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How we look for new physics?

* |In all ways!

 Complementarity between direct searches, precision measurements and EFT

e For direct searches, in case of discovery we can measure the properties of the
new particle(s)!

e and everywhere:

e Broad signature-based program: >600 BSM analyses from ATLAS and CMS
exploring different phenomenology, models, kinematics

 Many reaching and passing the TeV scale

* Constantly asking if we miss any signature or leaving gaps



Current challenges and limitations

* Difficult phase space:

Need for methodological
> innovation (already now) and
future colliders/detectors

* [rigger strategies
* Reconstruction

* Extension to longer lifetimes

> Need for future colliders/detectors
e Extension to higher energies



Overview of this talk

Large
for simple r

mass splitting

feebly interactive

or via kinematic mixing EWK

>

coupling strength to the SM

More models/possibilities available! These chosen as benchmarks for this talk



Overview of this talk

mass splitting

>

coupling strength to the SM



Overview of this talk

Experimentally challenging but well motivated!
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SUSY EWK compressed spectra



EWK SUSY compressed spectra

 Naturalness and DM arguments suggest light Higgsinos ”

* Higgsinos thermal DM target: 1.1 TeV

)

June 2021
; 40 I I I I I I I h/ | I I I I |
D 20 Y ATLAS Preliminary
@) B V/S=13TeV, 136 - 140 fo~
—_ ’ PP — X3X7 > X3X %> XiX1» X5 X3 (Higgsino)
O~ L RN |
1 1 O B RN - All limits at 95% CL
- - h — Observed limits
H 5 B ) - - Expected limits
| >< B ’ ]
E , _
1 - } 3¢ + Soft 2¢, arXiv:2106.01676, 1911.12606, m(x3) = m(x%) + 2Am(XE, {9) -
- Disappearing track, arXiv:2201.02472, m(x39) = m(x?) ]
05+ LEP2 Y excluded —
= == Theoretical prediction for pure Higgsino
O 2 | | | | | | | | | | | | | | | |

Similar results by CMS, including the small data excess



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html

EWK SUSY compressed spectra

« Naturalness and DM arguments suggest light Higgsinos  * pr—
* Higgsinos thermal DM target: 1.1 TeV 1
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e Signature depends on composition and masses of EWK states
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EWK SUSY compressed spectra

* Naturalness and DM arguments suggest light Higgsinos ” pr—
* Higgsinos thermal DM target: 1.1 TeV X
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EWK SUSY compressed spectra

 Naturalness and DM arguments suggest light Higgsinos
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EWK SUSY compressed spectra
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Let’s talk more about long-lived
particles



LLP signatures

* Different signatures according to different LLP charge and life-time

snsss neutral displaced B BSM
w— Charged HSCP

dilepton M lepton
= any charge M quark
photon
Direct detection of LLP M anything
disappearing displaced
. ,. lepton

track
Detection of LLP
decay products

Challenges due to

lack of projectivity

and unusual

displaced background
photon

displaced
dijet

not pictured:

LHCDb has also a LLP program ~emerging  sut-of-time decays
based on excellent vertexing vertex jet '
performance, probing a more

forward region Sketch by J. Antonelli 14
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LLP signatures
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Dark sectors and LLP

 Dark sectors: full new sector with a DM candidate

* Mediator to interact with SM, often feebly giving LLP

e Upper limit on ¢z ~ 10’m from Big Bang nucleosynthesis considerations
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Complementary
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Decay in the tracker

Similar results by ATLAS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Dark sectors and LLP

 Dark sectors: full new sector with a DM candidate

* Mediator to interact with SM, often feebly giving LLP

Upper limit on ¢z ~ 10’m from Big Bang nucleosynthesis considerations
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Dark sectors and LLP

Trigger on displaced objects: successfully explored in Run2, large gains with improved
strategies in Run3 for many LLP signatures

CMS: select displace
tracks online and count
number of displaced/

August 2023
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Dark sectors and LLP

 CMS muon detectors used as sampling calorimeter

* Enough background suppression to allow detection of a single LLP decay —> increase

signal acceptance

 (Calorimeter showers sensitive to LLP E instead of m
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HL-LHC and LLP

Dedicated LLP detectors at the LHC

e Direct detection
g Decay products
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e Large number of proposals for new dedicated LLP detectors covering
different scenarios —> maximise the HL-LHC physics program
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Multi-layer tracker

* Direct detection: neutrinos and anomalous charge

e Detection of decay products:

* Forward: light LLP produced in meson decay in the forward region

* FASER built, taking data and producing first results!

* Transverse: neutral LLP decaying to charged particles
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* Feebly interactions + no/reduced background searches (thanks to extra
shielding) —> profit the best from high luminosity
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https://arxiv.org/pdf/1911.00481.pdf

HL-LHC and LLP

e (Going back to the scalar portal example

+ improvements obtained by
ATLAS and CMS at the HL-LHC
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https://arxiv.org/abs/2209.13128

Future opportunities with the
main detectors



Looping back to Higgsinos

plot from 1910.11775 supplemented with results from 2209.13128

Higgsino-like EWK processes
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https://arxiv.org/abs/1910.11775
https://arxiv.org/abs/2209.13128

Looping back to Higgsinos

FCC-hh and Muon Collider can
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Discovery significance
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https://arxiv.org/pdf/1901.02987.pdf
https://arxiv.org/pdf/2303.08533.pdf

Other interesting opportunities

Ways to by-pass storage or reconstruction

* Methodological innovation trigger limitations
Development on these techniques
 Real-time analyses, delayed important for trigger-based colliders
ana|yses, partia| event (usually more relevant for hadron colliders)

building (pioneered by LHCDb)

Real time displaced di-muon analysis

° An om a|y d eteCt lon ) rCMS Preliminary 32.0 fo™ (13 TeV) and 17.6 fo™ (13.6 TeV)
10° =

10

Run 2 displaced vertices

Run 3 displaced vertices

Events / mm / fb

* Opportunities at future facilities
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Other interesting opportunities

Unsupervised ML started to be used in
bump-hunter/resonance searches

. _ . Opportunity to be model agnostic
* Methodological innovation
May miss new physics if it is not deemed
anomalous (care when defining “anomalous”)

* Real-time analyses, delayed
analyses, partial event Quickly evolving field

building (pioneered by LHCDb)

Possible usage of anomaly detection in the
trigger (our selections start with the trigger!)

 Anomaly detection

10°

* Opportunities at future facilities 10 »
* Heavy particles and strong -
interaction 2 )0
* Heavy Neutral Leptons S . it Anat (area = 0.9%)
: —— CIf LQ (area = 0.94)
1073 —— CIf h%> 1T (area = 0.90)
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https://arxiv.org/pdf/1811.10276.pdf

Other interesting opportunities

New physics can simply be to higher scales
Exploration at high masses allows for possible
“surprises” not necessarily link to a model

* Methodological innovation
* Real-time analyses, delayed
analyses, partial event
building (pioneered by LHCDb)
 Anomaly detection

* Opportunities at future facilities

 Heavy particles and strong
Interaction

 Heavy Neutral Leptons
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https://arxiv.org/abs/2209.13128

Other interesting opportunities

* Methodological innovation
* Real-time analyses, delayed
analyses, partial event
building (pioneered by LHCDb)
 Anomaly detection

* Opportunities at future facilities

* Heavy particles and strong
Interaction

 Heavy Neutral Leptons
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107°
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Heavy Neutral Leptons: extension of SM v
sector that could explain neutrinos masses

2301.02602
] "A' LI B B | I ﬂ' T "" 1 I ] L) LINLEL I ] %_

3 4
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multi-TeV lepton collider can extend
sensitivity for heavy HNL up to 6 orders
of magnitude: higher production cross-
section + clean environment
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https://arxiv.org/abs/2301.02602

Conclusions

e Great machine and detectors performance + creativity of people
brought excellent results beyond expectations

* We challenged our conceptions of reconstruction, triggering and we
used detectors in creative ways

* Future accelerators and detectors have the potential to fill gaps in
sensitivity in experimentally challenging regions and to extend our
reach to higher energies

* Rungd is still under way and a discovery is still possible!

 However, there are no guarantees nor in Run3 nor in future

"Our nesponsibility co to do what we can, learn what we can,
R P Feyuman

29



Back-up



Other interesting opportunities

* Methodological innovation
* Real-time analyses, delayed
analyses, partial event
building (pioneered by LHCDb)
 Anomaly detection

* Opportunities at future facilities

Large phenomenology

« Heavy particles and strong Theory and experimental landscape
interaction still in development

 Heavy Neutral Leptons
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Disappearing track limits

2209.13128

Muon Collider 3 TeV

Muon Collider 10 TeV

Higgsino

I 20, disappearing track

I 50, disappearing track

107!

m(x7) [TeV]
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https://arxiv.org/abs/2209.13128

>1 TeV stop

MSSM Guidance:
Stop Masses above about | TeV lead to the right Higgs Masss

P. Draper, G. Lee, C.W.’13, Bagnaschi et al’ 14, Vega and Villadoro '14, Bahl et al’17
G. Lee, C.W. arXiv:1508.00576

35 | ImA=SOQ IGeV, tgnﬁ=20, ,u'=1200 GeV . i} ma=Ms, tanB=20, u=Ms

[ 130}
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o sl
125) .
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115k

1150
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AAAAAAAA

Ms=1TeV --—-- Ms=2 TeV

Ms=1TeV ——--- Ms=2 TeV
-------- Ms=5TeV -—-—-—- Ms=10 TeV ceneeeee Mg=5TeV -=-m-m Mg=10 TeV

Necessary stop masses increase for lower values of tanf, larger values of [
smaller values of the CP-odd Higgs mass or lower stop mixing values.

Lighter stops demand large splittings between left- and right-handed stop masses

Carlos E.M. Wagner 43
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Higgs compositeness

Composite Higgs, 20
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Efficiency

ATLAS and CMS triggers for DV
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What if there are RPV couplings?

Higgsino with fully hadronic decay couplings

» LSP Higgsino can decay to SM particles

» Higgsino is no longer DM candidate (there could be other, e.g.
axion and axinos, but not the WIMP Higgsino)

* Cross section stays small

* Hadronic decay particularly challenging for hadron colliders and LEP

Run: 359918
limits up to 1/s/2 => There is unexplored phase-space s vanoszcesr 1
 Signature with large number of jets EXPERIMENT

* LLP signature with displaced jets if RPV couplings get very small

CMS TLA ATLAS, NN disco
60-80 GeV 200-320 GeV
Prompt —— >

Long-lived
(1 ns)

v

-
900-1500 GeV
ATLAS, displaced massive vertices + jets T

No upper bounds
from thermal relic
considerations
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What if it does not decay in the tracker?

Wino
')ZT[~vV£] — it '72?[~W°] March 2022
E 1600 - ATLAS Preliminary - o - Expected limits
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Disappearing track, Higgsino

X, 7(? ’;‘CT ’)“(2 ')z X production (higgsino)
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EWK SUSY compressed spectra

 What about the gap?

June 2021
; 40 I I I I I I I }«/ | I I I I | I
D 20 ATLAS Preliminary
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Possibilities for the Higgsino gap

PhysRevl ett.124.101801

' Run2 HL-LHC
Amy = () e—

/ 1730 (¢ R —
k | ATn() - 2Ami ——————

(W |

S
D
<3
= 1
= . —
4 TS
0.5

.....
cnea
.........
—,en
“ne
~-

sappearing fee""
/,&“‘

-

0..
J -
2



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.101801

EWK SUSY compressed spectra

 What about the gap?

Am(7, X3) [GeV]

P

40
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10
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0.2

June 2021

3¢ + Soft 2¢, arXiv:2106.01676, 1911.12606, m(y2) = m(x%) + 2Am(E, 19)

ATLAS Preliminary
Vs=13TeV, 136 - 140

fo

PP — XX, X9x%, X3 X7, X+ X (Higgsino)

All limits at 95% CL
— Observed limits
- = Expected limits

Disappearing track, arXiv:2201.02472, m(x39) = m(x?)

LEP2 Y excluded

* Theoretical prediction for pure Higgsino
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What drives us?

e Known unknown

* Big open gquestions: baryogengesis,
nature of dark matter/energy, neutrino
masses, weakness of gravitational
force, ...

e Guidance from: naturalness and
minimal principles

* The big surprises

e Tensions In current measurements
(aka “anomalies”)

* Uncovered and underexplored
signatures and phase-space

(&§—2),:510"
R(D*-R(D): 3.2 ¢ *
CDF m(W): 7 ol
ANITA: 3.3 ¢!

* likely to be reduced by theory updates
T not confirmed by other experimental results

Tensions may stay or go, but
important for now and the
future, to allow for flexibility
for reaction if something
unexpected comes up

44



EWK SUSY compressed spectra

* Naturalness and DM arguments would suggest a light EWK sector
 Thermal DM targets: 1.1 TeV (Higgsinos), 2.8 TeV (Wino)

Phenomenological MSSM: simplifying assumptions based on experimental constraints and general
features of SUSY breaking mechanism
—> opportunity to scan models and see which survive experimental (LHC and external) constraints

ATLAS Preliminary

Vs =13TeV, 140fb~', EWKino scan ATLAS-CONF-2023-055
ATLAS exclusion fraction after external constraints
u—|60lI,lllll 10
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/

Dark sectors and LLP

p 7 \
CMS Preliminary August 2023
:III l. I IIIIIII llll IIII'I LI Illllll LI LI IIIIIII LI IIIIIL' LR L :
\ s /' 4 ,l/rg Z + displaced jets

/ _ 2110.13218
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/ 1 === mg=15GeV
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~
|

Care between the prompt-to-
displaced and the displaced-
to-stable regimes with
analysis reinterpretations

Displaced jets
2012.01581
32" 13 TeV
- mg =40 GeV
= m, = 55 GeV
MS Clusters

h—ss—4b 7 EX0O-21-008
| 137" 13 TeVv
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Detector stable
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Is this the only possibility?

* No, other options still viable!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/

LLP, sleptons

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-09/
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Slepton Signature
[ ] Displaced, PRL 127 051802 (2021)

Intermediate, this work
Prompt, EPJC 80 (2020) 123
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Care between the prompt and displaced regime

with

dedicated analyses and reinterpretations

1.6IIII|IIII|IIII|IIII

ATLAS Preliminary
Data 2022, Vs = 13.6 TeV
LRT electron trigger, Offline electron pT>1O GeV, do>2 mm

[[] MC di-selectron, mass = 100 GeV, lifetime = 1 ns
MC ttbar 1 lepton
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Dedicated triggers in Run3 can open up
sensitivity to unexplored phase space
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