) decoupling limit: cos(p-a)— 0

e Typical signatures:
Neutral bosons: A— Zh,A— ZH, A/H- Tt/ bb, ...

Charged scalars: H* -> 1v, tb, cb, Wh, ...
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Some typical 2HDM searches e o eoss s
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Some typical 2HDM searches
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Minimal Supersymmetry

ATL-PHYS-PUB-2021-030

 Minimal SUSY features a 2HDM Higgs sector
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Less typical 2HDM & Beyond the 2HDM

 Heavy X (1-3 TeV) to a pair of light ¢ bosons (25-100 GeV)

arXiv:2203.00480
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Less typical 2ZHDM & Beyond
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Double-Higgs boson production

* HH production is unique tool for both new and SM physics

* Non-resonant production: probes Higgs boson trilinear
coupling and its possible deviations

* Resonant production: relevant to most extensions of the
Higgs sector, as well as more exotic models

 Most sensitive channels:
HH — bbbb, bbtrt, bbyy

NITITTTITETTT oS !
g - CRRTIITTTIITIITD e H
LA & ----- i: A
HIX s __
UNTTITTTITI T B RTTTTITTITITER - R e H
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Double-Higgs boson production

 Some examples of LHC results from HH production

HH — bbbb HH — bbyy ATLAS-CONF-2021-052
arXiv:2202.09617 arXiv:2112.11876
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Searches for more exotic particles

 New vector bosons
* Very typical to look for DY production of Z’ or W’
* Vector-like quarks

* Coloured fermions with the same EWK gquantum numbers
for LH and RH chirality components

* Simplest example of coloured fermions still allowed from
LHC

e Extra dimensions

« Kaluza-Klein (KK) excitations of SM particles give a plethora
of new signatures
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Searches for more exotic particles
arxiv:2202.12988
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Dark sector

ﬁtandard Dark sector

~ May be related to:
Dark matter
Long-lived particieéss
Dark photons -
AXions
Hidden vaIIey
particles, ...
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Dark sector

* How to make the connection

* Which model =
e.g. Higgs portals, ... Yy % o

Dark photo"'-» :
. 5 N Axions .
. . 3 Hidden valley {88
‘\;:_\ N i | § e
* What kind of mediator U

e.g. scalar, vector, ...
or agnostic via EFT

Example that has been used a lot at the LHC: 2HDM + pseudo scalar mediator

i N
Some examples of relevant signatures: <
Zorh+MET mono-jet Other MET signatures 9
-Hi - o
(mog]o Higgs or mono-2) S
' Z/h Tp)
o
o
—i
-~ X D_
_. ( Q.
T
- P
X
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Search for mono-Z

arXiv:2111.08372
* 2HDM+a, 2HDM+Z', more exotic models arxiv:2008.04735
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Axion-like particles

* Axion-like particles: looking for light pseudoscalar particles
decaying to photons, leptons or quarks, e.g. ALPs in Higgs
decays: h = aa = yyyy / yubb / bbbb / bbtrt ...

but also in heavy ion collisions
arXiv:2008.05355

K0 o e B ML Existing constraints from JHEP 12 (2017) 044
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VBF Higgs to invisible

e Dark photons in Higgs d

q

* Fully invisible Higgs déocays
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Other dark sector searches

ATL-PHYS-PUB-2021-020
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Long-Lived particles

* This is a topic that is broad enough that does not fell into a
single physics category

* SUSY, dark sector, axions, ... all have signatures with long-
lived particles

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary

Status: March 2022 f[ dt = (20.3 - 139) fb! V5=8,13TeV
. . Model Signature  [Ldt[fb™'] Lifetime limit Reference
 Particularly challengin e T e
RPV x{ — eev/euv/uuv  displaced lepton pair  32.8 | x? lifetime 0.003-1.0m m(§)= 1.6 TeV, m(x3)= 13 TeV 1907.10037
. GaM 2 - 26 displaced dimuon  32.9 | x? lifetime 0.029-18.0m m(E)= 1.1 TeV, m(x3)= 1.0 TeV 1808.03057
GMSB non-pointing or delayedy 20.3 | x{ lifetime . o0s5am PS8 with A= 200 TeV. 1409.5542
S I n C e e e C O r S GMSB7 - (G displaced lepton 139 | Zlifetime 6-750 mm m(f)= 600 GeV 2011.07812
5 GMSB 7 — & displaced lepton 139 | # lifetime 9-270 mm m(f)= 200 GeV 2011.07812
- @ AMSBpp - xpduix;  disappearingtiack 136 | i lfetime 0.06-3.06m m(x;)= 650 GeV ATLAS-CONF-2021-015
W e r e n O t e S I n e fo r AMSB pp - xix?.x{x;  large pixel dE/dx 139 | lifetime 03300m  m(x;)= 600 Gev CERN-EP-2022-029
Stealth SUSY 2 MS vertices 36.1 | §iifetime 0.1-519m B(g — 38)= 0.1, m()= 500 Ge 1811.07370
. Split SUSY large pixel dE/dx 361 | g lifetime >09m m(g)=18TeV, m(x2)= 100 GeV. 1808.04095
S u C h S I n at u r e S Spit SUSY displaced vix + E7S 328 |  lfetime 0.03-132m m(g)=18TeV, m(d)=100Gev [ 1710.04901
SpiitSUSY 06,2-6jets +E7™ 361 | glifetime 0021m m(E)=18TeV, m(x2)= 100 GeV | ATLAS-CONF-2018-003
Hoss 2 MS vertices 139 | slietime 031-724m  m(s)=35GeV 220300587
© Hoss 2 low-EMF trackless jets 139 | s lifetime 0.19-6.94 m ml(s)=35GeV 2203.01009
S VHwith H > ss - bbbb 20+ 2displ. vertices 139 | s lfetime 4-85 mm m(s)=35 GeV 2107.06092
% FRVZH = 2yq + X 2 pu-jets 139 | a lifetime 0.654-939 mm m(yq)= 400 MeV ATLAS-CONF-2022-001
§ FRVZ H — 4yy + X 2 p—jets 36.1 74 lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
B -2z, displaced dimuon  32.9 | Zq lfetime 000924.0m  m(Zs)=40GeV 1808.03057
Ho 224 2e,1 +low-EMF trackless jet36.1 | Zq lifetime 02152m m(Zy)=10Gev 1811.02542
AT L = P H Y S = P U B = 2 O 2 2 - O 11 ®(200GeV) > 55 low-EMF trk-less jets, MS vix36.1 | s lifetime 0.41-51.5m o x 8= 1pb, m(s)= 50 GeV 1902.03094
% (600 GeV) 55 low-EMF trk-less jets, MS ix 36,1 | s lifetime 004215m @ xB=1pb, m(s)=50 GeV 1902.03094
P o1 Tev) > ss Iow-EMF trk-less jets, MS vix36.1 | s litetime 0.06-524m o xB=1pb,m(s)=150GeV|  1902.03094
W NG N ety displacedvix (uu,ue, ee) + 4 139 | Nifetime 0.74-42 mm m(N)=6 GeV, Dirac CERN-EP-2022-017
W NEN — (v displaced Vi (ujie, ee) + 4 139 | N lifetime 31-33mm m(N)= 6 GeV, Majorana CERN-EP-2022-017
;‘ W - NNty displaced vix (uu e, ee) + e 139 | NIiifetime 0.49-81 mm m(N)= 6 GeV, Dirac CERN-EP-2022-017
W = NE, N - ety displaced vix (uy,ue, ee) + e 139 | N lifetime. ; 0.39-51 mm : ! i m(N)=86 f.:eV, Majorana CERN-EP-2022-017
0.01 0.1 1 10 100 cr [m]
- VE=13TeV | V5=13TeV
partial data full data L L L L .

0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.

7 [ns]
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Examples of long-lived particle searches

arXiv:2203.01009
* Displaced hadronic jets arxiv:2012.01581
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Examples of long-lived particle searches

LHCb: arXiv:2012.02696

. ATLAS: arXiv:1907.10037
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Future prospects

* Any new collider project approved or proposed will be
relevant to BSM physics searches

* Here | will only briefly mention

* Dark sector experiments related to the LHC
- FASER, Anubis, Mathusla, Codex-b, SHIP, ...

* High-Luminosity LHC (HL-LHC):
approved; will operate at 13 TeV from 2029 for about 10
years to collect 3 ab™

* Future Circular Collider (FCC):
proposed; 100-km tunnel in the Geneva area to host ee, pp
and maybe also ep colliders after 2040
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e Mathusla

Multi-layer tracker

arxiv:1806.07396
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Dark photons to muon jets

HL-LHC {3000/fb)

BR(H= inv) = 1%
W FRun-3 (300/fb)

FRVZ Model - muonic channel only

] - ‘.

ATLAS Simulation Preliminary

100
Dark Photon Mass [GeV]
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Prospects: HL-LHC

ATLAS and CMS projections of sensitivity at HL-LHC are mostly based on
extrapolations of current results with some assumptions on future performance
Di-Higgs projections play prominent role: HH observation to > 30 per experiment, but

more exotic signature studies are also available e.g.:

MSSMH - 1t H - aa - bbtt
Projection -
CMS Projection _ CMS Projecion 3000 ™ (13 TeV)
95% CL expected exclusion: YR18 syst. uncert. e 10 pPpr——r—r—" 71— 77 rrrrg 1 3
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Prospects: FCC  ‘wepartvart "

Higgs to invisible @ FCC-ee

Long lived Higgsinos 55|\/| z’ searches
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Conclusions

* No new physics yet ...
* But we have made progress

* We know much more about what the new physics may look

(or may not look) like with respect to what we knew before
the LHC

* The exploration of the region below 1 TeV has made strides
but it is still iIncomplete
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Additional slides
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SM Higgs vs 2HDM

 Measurements of SM Higgs have a significant impact on
the 2ZHDM

ATLAS-CONF-2021-053 CMS-HIG-17-031

ATLAS Preliminary o ATLAS Preliminary o
VS =13 TeV, 36.1 - 139 fb~ ---- Expected 95%CL Vs =13TeV,36.1- 139 ™" e Expectisl gL
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