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About these lectures

Content
e 1Ist|ecture: intro — di-X searches — dark matter — SUSY

« 2" |ecture: BSM Higgs — HNLs — long-lived particles — going beyond

Caveats

* very broad subject, impossible to cover all

= constantly changing
= personal bias unavoidable
* very diverse subjects come together here
= many overlaps — no A-Z story
= attempt to broad picture combined with experimental connection

* stop me if you get lost!

* references
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Content Lecture 1

Introduction

= the standard model — from SM to BSM — Top-Down versus Bottom-Up
= the energy frontier — LHC and detectors — how to search the data?

bread and butter resonance searches

= dilepton and lepton+MET searches
= dijet searches and beyond
= diphotons

dark matter

= di-invisible — dark matter
= direct dark matter searches at LHC
= di-X interplay with dark matter — beyond the LHC

supersymmetry
= appeal
= strong production: jets+MET
= weak production: leptons+MET
= RPV: multijets
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The Standard Model

* the standard model is the most successful scientific theory ever

EM, weak, strong
interactions:

all accurately
predicted
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The Standard Model

* the standard model is the most successful scientific theory ever
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The Standard Model

* the standard model is the most successful scientific theory ever

Prediction, discovery
and confirmation of a
fundamental scalar
(the Higgs boson)
arising from the BEH
mechanism with
Yukawa couplings to
fermions
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Beyond the Standard Model?

* experimental evidence for BSM physics
= gravity
= neutrino oscillations
= matter-antimatter asymmetry

= dark matter *

* all from indirect observations, some with model dependence

* theoretical indications for BSM physics

= hierarchy problem *

= why? number of families, number of parameters, gauge group structure *
= strong CP problem *

= stability of the EW vacuum *

* severity of the problem depends on the theorist
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Beyond the Standard Model?

* experimental anomalies

= number of anomalies in B-physics

= number of high-energy anomalies at CMS/ATLAS
= anomalous magnetic moment muon (“g-2")

= W mass

= DAMA/LIBRA dark matter

= reactor and Gallium anomalies

= the Beryllium anomaly

e all of the above anomalies need confirmation or are even contested

* most of these are actively being researched further

* also many anomalies in astrophysics / cosmology

= research often links to extensions of the Standard Model
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From SM to BSM

* research cycle

take the SM as the baseline model
add BSM ingredients to solve one or more problems
make predictions in new BSM phase space

test experimentally with existing data, new data, or new experiments

rince and repeat

* potential BSM ingredients

new particles
new interactions: portals, mixing,...

new signatures

* potential observables

high-mass / low-mass resonances
cross section or branching ratio deviations

shape deviations / interference

EFT tests
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From SM to BSM

* where to go beyond the SM?

= high energies — limited by colliders' center of mass energies

new colored particles

new electroweak gauge boson partners

new fermions, eg. 4™ generation, heavy neutrinos
new Higgs bosons

= rare processes — limited by luminosity and data-taking capabilities
low-mass resonances with large background
small couplings
Higgs sector
rare decays

= unusual processes — limited by detectors and our ingenuity

invisible signatures
long-lived particles
unusual charges

= and any combination of the above
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Top-down versus bottom-up

* before LHC (LEP, Tevatron), we mostly worked top-down

start from a theoretical principle to address SM problems
= (mostly) fully consistent BSM models
= huge parameter space

= Higgs fate not known yet

* searches were often narrow tests e L o e e
of model specifics —— Observed, NLO

—— Observed, LO
Expected £ 15, NLO

hard to re-interpret in other contexts [ evatron Runl

[ cOF Runll
[ oo Runil

B .cr2
* examples:

= supersymmetry
= technicolor
= little Higgs

= extra dimensions

JHEP 08 (2011) 155

tan B=10,u>0, A =0
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Top-down versus bottom-up

 transition to simplified models in 2010 (susy) and 2015 (dark matter)

= limit to the essence of the
BSM aspect of interest

= focus on experimental signatures

= easier to re-interpret

= actually expands the phase space

6G
___10% qQ
5%

Pair Production

9,0,
1%

— 00
g™

86% of all hadronic
production in LM1 consists
of "simple” decay chains.

This makes it particularly
amenable to being
approximated well with a
3-particle OSET.

credits: S.A. Koay
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Simplified Models for LHC New Physics Searches
LHC New Physics Working Group = Daniele Alves (SLAC) et al. (May, 2011)
Published in: J.Phys.G 39 (2012) 105005 + e-Print: 1105.2838 [hep-ph]

pdf & links 2 DOI [= cite [@ referencesearch <) 870 citations

Dark Matter benchmark models for early LHC Run-2 Searches: Report of the ATLAS/CMS Dark

Matter Forum

Daniel Abercrombie (MIT), Mural Akchurin (Texas Tech.), Ece Akilli (Geneva U.), Juan Alcaraz Maestre (Madrid,
CIEMAT), Brandon Allen (MIT) et al. (Jul 3, 2015)

Published in: Phys.Dark Univ. 27 (2020) 100371 = e-Print: 1507.00966 [hep-ex]

pdf & links & DOI [= cite [@ referencesearch %) 659 citations

100 S ~
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Top-down versus bottom-up m

* nowadays strong emphasis on Effective Field Theory (EFT)

= parametrize our ignorance of the full theory at high energies in “effective” low-energy
“‘operators”

1 1
Logg = Loy + A ZL",-O,' + A2 Zc}-(’:}j 4+ -
: !

= these operators are non-renormalizable, so they cannot be Lagrangian terms in a fully
consistent renormalizable theory that works at all energies

= example: the non-renormalizable Fermi theory with 4-fermion vertices could describe
observations because the W mass was at that time still a very high energy scale

« EFT appeal

= systematically explore how BSM can contribute at low energies

1 at dim. 5 (L violating) , 59 at dim. 6 (assuming gauge invariance and B and L conservation), etc.
= empower SM measurements as tests for BSM

= combine across diversity of analyses
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Top-down versus bottom-up

e even truly model-independent sensitivity

High Energy Physics - Experiment

[Submitted on 8 Mar 2023 (v1), last revised 21 Sep 2023 (this version, v2)]

A search for new physics in central exclusive production using
the missing mass technique with the CMS detector and the
CMS-TOTEM precision proton spectrometer

CMS Collaboration, TOTEM Collaboration

A generic search is presented for the associated production of a Z boson or a photon with an additional unspecified
massive particle X, pp — pp + Z/y + X, in proton-tagged events from proton-proton collisions at /s = 13 TeV,
recorded in 2017 with the CMS detector and the CMS-TOTEM precision proton spectrometer. The missing mass
spectrum is analysed in the 600-1600 GeV range and a fit is performed to search for possible deviations from the
background expectation. No significant excess in data with respect to the background predictions has been
observed. Model-independent upper limits on the visible production cross section of pp — pp + Z/y + X are set.
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The energy frontier

* hadron colliders reach higher beam

energies compared to lepton colliders

= put the partons within the hadrons
which collide have only a fraction
of the beam energy

= leptons carry the full beam energy!
and annihilate without debris

 strong progress over several past
decades in accelerator performance

= slowed down in 21t century due to
scale of the projects and no real
revolution in the technology which
IS being applied
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The energy frontier

e the LHC is our current most powerful machine
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The energy frontier

e the LHC is our current most powerful machine

= designed to discover the Higgs boson
= and more: BSM, B-physics, QGP,...

= first studies 1982 — approved 1994
operational since 2009

Proton - Proton 2804 bunch/beam
Protons/bunch 1011

Beam energy 7 TeV (Tx1012eV)
Luminosity 1034¢m-2s-1

Crossing rate 40 MHz

Proton Collisionrate= 107-10°

Parton
(quark, gluon)

Particle
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The energy frontier

* the LHC is our current most powerful machine

= world-record energy

o LHC  Vs=14TeV L=10%em?s™ rate  eviyear
= huge event rates barn gy — T - T3 10
RIS L OO AU MU RN SO SO U 0 SO é GHz 10 16
. 1015
* rate=0olL ImHz 1107
H : : : ; 10 12
O — Cross-section YRS T ) B UL UL L LS B 10
P T N SO0 W W 3 Y000 10
= units of barn = 1024 cm? 10
- S . 10°
= probability for a physics interaction . ] "
n 5 E
- - e 107
L — luminosity _ . ] 106
= measure of density of colliding particles L L 0°
g e d 104
_ [N,N, NS E
= . e TR 0
4mo,0, !
102
= units of cm?s™? or barnts™: 10
1

Particle mass (GeV)
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The energy frontier
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Detectors at the energy frontier

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm*) ~1.9 m* ~124M channels
Overalllength ~ :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals Muon Chambers Electromagnetic Calorimeters

End Cap Toroid

Forward Calorimeters

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

Barrel Toroid Hadronic Calorimeters

Inner Detector
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How do we search for New Physics? m

* number of signal events S in a selected event sample is estimated
by subtracting the estimated background B from the total number of events N

= S=N-B

JHEP 08 (2011) 155

> E'l '|'CM'S'|"'|'--
g 'I(}‘BE \JE:TTeH
S 1R T e
-UC-J- 104;_ “‘ aco
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| e
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How do we search for New Physics? m

* number of signal events S in a selected event sample is estimated
by subtracting the estimated background B from the total number of events N

= S=N-B
* statistical uncertainty in the
signal estimate S =/ N = (S+B)

= Poisson statistics JHEP 08 (2011) 155
= ignore systematic uncertainties for now > L B e B i B
* statistical significance: S/ (S+B) o 10 f;fj" . o
: 105_%1“ -Z—svv
b2 C » acp
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How do we search for New Physics? m

number of signal events S in a selected event sample is estimated
by subtracting the estimated background B from the total number of events N

= S=N-B
* statistical uncertainty in the
signal estimate S =/ N = (S+B)

= Poisson statistics JHEP 08 (2011) 155
= ignore systematic uncertainties for now > T N L L B
* statistical significance: S/ / (S+B) o 10 f;fj" —
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2 = aco
.. S o 1045' A ;v
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E
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How do we search for New Physics? m

* goal: maximize significance S/ v (S+B)
= by keeping signal events
= while suppressing background

* simplest case: resonance peak on smooth background

= fit background using sidebands

= estimate background in signal region
by extrapolating the fit

* more complex

= counting experiments

8000 E
= shape fitting - o
_ _ € 7000 e
= unbinned fit 8 =]
5 Eoict

u >6000 >

< s

S 8

D 5000 o

2 g

o S

& w

2

110 120 130 140 140

myr (GeV)
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How do we search for New Physics? m

discovery? be careful!

= global versus local excess — the “look-elsewhere effect”

* when we search eg. a bump in a mass spectrum

= we run hypothesis tests as a function of mass
= the more bins we consider, the more we expect statistical fluctuations to show up!

* non-trivial interplay with resolution on the estimated quantity

= typically this is estimated numerically with pseudo-experiments

e also: 100's of BSM searches at LHC... A4D

 also also: overestimated systematic i
uncertainties may hide a real signal 100

80

. . . 60
e extrordinary claims require

extraordinary evidence

40

20

= human judgment stays indispensible

01 02 03 04 05 06 07 08 09 1

a@
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Dilepton searches

 dilepton searches are a historically winning strategy at high energies

* experimentally “easy” to identify and measure 80 o
242 Events-{r

T

20 - SPECTROMETER
* new particles pop up as peaks in )

At normal current

the dilepton mass spectrum ok O-0%amen |
> 50
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i | L | T L L) T T Ll T w i
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N UA1 o 40 ]
v 92 EVENTS =
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Dilepton searches

 dilepton searches are a historically winning strategy at high energies

e T o
* modern detectors have excellent electron, e | T
muon and even tau measurement capabilities i === I
£ |
o

a ic
= o.09f | | | T | | | ] &
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e, b) ] o
T 0.08[ - —] -
o F . - )
007 =
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Dilepton searches

 dilepton searches are a historically winning strategy at high energies

 modern detectors have excellent electron,
muon and even tau measurement capabilities

= also for triggering the events

CMS 17.6 o' (13.6 TeV, 2022)

Scouting Dimuon Events
pTQu) > 3 GeV, n(u) < 2.4, opposite sign

Events / MeV

L1 Trigger Selection
——— Any muon L1 algorithm
—— 2‘”"DT>4 GeV, 0S,AR<1.2
———— 2u,p >45GeV,08,AR <12
— 2u,p > 15/7 GeV

———— 2u,p >45GeV, |n| <2, OS, m(2u) > 7 GeV
———— 2u,p, >45GeV, |n <2, 08,7 < m(2u) < 18 GeV
1 11

llII L 1 IllllII 1 L lIlIlll

1 10 10F

e-Print: 2403.16134 [hep-ex]
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Dilepton searches

* 50 let's hunt for new resonances!

= interpretations in many models
think of it as a “heavy, narrow Z”
= electrons and muons complementary

due to resolution at high energies, backgrounds,...

Phys.Lett.B 796 (2019) 68-87

T T T T L T T T
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06 1 1 1 1 111 ] | L Ml T

2x10? 10°
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Dilepton searches

* so let's hunt for new resonances! Fermiab  SSC
CERN 1 U-If l
= LHC c.0.m. energy is the driving ingredient [T T
|
- 2010-2011: 7 TeV 3 T iy e 10’
Uays @R
- 2012: 8 TeV I ]
1m0 |- b 1 e’ _
- 2015-2018: 13 TeV o
e 'ﬂh 8
- 2022-now: 13.6TeV E750.03 3 &
g — 1ﬂ= E
g -
) . . g 1k . Oy ©
= |uminosity determines how rare . £70.25 Tov 2
. . | a
the physics is we can see % 07 o
& — owly S
— 80— T T ] © 1nb | 10 §
8, F ATLAS Orne s Tingstty E 2 -
z OF —mum sy ] R et %
S gof ——Zehe 2zidle = >
E F ——2018pp (5=13TeV . — 0" W
T ——2022pp {s=13.6TeV ]
3 S0 REE RIieTev E Ty
I S : T metTev
5 40 = 3
=k 3 = L] 10
a 30 E n"-:-;?gw
20; é 3 B
105_ ER 1 1 .
- __— Sl ¢001 001 01 1.0 10 100
0’ | | | 1 | |
Jan o %) o Vs TeY

Month in Year
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Dilepton searches m

* so let's hunt for new resonances!

= LHC c.0.m. energy is the driving ingredient
- 2010-2011: 7 TeV
- 2012: 8 TeV
- 2015-2018: 13 TeV
- 2022-now: 13.6TeV

Phys.Lett.B 796 (2019) 68-87

T
ATLAS

{s =13 TeV, 139 fb™

X =l

10|

G,y X B [fb]

1 liIIIIII 1 IiIIIFII 1 1.1

107 -

a . x10
1 0—2 - — Observed limit at I'/m = 10%

E - Expected limit at I'/m = 10%

E s===Im=3% ==I/m=0% — 2y, Mhodel

0002000 3000 4000 5000 6000
m, [GeV]
* more data with same energy?

= factor 10 in luminosity — 1TeV more reach 1TeV

= if no hint yet... —» no discovery anywhere soon
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Dilepton searches

* we did the same with charged lepton + neutrino

= recent example with taus
* transverse mass instead of invariant mass

138 fb” (13 TeV)

my =1.0TeV —+ Data
my.=5.0 TeV [ ] W+jets
Mgy = 5.0 TeV B Misid. T,
EFT tensor [ DY +jets

B Top quark
I Diboson

Events / GeV

~ Uncertalnty -

1
gOW b _+_+ --------------------------- 1 ------------ =

JHEP 09 (2023) 051
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Dilepton searches m

* what if we compare electrons to muons?

= some important systematics cancel in the ratio — increased sensitivity

= exciting...? JHEP 07 (2021) 208
5 137 o' (13 TeV, ee) + 140 fb™ (13 TeV, up)
o ' ] ' -
© CMS
o= - |
. . = =
* it caught some attention o

because lepton universality

may not hold for BSM at o2
high energies &
= Yukawa-type couplings - 1
= |eptoquarks 0.5 + _
%00 300400 1000 2000 3000
m [GeV]
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Diphoton searches

* diphotons was a discovery channel for the Higgs boson — what else?

= Higgs-like bosons
= axion-like particles

= 10— T T E|
. S ATLAS Preliminary =
= gravitons o * Dat 7
s 10 .3
u E —— Background-anly fit ?
i a
10° s=13TeV,32f" 3
 early 2016... 10 I
1 H =
CMS Preliminary 26167 (13 TeV :
E T “‘*--._?
g1 _é
2. :
w t Data ; d_;
1 5= — Fit mode!| =
+16 | I 3
wWePz2o —i
500
, [GeV]

L ”'LH i

AP 4x10? 5x10° 16’ 2x10°
m, ., (GeV)

BIRUILA

ol

T

(data-fit)/o,,,,
PR OMNBA
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Diphoton searches

diphotons was a discovery channel for the Higgs boson — what else?

* pheno response...

fRun2Seminar and subsequent yy-reluted arXiv submissions

L]
S
|
|
i
=
Er 4
E
'E_.
)]
L&
[

[y

Doc 2015 Jun 2016 Fob 2008 Mar 2006 Apr 2006 May 2016 Jus 246 Jul 2016 Asg 2016 Sep 2016 O 2006 Nov 2006 Dec 2006 Jao 20T Feb 2017 Mar 217 Ape 2017 May 2017 Jen M7 Ml 2017 Asg 2017 Sep 2017 Oct 20017 Now 2007 Doc 2017 Ben 2008 Feb 2008 Mar 2008 Apr 2008 May 2018 Jus 2008 Jul 008 Aup 2008 Sep XE Oct 2018 Nov 2018
Diate aned time of last wpdate (UTC)
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Diphoton searches

* diphotons was a discovery channel for the Higgs boson — what else?

 at highest masses

= sensitivity from high LHC energy explored

* at low masses CMS PAS HIG-20-002
= increasing datasets
J CMS Preliminary 132.2fb" (13 TeV)
m E ]
iImproving analysis techniques 8 o2k hL T oed
= hunt for rare BSM hidden in background g0.18 B8 Expected = 10
ﬁ% o016 == Expected + 20'_5
- excess at 95GeV..."? ?0.14 SouxB 3
SN
= not significant enough on its own L 012 R E

AL

ol e b wna bovn o o binna vy

70 75 8 85 90 95 100 105 110
my, (GeV)
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Dijet searches

* the LHC is a hadron collider

= hadronic cross sections are largest:

large coupling, color factor

* quarks / gluons hadronize

= gprays of hadrons, photons,... — jets

= jet energy measurements are less accurate

Had. cal.
Calorimeter jet
Em. cal
L - _ _ .
i
\
\ 1
Particle jet ;™ Kete.
A
WE
— - — & — -

Steven Lowette — Vrije Universiteit Brussel
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energy showers
in the calorimeters

decays, interactions
with material, magnetic
field

out-of-cone partons
underlying event

neutral hadrons

photons

charged hadrons

4
(X

Mean Fraction of Jet Energy
=
(-]

=i
T T

b
-
T T

0.2-

- CMS Preliminary 2009 Anti-k; R=0.5
\'s = 900 GeV, DATA P > 5 GeVie

Jetn
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Dijet searches

* the LHC is a hadron collider

4
(X

~ CMS Preliminary 2009 Anti-k; R=0.5
- /s =900 GeV, DATA P > 5 GeVie

= hadronic cross sections are largest: neutral hadrons
large coupling, color factor

photons

Mean Fraction of Jet Energy
(-]
T ‘h T T 1T T 1T =2

* quarks / gluons hadronize

= gprays of hadrons, photons,... — jets

. charged hadrons 0_2:
" jet energy measurements are less accurate i

 dijet searches are another standard candle for BSM searches

= reaches the most energetic collisions Phys. Lett. B 172, 461 (1986)
ever produced at colliders 10° - — ]
= many models predict production 101 | ) .
of pair of high-energy jets 3 " UAL-1986 -
2 0 L o
= if we can produce it, then it also £ 10 - :
decays back ; 0-1 | .
: . 1‘; 1072 |- -
* explored in many past experiments 3 [ §
=3 =
= UA1/UA2;CDF/DO; LEP S :
1074 a— L
0 50 100 150 200

py(Gev)
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Dijet searches

qorg

N
/

qorg

* up to 8TeV in invariant mass

qorg qoreg
= packgrounds from strong force
with extreme proton energy fraction
= massive energy deposits
JHEP 06 (2020) 151
* many subtle experimental challenges I A R R AR RS RS
e
0 ATLAS « Data
- . >
energy punch-through W10°E o 13 TeV, 139 fo" ___ Background fit
= noise backgrounds 10" & Inclusive —— BumpHunter interval
S . 10° ) o g, mq*=4TeV
= tracking inefficiency e q*,m_=6TeV
= trigger efficiency 10* g*, 6 x10
i 10° p-value = 0.89
10?
10
1
107 | |
82_Iiil}liiliillllllI|IIII|IIII|IIII|:
c = 7
g o i
'c%)_zz_l lIII|IIII|IIII|IIII|IIII|IIII|_;
1 2 3 4

5 6 7 8
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Dijet searches

* also the lower masses remain interesting!

= |arge backgrounds

= put signal could be large as well

 strategies to reach lower energies

= “scouting” triggers
= jet + dijet
= photon + dijet

Steven Lowette — Vrije Universiteit Brussel
LNF Spring School 2024 — BSM at high energies

10

qorg
X
'EIOrg/

CMS Preliminary

LHCP 2020

1!

710 2030

Ll L
100 200

10002000
M, [GeV]

qorg

qorg

95% CL exclusions

Observed
Expected
',/ My <~5%

tt resonance, [arXiv:1810.05905]
35.9fb", 13 TeV

T,/ M, <~10%

Boosted Dijet+y [arXiv:1905.10331]
35.9fb", 13 TeV

Boosted Dijet [arXiv:1909.04114]
77.0fb”, 13 TeV

Dijet+ISR jet [arXiv:1911.03761]
18.3 0", 13 TeV

Dijet b-tagged [arXiv:1802.06149]
19.7 fo', 8 TeV

Dijet scouting [arXiv:1604.08907]
19.7 b, 8 TeV

Dijet scouting [arXiv:1806.00843]
35917, 13 TeV

Dijet [arXiv:1911.03947]

137 fo!, 13 TeV

I,/ My <~30%

Broad Dijet [arXiv:1806.00843]
35.9fb", 13 TeV

Iy / My <~100%

Dijet y [arXiv:1803.08030]
35.9fb™, 13 TeV

Page 42



Pairs of dijets? ) A
/ 3 Jet

PF Jet 1,
pt=2218TeV
eta=027

phi = 1.47

* imagine an extra intermediate particle

Dijet Pair 1:
pt =349 TeV
mass = 1.88 TeV

= tantalizing excess!

JHEP 07 (2023) 161 I >, A

o
L3

. 138 fb' (13 TeV) i e ’
= 10 - - ————— 3 .
|9 10’ CMS ¢ Data ey
S 107 —LOQCD MC e h
a 10m, *>01 . PowExp-5p fit RRE BN
F 1 — ModDijet-5p fit
E (o --- Dijet-5p fit Dijet Pair 2:
s 10E g pt= 345 TeV
© 107 g i e A B F mass = 1.86 TeV
© 10—3 Lumi section: 610
107 '
10°5 — 138 fio" (13 TeV)
107 Diquark: S— xx — (ug)(ug) % 2.5?" ' T, ] 105._%
07— M©S)-86Tev 2 - CMS P v 137 &
7)) 2 Prad o R c
8 °r A m/ 1=10°28
E B \\ ..... ’// ] E Lu
= - - s 1
u- D 15 N - 410
& S :
©
© - ’
Q (= I ] 2
© 1 = — 10
2 3 4 5 6 7 8 2 - = Diquakk -
Four-jet mass [TeV] < S —xx — (ug) (ug) 1M 10
0.5 68% and 95% ]
contours -
b b b by b b Ly 0 T
.. 1
* also searches for trijets, t-channel, ... 2 3 4 5 6 7 8 9 10

Four-jet mass [TeV]
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Content Lecture 1

Introduction

= the standard model — from SM to BSM — Top-Down versus Bottom-Up
= the energy frontier — LHC and detectors — how to search the data?

bread and butter resonance searches

= dilepton and lepton+MET searches
= dijet searches and beyond

= diphotons

dark matter

= di-invisible - dark matter
= direct dark matter searches at LHC
= di-X interplay with dark matter — beyond the LHC

supersymmetry
= appeal
= strong production: jets+MET
= weak production: leptons+MET
= RPV: multijets
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Dark Matter: pairs of ... nothing?

* it's possible we produce particles that don't interact in our detector
if very long-lived — dark matter candidate

= instead of this...:

Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)

“““ Photon

Supereanducting

Solenoid
Iron return yoke interspersed

with Muon chambers

Transverse slice
through CMS

| | | | I
Om 2m 3m am 5m 6m m
muon
Electron

vus
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Dark Matter: pairs of ... nothing?

* it's possible we produce particles that don't interact in our detector

= if very long-lived — dark matter candidate
= we see this! "missing energy” (MET)

Magnetic Field
Directed Out

g

Silicon
Tracker

ECAL

HCAL - Hadron Superconducting

R | Electromagnetic
f l:!l] Calorimeter
Calorimeter Solenoid Iron return yoke interspersed

i with Muon Chambers

Transverse slice
through CMS
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Dark Matter

e production at colliders can happen if

= kinematically accessible
= coupling to quarks/gluons
= production cross section large enough
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Dark Matter

* production at colliders can happen if

= kinematically accessible
= coupling to quarks/gluons
= production cross section large enough

4 )
DM from cascade decays

new particle production
decay to DM+X

= typically pair produced

example: SUSY

= with R parity always 2 LSP's
yielding MET

>i”" et
b/i i‘“
N Y
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Dark Matter

* production at colliders can happen if

= kinematically accessible
= coupling to quarks/gluons
= production cross section large enough

Steven Lowette — Vrije Universiteit Brussel
LNF Spring School 2024 — BSM at high energies

-

DM produced directly

 direct DM pair production through
mediator

* but back-to-back DM particles
are invisible

= |SR diagrams provide
probe recoiling against DM pair

g . X=g,y,WZ
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Direct DM searches

Mediator focus
* the LHC's strength is to produce the mediator on-shell

* we must make the " etc...
mediator explicit q X=g,v, WZ

= an EFT “blob”

IS not sufficient 8 x(my)
&q gpMm
q VIA(Mmed)
?f(mx)

* model description

= mediator type

= production mode

= couplings to g and DM

= mediator and DM mass

= consider beyond the minimal

Steven Lowette — Vrije Universiteit Brussel
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Direct DM searches

Run: 337215
Event: 2546139368
2017-10-05 10:36:30 CEST

o -3
| 7 o
[ P 2. z CMS CMS Experiment at LHC, CERN
= - :_1. y Y L Data recorded: Mon Jun 13 17:44:28 2016 CEST
== gt S A ~~ (|  Run/Event: 274999 1 1837785290
| . eyt ot I~ \| Lumi section: 1029
J—J--l“ = s, =3 \
/ﬁr‘h\x ..J 1., il
i e Eqmiss = 1.05 TeV
; Vo T =1.
I 1! = |
- Jh g
1
v o
Fon A
~ = -,
s
KT sl
==

priet=1.04 TeV

Mass =79 GeV I
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Direct DM searches

* Monojet search as the poster child example

—
<

—
0O —a- OI
o2 e TN RN o

(Data-Pred.) Data / Pred.
G
[\C I @2 \V)

59.7 fb (13 TeV)

CMS + Data . Z(vv)+jets

Monojet DW(IV)+jets .WW/ZZ/WZ ]
2018 E

D Top quark D QCD

—— H(inv), B = 25%

Axial,m  =2TeV ]
med ]
m, =1GeV 4

4 Post-fit, e Pre-fit

400 600 800 1000 1200 1400
prT‘"'SS (GeV)

JHEP 11 (2021) 153

Steven Lowette — Vrije Universiteit Brussel
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DM recoils against a jet from QCD ISR

selection highlights

= MET as sensitive observable

cut driven by trigger: MET > 250GeV
= e/p/tand b veto — suppress top / W
= jets-MET not aligned — suppress QCD

= jet & MET cleaning — suppress instrum. BG

iIrreducible Z - vv dominant BG

remarkable precision achieved on BG!

= ~0% in bulk, 10% in tails

= using constraints from Z - Py, Z - ee, y+jets,
W - puv and W - ev control regions
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Direct DM searches

* Monojet search as the poster child example

59.7 fb (13 TeV)

¢510° CMS $-Data [z ets : 137 fOY, 2016-2018 (13 TeV) 000
3 < [ T T T T T —11- —~
@ | DW('V)H'e‘S .WW/ZZ/WZ ] B 1400 Vector mediator A =
c S gg=0.25,g,=1.0 _ 2
C E | q o » IX 0 i 8\
q>) DT°p quark DQCD 2 1200k~ Median expected T -|0.667 =
L . E --- 68% expected 1 o
— H(inv), B = 25% . 959 d | =
102 ] 6 expecte E
Axial,m__ =2TeV } [~ — Observed 0.333 =
— me! 1 >
10 m 2 =
0.000 8
1 N
(O]
» g
10 0.333 3
(@)
102 PN
0.667 &
S 14 ]
S12 1
< 1 d
g 08 +Post-fit, + 3000 1000
g 2 B
S0
iO“, _2 | 1 | 1 1 1 | | | | | 1 | 1 | 1 1 1 | | | |
400600 800 1000 m1iszsoo 1400 * many interpretations: DM s- and t-channel simp.
p™ss (GeV) : : :
T models, Higgs portal, ADD extra dimensions,

JHEP 11 (2021) 153

LeptoQuarks,...
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Direct DM searches

* Monojet search as the poster child example

59.7 fb (13 TeV)

> F T T | T T T | | T T | T T T | T T T | T T T
8 10° CMS ~¢-Data .Z(vv)+jets
= ' D W(lv)+jets . WW/ZZ/WZ
GCJ D Top quark D QCD
>
LU —— H(inv), B = 259
2
10 Axial, m = 2TeV
10 m 2
1
10~
102
1 1 | 1 1 1 | 1 | 1 | 1 |
-8 14 T T | T T T | T T T | T T T | T T T | T T T
= 12
T N ST S
= 0.8 _fi _fi
é 061, |+|P95t|flt| #}PI’IG Tlt T R A N N S N R
.qc)' 2 T T | T T T | T T T | T T T | T T T | T T T
ko
iD“/ _2 | l | 1 1 1 | | | | | l | 1 | 1 1 1 | | | |
400 600 800 1000 1200 1400
p:uss (GeV)

JHEP 11 (2021) 153
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>

* statistically limited

= improve slowly with luminosity

e systematically limited

= no low-hanging fruits left
= improve with hard work

= challenges and opportunities
at higher lumi

* theoretical uncertainties
already very well controlled

= NLO QCD+EWK
- arXiv:1705.04664



https://arxiv.org/abs/1705.04664
http://dx.doi.org/10.1007/JHEP11(2021)153

Di-X search interplay with DM

beyond the invisible: link to visible

e LHC sensitivity to DM strongest when
producing mediator on-shell

* new mediator may still be probed
event if dark matter inaccessible
(eg. kinematically) at LHC

= guark (jet) final states guaranteed
= muon and electron pairs possibly too

* thus we can indirectly constrain dark matter models

= constraints on couplings
= from searches in dijet and dilepton final states

= model dependency!
— always specify all parameters/assumptions

Steven Lowette — Vrije Universiteit Brussel
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SM

SM

Med.

DM
SM

DM
SM
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Di-X search interplay with DM

* Interpretation in LHC phase space

= probing mediators to several TeV

= strong complementarity of invisible = 1.6 . : : e 1 = Dilepton
i [ L ATLJ\S PrehmuLar/y 7 ‘ 4 1sewe
= B CI i
and visible channels E | 4bE-13TeV, Mcrdh 2021 Py ] e
. QN "
: : £ 5 K /55 1 = Diet
* exclusions crucially depend on (ob 5 Y e q o
B | S g T, /{\v” E Dijet TLA, 20.3 b
COU ||n S tO SM and DM H B / o Qe 7 PRL 121 (2018) 081801
B P = /5@ ]
1= / Q & "] = bb resonance
= N 139 b
= T JHEP 03 (2020) 145
08 __ __ — Emiss+X
B i T
= - ET**+y, 139 1b"
06 — - arXiv:2011.05259
— 1.6 T T — T T Dii B 7 ET**4jet, 139 fb”
< Rels A 'I' oz 9 1 — Dijet B . T iv:2102.
}9 B )IAJL S Pl'ellml ary . Q/"\/ ] Diet; 109767 0 4— Dilepton i arXiv:2102.10874
S a7 e JHEP 03 (2020) 145 A ]
— N . < B i
= 14 __l =13 TeV, M‘ rc/:’n 2021 > /q,+. o _OQ;"/ ] Dijet TLA, 29.3 fb™! 5 Oy
S L , \Q@‘/ | PRL 121 (2018) 081801 0.2 == Axial-vector mediator, Dirac DM
1 oE bb resonance o7 q  eeRmew e g,=01,9=01,9 =1 ]
' 5 d 4 > ] Boosted dijet+ISR, 36.1 fb” B imits at 95% CL 2
B /7 Y 7/ s _ PLB 788 (2019) 316
1= / p s — Boosted di-b+ISR, 80.5 b 0
= i . 7 -1 ATLAS-CONF-2018-052
5 N L@ ]
0.8 / “ y & ] = ttresonance
s [ 7 %OQ s 36110
= . 7 %«6 1 EPJC 78 (2018) 565
B > i
0.6 —| = bb resonance
= . 1391b!
B Dijet i JHEP 03 (2020) 145
04 __ __ - E_r|[1iss+x
B 7 = E™4et, 139 fo”
0.0k PNE- ial-vector mediator, Dirac D M 10210874
X - 9 =0. 9, = 0, g, =1 - 47,139 1"
5 AII limits 95% CL ] :2014.05259
L M1, [ A N E7*+V(had), 36.1 fb"
0 O 5 1 1 5 2 2 5 4 JHEP 10 (2018) 180
' : ' . E™4Z(1), 36.1 fo
my PLB 776 (2017) 318
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Dark Matter beyond LHC

 translate interpretation in phase space of direct DM detection searches

* take-home message: complementarity

= best LHC results for low-mass DM, with mediator produced on-shell

* model dependency!

—37
& 10 T T T 53— Dl]et S 10—37 . . . 5
E ATLA Pre“mmary ] Ej@e1;:rfiii(122f’12?2)()114; 081801 g 38 ATLAS Preliminary \ :
_38 a ijet ; O, — —
10 Vs eV, March 2021 E Dijet+ISR; PLB 795 (2019) 56 - 10 E = 13 TeV, March 2021 Dil 3
g 3 Boosted dijet+ISR; PLB 788 (2019) 316 c _39 ilepton J
5 _39 | Boosted i-b+ISR; ATLAS-CONF-2018-052 8 10 = e 3
© 10 \ : = XENON1T MIGD Er+X 3
a ’ 0Cxs 3 — ff resonance S 1 040
= 1 0_40 ’ \CO 1  Erpuc7s(e018) 565 P ———
o '3 = bb resonance Ko 10— 41 =X
) JHEP 03 (2020) 145 ’ ~
1 0_41 — ET*+X 1 0—42 : E
£ it iy 2102.10874 DarkSide-50 3
5 TS +jet; arXiv: 2 T
_42 E?SS'*'X I’ onance ET'*4+y; arXiv:2011.05259 1 0—43
1 0 E$‘55+V(had); JHEP 10 (2018) 180
4 onance E.r +Z(Il); PLB 776 (2017) 318 1 0_44
1074 — PICO-60 C,F,
PRD 100 (2019) 022001 .
44 Duet 10 45 Paﬂday‘
10™
107% ZenoNT
45 Axial-vector mediator, Dirac D ector mediator, Dirac DM
10 g,=0.259=0,g =1 .Qﬂ g_01g 0.01,g =1
46 ATLAS TImits at 95% GL, direct G tion limits at 90% CL A o UL, direct detectlon limits at 90% CL
1 0_ ; —== > 5 1
3
1 10 10? TO 1 10 1 o2 1 o
m, [GeV] m, [GeV]
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— Dilepton
PLB 796 (2019) 68
— Dijet
Dijet; JHEP 03 (2020) 145
Dijet TLA; PRL 121 (2018) 081801

— bb resonance
JHEP 03 (2020) 145

miss
— E7+X
ET**+y; arXiv:2011.05259
ET®*+jet; arXiv:2102.10874

— XENON1T

PRL 121 (2018) 111302

— PandaX

PRL 117 (2016) 121303

— DarkSide-50

PRL 121 (2018) 081307

— XENON1T MIGD

PRL 123 (2019) 241803
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Content Lecture 1

Introduction

= the standard model — from SM to BSM — Top-Down versus Bottom-Up
= the energy frontier — LHC and detectors — how to search the data?

bread and butter resonance searches

= dilepton and lepton+MET searches
= dijet searches and beyond

= diphotons

dark matter

= di-invisible — dark matter
= direct dark matter searches at LHC
= di-X interplay with dark matter — beyond the LHC

supersymmetry

= appeal

= strong production: jets+MET

= weak production: leptons+MET
= RPV: multijets
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The WIMP miracle m

...assuming thermal dark matter production...

e ...assuming cold dark matter...

...assuming DM to be 1 particle...

>
:0: ]_ I TTTTT [T TTTII [ TTTTI
* relic dark matter density is inversely proportional 2 1%_12
to the DM annihilation cross section % 10-3
= correct relic density at ¢ %8:2 increasing
<gv>~3x10%cmd/s g 10-6 <gv>
= this is the cross section of a 100 GeV E 10_;
particle with a coupling like the 2 10_9 ——————
weak interaction S 10-
. . o 10710 & Pt
* so cosmology and particle physics a 10~
points us independently to a special T 1012 ~o b -
mass scale, the weak scale © 10-13
E 10—14 | IIIIIII| | IIIIIII| [ LI
8 1 10! 10° 103

= gpecial role for the Higgs boson? time—=

m/T

= the superesymmetry neutralino?
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Supersymmetry

* hierarchy problem: scalar mass sensitive to all scales

7 ~< hiwY2 Az
/ T A

the integral can be cut off at a momentum scale A

3A2
mi = (m9)? + ) (mi +2mé, +m% — 4m§) )
= to cancel this radiative correction up to il
the Planck scale... =
. L 400
we need to cancel 32 orders of magnitude S
- fine tuning - | 4
ES00F " N
e
kS,
i
200

00 &

A (TeV)
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LNF Spring School 2024 — BSM at high energies

Page 60



Supersymmetry

* possible solution: supersymmetry (SUSY):

add a boson for each fermion, and vice versa

scalar quarks and leptons

Names spin 0 spin 1/2

squarks, quarks | @ | (4 JL) (ug dp)
(%3 families) T Ug uh,
d d df

sleptons, leptons | L (v er) (v er)
(x3 families) 3 €p e}r?

extended Higgs sector and
fermionic superpartners

Names spin 1/2 spin 1
gluino, gluon [ g
winos, W bosons wE W | wt wo
bino, B boson BY BY

majorana fermions as
gauge boson partners (“-inos”)

Names spin 0 spin 1/2
Higgs, higgsinos | H, | (H} HY) | (H HY)
Hy | (H) H;) | (H} Hy)

* mixing between bino, winos and Higgsinos — charginos and neutralinos

* no SUSY at same masses observed — no perfect cancellation

stop
gluino

Steven Lowette — Vrije Universiteit Brussel

LNF Spring School 2024 — BSM at high energies

to save naturalneess and avoid new fine tuning:
higgsino ~ 100 GeV
~ 400 GeV
~ 2000 GeV
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Supersymmetry appeal

Resolution [m]

hierarchy problem

[o2]
o

unification of the forces >

I
o

20

[
Inverse coupling strength

Inverse coupling strength

EW symmetry breaking can be a

natural consequence of SUSY breaking I S |
log,,(4/ GeV) log,,(e/GeV)
Large energy, short distance —» Large energy, short distance —»

= under certain conditions in the Higgs sector

dark matter

= gravitational evidence is overwhelming

= SUSY can provide an ideal WIMP

= note: dark matter is not a requirement put on SUSY models Pr = (.1)25+3B+L
it's the reverse: require proton stability through conservation of R parity

— SUSY particles must come in pairs

- the lightest SUSY patrticle is stable

* string theory requires SUSY

= but no indication at what energy scale
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Supersymmetry at LHC m

 collider cross sections can be quite large

e current LHC energy and luminosity probes natural SUSY directly

/f \ NLO+NLL pp,ﬁ 13 TeV

o IS ¥ X (wmo Ilke) :

° SUSY can Stl” hlde 'g 103 cnran e s fs e s Dl s s s it A N b B
nexperimentaly  § oF \XN\ /0 TNEL
difficult decays S

&) 1] e O G i S
1€

10 4 |‘|’||’l"l"|""l.“‘"|"l“"’l"ll‘l"l"|ﬂ"l|‘||’l"l'."l' :li' “Aadlals it dl ;
s 10 events |n 80 fb ’
107 500 500 1500 2000 2500

SUSY particle mass [GeV]
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Supersymmetry at LHC m

* high cross sections for strong production of heavy squarks and gluinos

= the squarks and gluinos then decay depending on the SUSY spectrum of lighter sparticles
= but since they are coloured, they will always produce quarks or gluons (jets)

= and the LSP will always give rise to undetected momentum in the detector

= generic feature: missing energy + jets + possible leptons/photons/...

a particularly SUSY-like signature are same-charge lepton pairs

* small cross sections for electroweak production of charginos, neutralinos, and
sleptons

= Z's and W's appear in the decays, or leptons directly from the sleptons — can be used to
suppress backgrounds

= depending on spectrum configurations, final states arise with 2, 3, 4 leptons, with or without
Z resonances, same charge or not, same flavour or not

= generic feature: leptons + MET, but absence of jets

 also Higgs bosons can appear in the decays!
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Supersymmetry at LHC

« classic hadronic SUSY signatures some example diagrams

= jets + MET
= lepton + jets + MET
= SSdileptons + jets + MET

 classic electroweak SUSY signatures

= Z/W/H + MET
= dileptons + MET

* many 10's of searches, years of work, no hints of SUSY

= maybe nature chose something else than these classic signatures?
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Supersymmetry at LHC

e current experimental situation

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

August 2023 Vs =13TeV
. 1 —
Model Signature  [£dt[b™] Mass limit Reference
s oS0 0 2.6jets  EMSS o
G e jets i 140 1.85 m(¥)<400 GeV 2010.14293
2 @ 3= monojet  1-3jets Eﬁ"“ 140 | @ [8x Degen. 0.9 m(@-m(})=5 GeV 2102.10874
S 3z ot Oe.pu 2-6jets  EPS 140 |z _ 23 .ﬂm(/ﬁ))=0 GeV 2010.14293
] z Forbidden 1.15-1.95 m(¥1)=1000 GeV 2010.14293
3 1epu 2-6 jets ) 140 |z 2.2 m(¥})<600 GeV 2101.01629
[ ee, pup 2jets  EP™ 140 |2 2.2 m(¥})<700 GeV 2204.13072
B Oeu  7-11jets EPS 140 |z 1.97 m(F}) <600 GeV 2008.06032
% SSe.pu 6 jets 140 |2 1.15 m(g)-m(¥1)=200 GeV 2307.01094
S oty O-1epu 3h EPS 140 |2 245 m(¥})<500 GeV 2211.08028
SSe.u 6 jets 140 |z 1.25 m(z)-m(¥1)=300 GeV 1909.08457
biby Oeu 26 EPS 140 | B 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; ¥1)<20 GeV 2101.12527
a5 bb, by—>b¥3 — bhi) Oe.u 66 Ep® 140 |5 Forbidden 0.23-1.35 0 GeV, m(¥})=100 GeV 1908.03122
s % 27 2b EPs 140 | B 0.13-0.85 130 GeV, m(¥})=0GeV 2103.08189
3-§ i, Ty O-1ep  >ljet EFS 140 |7 1.25 m(E))=1 GeV 2004.14060, 2012.03799
: g i, 1> W) Teu  Bietsib EMS 140 |7 Forbidden 1.05 m(¥})=500 GeV 2012.03799, ATLAS-CONF-2023-043
S5 nh, h—>%by, 11516 127 2jets/t b EpP 140 n Forbidden 1.4 m(#1)=800 GeV 2108.07665
O T S s Oe.p 2c  EpS 361 |z 0.85 1805.01649
T Oepu mono-jet  E}™ 140 iy 0.55 2102.10874
i), -0, X9 —Z /) 1-2e,p 14 EPS 140 |4 0.067-1.18 2006.05880
b, h—h +Z Bepu 1b EF™ 140 | B Forbidden 0.86 2006.05880
TS viawz Multiple £/jets EE?‘S 140 )?; Ve 0.96 m(¥})=0, wino-bino 2106.01676, 2108.07586
ee, >ljet  EPS 140 | ¥4 0.205 m(¥T)-m(¥})=5 GeV, wino-bino 191112606
TiXT viaww 2ep Eps 140 | R 0.42 m{¥})=0, wino-bino 1908.08215
YK via Wh Multiple ¢/jets EP' 140 | ¥;/¥; Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
L WX vialy 2eu EPs 140 | X 1.0 m(Z,7)=0.5(m(¥)+m(E})) 1908.08215
= 8 = o) 27 EpS 140 [ENFRFRENT0Ea 048 m(E})=0 ATLAS-CONF-2023-029
WS 7 piig, I-08) 2ep Ojets  EMS 140 |7 07 miE)=0 1908.08215
ee, >ljet ERs  qs0 |7 0.26 m(@)-m(¥)=10 GeV 1911.12606
HH, H—hG|ZG Oeu >3b EE 140 | @ 0.94 To appear
4epu 0 jets Eafss 140 yid 0.5! 2103.11684
Oep >2largejets EF™ 140 | i 0.45-0.93 2108.07586
2epu >2jets  EPS 140 | @ 0.77 BR({! — ZG)=BR(} — 1C)=05 2204.13072
Direct ¥7%; prod., long-lived ¥ Disapp. ttk  Tjet  EF™ 140 Xy 0.66 Pure Wino 2201.02472
E o7 0.21 Pure higgsino 2201.02472
1)
=& Stable g Rrhadron pixel dE/dx EXs 140 | & 2.05 2205.06013
&E Metastable g R-hadron, g—gqt} pixel dE/dx EP™ 140 2 [r® =10ns] 2.2 m(¥})=100 GeV 2205.06013
§ 8 &1~ Displ. lep ERss 140 &k 07 .1 ns 2011.07812
~ T 0.34 2011.07812
pixel dE/dx EPs 140 |7 0.36 2205.06013
X G ze—teet 3eu ) 140 Pure Wino 2011.10543
TV 09 — wwzeeeevy dep Ojets  EFS 140 m(E%)=200 GeV 2103.11684
28, 39901, X - qqq >8 jets 140 2.25 Large A7), To appear
S T i) ¥ o s Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& T, i—b¥T, XT — bbs >4 140 Forbidden m(¥7)=500 GeV 2010.01015
if, h—bs 2jets+2b 36.7 1710.07171
i, hi—qt 2epu 2b 36.1 0.4-1.45 BR(f1 —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(7 —44)=100%, cos0,=1 2003.11956
TSI, 0 y—tbs, X{—bbs 12eu  >6jets 140 | @ 0.2-0.32 Pure higgsino 2106.09609
" L L " PR S S T | " L L L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Supersymmetry at LHC

e zooming in on gluino and stop searches

= drivers of the fine-tuning tests

2000

. [GeV]

1

X

1600

1400

1200

1000

800

600

400

200

 limits from direct searches are now very stringent

pp—>Gg, g—ttXe Oct 2023

_I|III|III|III|II.I|III|III|III|III|I_.

"CMS 137 fo! (13 TeV)

L =—1908.04722, 0-lep (H'™) N
—1909.03460, 0-lep (M,,) -Expected
2103.01290, O-lep (stop) =Observed -
—1911.07558, 1-lep (M,)
—2001.10086, =2-lep (same-sign)
1710.11188, O-lep (stop), 36 ft5'
2211.08476, 1-lep (Ad) -

I'|.Il|]|Il|.III|.I.II|lI.I|.I.II|lI

_I|III|III|III|III|II|EIII|II3Illl-.

800 1000 1200 1400 1600 1800 2000 2200 2400

Mg [GeV]

= fine tuning seems inevitable

. [GeV]

1000

X

800

600

400

200

= simple low-mass SUSY solutions losing traction

Steven Lowette — Vrije
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pp =T, T—=tx° Moriond 2021

T T T | T T T ‘ T T T | T T T | T T T

- CMS Freiiminary 137 o' (13 TeV) |

= .
Ad | I — | I — | L1 | [ | I:I I Lol HH

T | T T | T T T I T T T ‘ T 1T | T T | T T | T

= SUS-20-002, 0-, 1- and 2-lep combination

1711.00752, 0-, 1- and 2-lep (stop), 36 b ~Expected

=—2103.01290, 0-lep (stop) —Observed
—1912.08887, 1-lep (stop)
—2008.05936, 2-lep (stop)

| | | | | | 1 ‘ | I 1 | | 1 | | 1

200 400 600 800 1000 1200 1400
my [GeV]
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Content Lecture 1

Introduction

= the standard model — from SM to BSM — Top-Down versus Bottom-Up
= the energy frontier — LHC and detectors — how to search the data?

bread and butter resonance searches

= dilepton and lepton+MET searches
= dijet searches and beyond
= diphotons

dark matter

= di-invisible — dark matter
= direct dark matter searches at LHC
= di-X interplay with dark matter — beyond the LHC

supersymmetry
= appeal
= strong production: jets+MET
= weak production: leptons+MET
= RPV: multijets
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