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Introduction

B SM fits the experimental data very well in EW scale.
B Discovery of Higgs boson makes SM self-consistent.

Standard Model Total Production Cross Section Measurements status: March 2021
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B Many big questions not answered by SM !

I Dark Matter I I Flavor, CP, Strong CP I I Origin of EWSB I

Inflation

I Baryogenesis I

Y 'u wvie? ;U.|7MDV!C’ ;‘5.5MQ\II|. ‘ - ’
. l electr ' on u g
New "N neutrino i )
. — ) -
. - Neutrino Mass
Dark Energy I Quantum Gravity

Picture modified from Jonathan Feng at 2017 ICFA Seminar

B Need a more fundamental theory in which SM is
only a low-energy approximation =» New Physics.



SUPERSTRIN & & Grond _ Suts)
M-f.Movy hctentic Unification
G;ﬂolonon’ EgxEp

Type-EA Type-I




New Physics beyond the SM

Big Questions L 1311.0899.pdf
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Outline

B LHC & ATLAS/CMS detectors
B BSM Searches @ LHC
B Prospects @ Future proton colliders

B Summary



LHC & ATLAS/CMS

detectors
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Collisions at LHC

Proton-Proton
Protons/bunch 10"
Beam energy 7 TeV (7x10'2 eV)

Luminosity 103 cm? s
Bunch
Event rate:
Proton N =L x o (pp) = 10 interactions/s
Mostly soft (low p;) events
Parton Interesting hard (high-pt) events are rare

(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle

-> very powerful detectors needed 10



Excellent LHC performance
is a (nice) challenge for the
experiment:

- Trigger

- Pile-up

- Maintain accuracy of the
the measurements in this
environment
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ATLAS and CMS detector @ LHC
ATLAS and CMS: two multi-purpose detectors @LHC

"% Large Hadron Collider
(LHC):
"~ Proton-Proton synchrotron

- — World’s highest and largest

rA Toroidal LHC ApparatuS

-42mX22m, 7000 ton

- Solenoid + Toroidal magnet (2T)
- Fine granularity liquid Ar/Tile
calorimeters

2 . &5
- X

Compact Muon Spectrometer
-21TmX15m, 14000 ton
- All silicon trackers, 4T
solenoid magnet
- PbWO4+Tile calorimeters Y

12



Muon Detectors Electromagnetic Calorimeters

. Forward Caiorimeters
Solenoid

End Cap Toroid

Inner Detector

B Tracking (|n|<2.5, B=2T) :
- Si pixels and strips it
- Transition Radiation Detector (e/n —
separation) et
m Calorimetry (|n|<5) : T
- EM : Pb-LAr AU
- HAD: Fe/scintillator (central), H
Cu/W-LAr (fwd) = TP
B Muon Spectrometer (|n|<2.7) : n
- air-core toroids with muon T
chambers

ATLAS

A Toroidal LHC ApparatuS

Length : ~46 m

Radius :~12m

Weight : ~ 7000 tons

~ 108 electronic channels
~ 3000 km of cables

Muon
charmber

Tracking Electromagnetic Hadron
charmber calorimeter calorimeter

Innermost Layer... ...Outermost1 %ayer


https://mp.weixin.qq.com/s/_UtuSypTu1Dl1lnDuo6VTw
https://mp.weixin.qq.com/s/cJ6J3M-y36qNMicy7-jVQw

CERN’s particle accelerator chain
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Data efficiency

Data / MC

Detector performance Highlights

Bumper crop of results from Run 2 only possible thanks to excellent understanding of
detector performance, and development of reconstruction and identification algorithms
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BSM Searches @ LHC




We are here :
2015-2018:
~140 fb-1(13TeV)

Run2
2015-2018

V4
13TeV

L~ 150"
(PU) =~ 25

LS1
20132014 T

Run1

The results are based on 36-140 fb' @
13 TeV (RUN2 2015-2018) ~ 2-5% of total

Run3
2022-2024

14TeV

L~300ft\

(PU) =~ 50

High-luminosity LHC

L ~ 3000 fb~*
PU) =~ 140

LSB Run4-5 ...

2028-2038

B >

8TeV

2010-2012
~25 fb-

Long Stop

17




New Physics beyond the SM

Big Questions
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Snowmass new physics working group report
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What is SUSY?
How SUSY do help?

*"5 \

(-Supersymmetnc
shadow " particl

(TeV-scale) Supersymmetry (SUSY)

P. Higgs at CMS

19



SUSY Introduction

OUR WORLD... NEW WORLD?
Spin 1/2 I I 1 Spin O I I I ,.T
il bE Bt U c b
quarks d [ [ squarks L
j | | N i) i
) ) g )i )ir
leptons d % q Vl q VT sleptons : ‘/e % ‘/1-

Spin O

Hiaas {.C} L, { |l Julius Wess Bruno Zumino
bosons ' V- J 4

(1934 - 2007) (1923 - 2014)

i (Julius Wess and Bruno Zumino, 1974)
O Establishes a symmetry batween fermions

(matter) and bosons (forces)
 Motivation:

Bosons Fermions
o Unification (fermions-boson$, matter-forces) _
o Solves some deep problems bf the SM 8 I?e":n"ig:;_ ||E;;n;?|2>
o Provide Dark Matter candidate

Spin differ by 1/2 2°



Minimal Supersymmetric Standard Model

Supersymmetric ParTners
Standard Model persy
Particles and Fields Interaction Mass
Eigenstates igenstates
Symbol Name Symbol Name S mbol Name
qg=u,d,c,s,t,b quark IR squark /5’1,21“2 squark
l=e pu,t lepton L.l slepton .1 slepton
[ = Vs ViV, neutrino v sheutrino v sheutrino
g gluon g gluino g gluino
w W-boson W wino || »
P charged ~  ~_ | charged | (| A1 chargino
H,,H, Higgs boson H,,H, higgsino |
B B-field B bino |
0 0_ . NO .
W WoO-field w wino . neutralivfo
H° H° neutral o° e neutral
u>”"d  |Higgsboson| “° ¢ | higgsino |

21



SUSY Introduction

O Solve hierarchy problem without " Mrs. SUSY
“fine tuning”

— Fermion and boson loops
contribute with different signs to
the Higgs radiative corrections

— Supersymmetric partner
contributions to Higgs mass
cancel SM contributions

Fermion loop S

| 1
\ /
_H___O____ Ho_ s _ 2 ___
Boson loop

M. =M,

h.tree

+AM,;  SM:AM, ~A’;  SUSY:AM, ~m;, log(A/m,,) 2




SUSY Introduction

O Unification of gauge couplings
— New particle content changes running of couplings
— Requires SUSY masses below few TeV

60

=
b SM
1 G, -
T,
la,
5 10 15
l0g,,(Q/GeV)

1a

a0

40

20

a

o,

o

5

SUSY

~
\

o
N
B
R

10 15
log,,(Q/GeV)

Quantum
Gravity

Super
Unification

Unification of Forces

Grand
Unification

Magnetism

QED  Electro Long range

magnetism .
Electroweak Maxwell Electricity
O Model Fermi
> Weak Theory  Weak Force
tn. Standard
= model Short range
n
QCD Nuclear Force
Short range

Kepler Celestial

Universal Gravity
Gravitation “anglEnge
Terrestrial

Einstein, Newton
Galilei  Gravity
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rovide Dark Matter candidate -~~~ o S '
o e 2 100 | M

ki'}‘%‘. %ﬁiﬂ,r‘%‘, ﬁ q’#& . expected

S A from
’ ~~w—___ |luminous disk

X —HREMNARR

# (RAHER - e © Ageo
+4.6%) e
| s - - S -,:,: PAOR M33 rotation curve -

Provide perfect dark mater!
_candidate - WIMP (lightest neutralino |
. in R-parity conserving models)
Q stable
Q electrically neutron
0 same density as DM

| 0.094 < Q.,h2< 0.136 (95% CL)

S EESHSUSY, TNl
| RAASKRUER !,




How to hunt SUSY?

P. Higgs at CMS

25



How do we start? - SUSY Signature

B Conserved R parity (originally introduced for
stability of proton)

— SUSY particles produced/annihilated in pairs

— Lightest SUSY particle (LSP) stable (DM
candidate)

— Typical signature: jets/leptons/photons + MET
(key signature: large MET)

Standard particles SUSY particles
7 00
\‘vj g \ X 11213v4
o Neutralinos
4 e
S wm Charginos

26



How do we search for SUSY?

B SUSY search strategy: search for
deviation from SM from the tails

O SUSY sensitive variables: Try to
establish excess of events in some
sensitive kinematic distribution

O SM background: the discovery of
new physics can only be claimed
when SM  backgrounds are
understood well or under control
— SM bgs understood very well ©
— No hints for new physics ®

sSUSY

/

Q.

Cut &
Cowunt

miss
E T

SM “backgrounds’- the big picture

Standard Model Total Production Cross Section Measurements  staws: March 2021

— BT
g 107 ¥ ATLAS Preliminary
_ £ T Theory
b 106% V5=7813Tev
LHC pp V5 =
Kl oaa
105 -
LHC pp Vs =
104 A Data 2
X LHC pp V5 =
1o [~
o
10 o8 o
10t

PP W Z &8 t Wt H WWWZ ZZ t W tiZ 2
M M vl e



Events / 10 GeV

Data/SM

Events / 15 GeV

Data/ SM

1: Define SRs using SUSY Sensitive Variables

ETmiss

10*
10°

102

—
ATLAS Internal

J Ldt~20.3fb"

" Lo Data 2012 (¥s = 8 TeV)
%44« SM Total

=1 Diboson
i

[ gingle top

SUSY Ref. Point 1
SUSY Ref. Point 2
SUSY Ref. Point 3

SR-C1C1-highMas

A7

Evvl o Hllllﬁo ERTIT I RTTT MRTI |

10°

ET™ [GeV]

T T T T T T —

) ] >

ATLAS Preliminary ¢-Data  [lWxjets | 3
\s=8Tev,203f%" —Total SM [llSingletop § o
tt Other P

----- mE L) = (2500)GeV 5 £

] >

B w

-o—
P

Data/SM

160 180
my [GeV]

80 100 120 140

Meff

SR-DS-lowMass
T

> L B e
8 4 ® Data [CJoiboson

o10® %4sMTotal [l Top quarks

Z Mot +er (7 M,) = (250, 100) GeV
2 J CJWsjets -o.. (T, M) = (250, 50) GeV
e 2 5 3

“>’10 . Dzsiets  woni (MM, = (127,0) GeV
- 4 ATLAS

Vs=8TeV, 20.3 fb"

= i AT
%1%&%&6’{%%/%(% .

0.5 B R VAL, /
Sost N A
100 150 200 250 300 350 400
Mg [GeV]

mT2

SF channel
10° g

L e e e
. ATLAS, Vs =8 TeV, 203 b
10 &I Data % Non-prompt leptons
Z#jets Higgs
10* E% ‘E:H Enk?'.gﬁsso.o) GeV
e el S (mfm?) = (251,10) GeV
10 stk

0

0 20 40 60 80 100 120 140 160 180 200
m,, [GeV]

E™ss from escaping LSP, to
suppress bg from mis-
measured jets and oth. SM BG

Related to the sparticle
mass scale, like effective
mass (Mq)

-
*?"'jets

N |
Mg=Y P+ Y pip
i=1 =1

mT, mT2 (stransverse
mass): suppress BG with
Ws

mr2 = min Imu.\ ("'T( p’T' .q7). ’"T(I);:. p!
qr

+ E_rrniss

Pjet.;r’
T

~qn))|

B Many others ...
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2: SM Background estimations (data-driven + MC)

SUSY searches rely primarily on the understanding of the SM
BG

Standard Model

Top, multijets
vV, VV, VVV, Higgs
& combinations of these

Reducible backgrounds Irreducible backgrounds

Determined from data Dominant sources: normalise
Backgrounds and methods MC in data control regions
depend on analyses Subdominant sources: MC

. . lind
Validation blinded
Validation regions used to
cross check SM predictions
with data

i
Signal regions

29



2: SM Background estimations (data-driven + MC)

1

i B Multijet background: “ABCD
I method” or fake factor method
1
1
1
1

B Fake leptons or heavy-

Reducible backgrounds flavour jets determined with

Backgrounds and methods
depend on analyses

purity samples using “real” and
“fake” probabilities measured
in data.

|
|
1
|
1
|
1
|
1
|
1
|
|
Determined from data “matrix method” in different- |
1
|
1
|
1
|
1
|
1
|
1
|
1
|

30



2: SM Background estimations (data-driven + MC)

|
i Normalise MC prediction in SRs

E using dedicated CRs — transfer
! factor: T

Irreducible backgrounds

Dominant sources: normalise
MC in data control regions
Subdominant sources: MC

31



Events

Data/SM

10*

10°

102

10

ATLAS Internal
Vs=13 TeV, 139 fb™
post-fit

¢ Data
X SM Total
Multi-jet
I Top quark
I Z+jets
Multi-boson

I Higgs

W+jets

- - m@& 55‘1’) = (120, 1) GeV

- - m@, 1‘1’) = (280, 1) GeV

1 IIII|_|,|,| 1 IIII|_|,|,| L

Validation

Validation regions used to
cross check SM predictions
with data

v Theory/modeling uncer.

(Generator/PS/PDF...)
v' Experimental

of objects,
modeling ...)

uncer.
(energy scale/resolution

lumi.,

PU

v' Analysis specific uncer.

(bg esti.)
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12 e

SM process SR SR

% B N
] I\ I g 10 = ATLAS Internal $data  NSMTotal
-IOWMaSS -hig ass N L {s=13TeV, 139 b Multi-jet | Multi-boson |
% 8 L SR-lowMass Wiets .T0p quark ]
Diboson 14+08 | 26+1.2 2 [ postit Bz Wi

s SR-lowMass - )= 1 GV

- == m(5, 7)) = (280, 1) GeV ]

W+jets LOx0 7| 25£1.9

0.80 s | .
Top quark 0.04”_'0.04 2.0+0.5 - : - ]

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| Z+ets 0.4105 | 0.0470.13 2R R B N
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

-0.4 -0.04 :
Higgs 0:0112:%2 - 0767580 85 80 95 100 105 110 115 120
Multi-jet 26+0.7 | 3.1+1.5 e [GeV]
SM total 6.0+1.7 | 10.2+3.3 B No significant excess
Observed 10 7 except for SR-lowMass

[ 3: Compare SM
predictions with

Signal regions data
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Parameterizing the model

compressed region
less energy per object

looked for SUSY: here more eneg/u;er

and did not find it object
{ merged decays

oV 5
D ¢
O 3
3 wsist

cu :

Q

7)) 1
4 %

O

7))

(7))

]

ga

mass of sparticle+

Interpretations

Signal regions




- ~0
TrLTRL 2 x X,
'%' L
S, 250— ATLAS Internal SR-combined
S3 — Vs=13 TeV, 139 fb™
= I, — — — - Expected Limit (=1 c_,,)
S ool All limits at 95% CL oxp
— ~———— QObserved Limit (%1 c;tshzcs):,)
L QX7
150 — &L - P
100 _—/ .7
50—
0 B 1 I 1 3 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 ..I I I 1 1 1 1
100 150 200 250 300 350 400 450
m(3) [GeV]

B excludes stau masses between 120-390 GeV

\/Alidation. ol

! {
' L

p :T RS- 4:
g Interpretations
p
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SUSY search results @ LHC

ATLAS public link
CMS public link



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

Overview of SUSY Search

Strong production: _ NLO+NLL, pp, \F=13 TeV
QA targeting gluinos and squarks '

d ~t/~b should be lowest mass | | | |
squarks for naturalness reasons S G ILIL"(si'ﬁg'ré"gén'éra'ﬁdn) """""""""""

O by far largest cross-sections
Electroweak production:

O targeting Electroweakinos &
sleptons

J Lowest mass sparticles, clean

signature g | 7
. 500 1000 1500 2000 2500
RPVI LL >I<%: SUSY particle mass [GeV]

: : i’ .
™ models and long ved sparicles
models and long lived sparticles 077eV | 0957ev | 137ev | 1857ev | 227ev

. Current limits at the end of 2015-2018 data takin
d More exotic models g

B Interpretation: several simplified models but starting to include new
interpretations 37



Overview of SUSY Search

Strong production:
O targeting gluinos and squarks

4 ~t/~b should be lowest mass
squarks for naturalness reasons

O by far largest cross-sections

NLO + NLL, pp, Vs =13 TeV

Bt T T (OGO
é X = — Xg (wino-like)

8 10 =AU\ \‘. \.ag’ ..............................................................
w = N H H :

h 2L\ . :

g 102 :?\ ............... ................ \\ ...................... ILIL(SIngfegeneratlon) .....................
= = _ N

(@) 1O:E \ ........... ....... ﬁqu (10)( degeneracy) .......................

—5 | 1 1
10 500 1000 1500 2000 2500

SUSY particle mass [GeV]

slepton: EWK: stop: squarks: [ gluinos:
0.7 TeV 0.95 TeV 1.3 Tev 1.85 Tev 2.2 Tev

Current limits at the end of 2015-2018 data taking

Signatures:
» Large #jets and missing energy (N1/v)

> #leptons: 0-n (from ~I/boson decay)
38



In simplified

model approach :
M(~g) <0 o
(1.9-22TeV) ©
@95% CL

o —

I—I

o
s

Neutralino LSP €

¢5 3900

3000

2500

2000

1500

1000

500_

1000 1200 1400 1600 18/)

Gluino search

Vs=13 TeV, 36.1 - 139 fb March 2021

5= otep. potoiazes  ATLAS Pretiminary-

g— szf > 3 b-jets [CONF-2018-041]
g— 7. >3 b-jets + >2 lep. SS [CONF-2018-041, 1706.03731]
|g— qaWyx, 0lep. + 1 lep. [2010.14293, 2101.01629]
15— qawzzf >7-12jets + 1lep. + >2lep. SS

i [2008.06032, 1708.08232, 1909.08457]

TIIII'IIII

m(g) [GeV]

00 260 2400

Weaker limits: decay via W/Z or
cascade decay

Spin O

squarks

sleptons

Spin 1/2

auwe ([ 2]

O’No N
{ X X2 X3 14
~+/N+

Charginos { Z1 ZZ

19— qa(n/w)z‘j via IV 2lep. OS SF + >3 lep. [1805.11381,(1706.03731]
- >11[1808.06358] -
> 1y [1802.03158] .
— Colours indicate different models n
| Observed limits at 95% CL ]
- ST p— - LOow mass
N ~, 1 Icompressed region:
- “,‘ 1 multi-lep. SRs
"""" :' * Carge mass split

region: full had. SR.
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Squark search

slepton

In simplified model approach (depending on decay mode and/or mass s lrl'rmgS‘)'

M(~g) <O (1.9 TeV) — O (2.2 TeV) @95% CL Spin 1/2 Ny
M(~q) < O (1.4 TeV) — O (1.85 TeV) @95% CL [ BT ‘}
M(~t/~b) < O (0.7 TeV)— O (1.25/1.35 TeV) @95% CL |
q Y
3000, \IFNSI~ ~3|~Te\|/, 2|o.3 13907 _ March 2921_ P 44; "
> - asthdse ATLAS Preliminary - > 1
~ — oy ep. + mono-je s ; : et ‘2(1) ~
©.0500F 5§ Tt mren oo 10 14500, 2101 1000 . W ¢
015" - > 2y [1802.03158] q ~

8 TeV,
[1507.05525]

2000 — §_— a(lv/vw)x, via U9 = 2 lep.

g — qWzy! = 7-11 jets + = 2 lep. SSJ
>17

L. Colours indicate different models
— Observed limits at 95% CL

1500

III|III||IIII|II
[

1000

500

\
=

1 l[l ] % (~
500 1000 1500 2000 p T‘f

m(Q) [GeV] A




3rd Generation: stop

O Search for stop directly from ~t~t production

O Large spectrum of possible stop decays, covering range from low
to heavy stop mass, various decay modes.

> {\T;f;% 0 50 100 150 200 250 300 350 400 450 500 b
w

y m(t,) [GeV]
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Spin O "

i &[]
Stop search o | T TN

e ,./;é, T
In simplified model approach (depending on decay mode and/or mass s hfrrm‘;’s‘)-

sleptons

¢ M(~g) <0 (1.9 TeV) — O (2.2 TeV) @95% CL pin 1/2 B
luino
* M(~q) <O (1.4 TeV) - O (1.85 TeV) @95% CL B T E
+ M(~t/~b) < O (0.7 TeV)— O (1.25/1.35 TeV) @95% CL e { B
900/ =813TeV,20.3-139fH " March 2021 Can be even worse in
= T [ rrryrrrrrryr T T T ] = Observed limits . .
D [ ATLAS Preliminary 1] - - cworoims some corners of simplified
(D 800'_ iiproduction | . Data 15-18, V5 = 13 TeV, 139 fb mOdel Space
S TonnF. Limits at 95% CL ] I roncieri by .
= 700 R 1] _wees . Compressed scenario:
:_ S/;’ S v ‘_ ; :1.14(;0 i <
600 e % still <700 GeV
- . [2012.03799] ¢
500 “ e - R i - T
N n [2102.01444] P
- . ¥ - =0
400 I_ \_: Data 15—1~e,i§= 13 TeV, 36.1 o . > _ i -~ X1
300:_ = [11709.0‘418‘3,1711.;15120, 1 %\‘sq 0
n E - ;75)8.03?;17,1711.03301] p
200 :_ ? [1’9013.0751701 {
1 OO : Data 12,¥s =8 TeV, 203 fb ™ . .
| i Large mass split scenario:
L L1 P 7 [1506.08616]

200 400 600 800 1000 1200 up to 1.2 TeV
m(t,) [GeV] 42



Sbhottom search

Spin O

slepton

|
u
d
{ e

0
C
S

In simplified model approach (depending on decay mode and/or mass s lrrm‘rg-s‘)-
M(~g) < O (1.9 TeV) — O (2.2 TeV) @95% CL
M(~q) <O (1.4 TeV) — O (1.85 TeV) @95% CL

M(~t/~b) < O (0.7 TeV) —
Vs=13TeV, 139 fb"

O (1.25/1.35 TeV) @95% CL
March 2021

— 61 —b )Z? (monojet)

L L B I BN R B
ATLAS Preliminary

130 GeV [1908.03122, 2103.08189] |

b,b, production
b,—»bX, —»bhX, . Am(,. %) =

~t ~0

b -t x Am(x,, X, ) 100 GeV [1909.08457]

b, = b 7, (bjets + EI™*)  [2101.12527]

[2102.10874]

Limits at 95% CL

I L1 1 | | I I

| — I L1

\

1

Y,

200 400 600 800 1000 1200 1400
m(b,) [GeV]

Spin 1/2
gluino{ g
{/%f’ X X X
nos { Xi = ’7?;'
>1’ Yl
: VV+
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Overview of SUSY Search

Slepton pair production NLO + NLL, pp, \F s=13TeV

e
D 7 %104_E ..........................................................
_- S E
_ - g 108 B N A
S o %102 ..............................................................
=< o
D i O‘-ro
- N
Electroweak production: \

O targeting Electroweakinos & ©

10—2 ....................... .............................
sleptons j g

U Lowest mass sparticles, clean

. t 107 ..........
Slgna ure 1 - 1 1 1 1 | 1 1 I\I\i JI 1 1 1 | 1 1 1 1 :

0 500 1000 1500S Usy 20})0 G 2V5]00
o o o o particle mass [Ge
Gaugino pair production via ~I

slepton:
or boson decay 0.7 TeV
D & o 0 Current limits at the end of 2015-2018 data taking
p 1 2

EWK: stop: squarks: [ gluinos:
0.95 TeV 1.3 Tev 1.85 Tev 2.2 Tev
>< >< Signatures:
> leptons (~l or boson decay) + low-

g . Xz P Xs multiplicity jets + MET
> Sometimes full hadronic 44




EWK-ino production

Mass splitting of the EWKinos depends on M1, M2, u and tanf3

Bino LSP
higgsing s
b = = nun
M, wino R )E? 171i
bino
M; ﬂ)

Standard wino-bino case:

large Am between N1
and C1/N2;

= MET + hard leptons

Higgsino LSP
bino N

h=——
wino -

" =9

K

higgsino

{

=0
P—‘P
SHl
o
>

il =

N1,N2,C1 almost
degenerate:
experimental
challenging;

= MET + soft leptons

Wino LSP

bino ~
W= — R

higgsino o
W — = B85
M2 wino ﬂ);f

=» Lower xsec than
higgsino LSP,

> WW+MET
dominant;
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Spin O

EWKino search (summary) --{is;

sleptons “ V;; o
u

v /T A
T/vr
- 5
- X! Xz ' ’ N SRz
7 :r_ =0 ~i ey X1 % X
<’ X1 X .\\\_\ D h T v |veutralinos
7/vr wt
T/ Ve 2 i ~
B
July 2019 ATLAS Preliminary ﬁl&13 TeV,203-139f"  Allimits at 95% CL June 2021 ATLAS Preliminary E:S\ TeV, 20.3-139 b’ All limits at 95% CL
% 700 3 = = Expected limits E = =« Expected limits
O, = Observed limits - = Observed limits
—~ - o
600 — - B
1 r o ~ta(
E : 27 15 2143 L = L X, Via
500 Lw e | o= s Wz 0, 21,3
R 300F \‘ arXiv 180; ﬂzé%
arXiv:1803.02762 - “ - 12606
400 e 250 :_ “ arXiv:2106.01676
X1 X1 via = 1 ATLAS-CONF-2021-022
~ r_ 1
300 O 2 200 = . [ Wh Ibb, 0l
- 1 arXiv:1909.09226
ariv:1509.07152 C 1
' 150— 1 ATLAS-CONF-2021-022
i ariv:1908.0821 C 7
200 . 719, 2 7 1 I
y 1 ariv:1407.0350 100 :_ : XXy via
100} : ariv:1708.07875 C J I ww 0,21
B 1 50 [y ll arXiv:1403.5294
1 o N_/NiNO . 5. . 1 arXiv:1908.08215
0 | 1 L L | L L 1 ] lae | L ll 1 L 1 | 1 1 1 | X1 X1 X1 X2 Vla 9 sl by bl by | FT I IO N O SR Y ‘ i ATLAS-CONF-2021-022
200 400 600 800 1000 1200 )77, 2 00 200 300 400 500 600 700 800 900 1 000 1 100
( X1 X2 ) [GeV] arXiv:1708.07875 ( X1 X2 ) [GeV]

Decays via W (*) /Z(*)
L Powerful exclusions in decays (C1/N2 up to TeV)

L Comparable exclusions in decays via bosons inc. full hadronic FS (up to
400-1060 GeV) 46



Electroweakinos: Wh

H X1
N

T
I+

— Wh %?%? {s=13 TeV, 36.1 - 139 fb™' June 2021

—]

ATLAS Preliminary

— 36.1 b, 1lyy [1812.09432]
e 36,1 ™, 116D [1812.09432]
36.1 b, 0lbb [1812.09432]
e 36.1 07, FI° [1812.09432]
139 fo', 1lyy [2004.10894]
139 b, 11bb [1909.09226]
139 ™!, 31 [2106.01676]
s 139 fb”!, 01 [ATLAS-CONF-2021-022]

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

IIIIIIIIII

IlIIIllIIIlII]

X/hoav v ~
Xlight

)~<light‘

Xheavy

W)z

q
h/Z
7
p 7
A alimne G
(I
R G
P N
N
h/Z

Signature:
two boosted W/Z/h + E;miss

First search for fully
hadronic signature at LHC
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Spin O

[ [
Higgsino search e | TS
SRR RS
my | )
. V. Vi Vi
v ___ 7 7 4
b 2 h/Z/,Z— bN Spin 1/2

AM(TE, 13) [GeV]

{1 2 ~ G
{/(] H ~o veutralinos
b
March 2021 ¢ATLAS Preliminary Vs=13 TeV, 36.1-139 fo!
warch 2021 = CT Ty L I L L Y L B 2 8 BB
50 S ; ]
T T T T | T T T T | T T T T | T e : . :
- o T l"‘ 90— —
- ATLAS Preliminary 1 9@ E ]
o0 L V5=13TeV 4 8o E
S PP — WoXy Toxi, XiXy, 5 11 (Higgsino) o 70 =
10k Y Alllmits at 95% CL . & gl ] ~G Lsp__
r N = Observed limits i o ]
r . == Expected limits i o N 2 . N 3
51 % - S0 \ PP = T Ty X XiTp
L > 1 40: (Higgsino) N 7
i Bino LSP | . B —>hGorzG ]
2 — ’,/” - 30 - - - - Expected limits —
et C — Observed limits ]
g2 20F All limits at 95% CL -
—1 iy -0y _ =0 =+ =0 — = -
ngt 2L, 13.9 fb ,arX|v.191_1.12606, m(xz)_m(x1)+2Am(~>§1,X1) , ] c : —— 4b, arXiv:1806.04030 3
Disappearing track, 136 th~", ATLAS-CONF-2021-015, m(y3) = m(x3) ; 10:— : —— 4L arxiv:2103.11684 =
LEP2 X7 excluded N C J -
. Theoretlcal red|ct|0n fOr Ure H| S|nO O_ 1 | L1 11 [ L1 11 | L1 11 | '} 11 | L1 11 | L1 11 I L1 11 | L1117
_______________ P P 9% T 00 300 400 500 600 700 8%0 0900 1000
—————————————————— P —— ~t ~0 ~
---------------------------------------------------- st m(x., %, % ) [GeV]
1 1 2
1 1 1 | L L 1 1 | 1 1 1 It | 1
~+
m(x;) [GeV]
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?) [GeV]

Am(e, x

Slepton search

—
== Expected limit )
— Observed limit (i)
-~ Expected limit (jig) ~ |
— Observed limit (jig)
-=* Expected limit (&)
— Observed limit (&)

Expected limit (& )

Observed limit (éz)
{07 LEP fipexcluded |
[ LEP &g excluded

ATLAS
V/5=13TeV, 139 f"

ee/py, mi3. shape fit

Alllimits at 95% CL

o= Gl el = (L€ 6] 7]

50

P I
100

T BRI
150

P TR S IR R
200 250 300
m(ly/g) [GeV]

m(<0) [GeV]

600

o~
(e
o

100

Spin O

squarks

sleptons

Spin 1/2

May 2020 o { g

| zl xz x3 254

|IIII|IIII|II[I|II[I|IIII,IIII|IIII

ATLAS Preliminary

N+ q N+

8TeV, 203107 (e [8,7] arkiv:1403.5294 | T { | i)

Soft 2/ e [8 7] arXiv:1911.12606
_ -1 -
Vs=13TeV, 139 b 2 T [8,7] arXiv1908.08215

: Tt - 7 ~0 i ~: 7 v

o _MZ,HgL,H’ [ (! 27ha~dron|c (=7 arXiv:1911.06660

I LEP Jig excluded

L Alllimits at 95% CL o To-do: . Cover ga at
- = Observed limits .

T -~ Expected imits “‘:.. Iow/compress mass region
._ A , ’ R ":0’.‘

: /
/

Lo
~

/ |
IIII|IIII|IIII|IIII|IIII|IIII|IIII

100 200 300 400 500 600 /00 800

Limits maybe different in case of cascade decays of the
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sleptons into lighter electroweakino states




m(x?) [GeV]

600

500

PP = [l gL R H = HX

9 bino LSP

June 2021

- W LEP fig excluded

(tanB, p, M)
= (60, 05 TeV, 0.5TeV)
E=3 (60, 3.0 TeV, 1.0 TeV)
E= (60, 1.0 TeV, 1.0TeV)
= (5, 30TeV, 1.0TeV)

L == (5, 1.0TeV, 1.0TeV)

ATLAS Preliminary

8 -13TeV,20.3-139 fo~"
arXiv:1403.5294, Run 1 2¢
arXiv:1911.12606, Run 2 soft 2¢
arXiv:1908.08215, Run 2 2£0J

All limits at 95% CL
= = Expected
B Observed

N

T 200

300

400 500 600 700 _ 800
m(f. g) [GeV]

Am(UL, r, X7) [GeV]

Smuon & g-2

EWKinos / sleptons contribute to muon’s g-2

Aay = aS® — oM = (251 +£59) x 107" (4.20)

o N
’ ~
7’ ~

M X(l 7
- pp - fii g L. g {1 - UX3, bino LSP June 2021
L U S ] [ S [ T P S [l L I S ] TR I U U =
= . . aSV 1 10=(250.6)x10° - o~ O
- ATLAS Preliminaryr—mr——n el E
| 8-13TeV,20.3-139 fof == (€0 05TeV, 05Tev) B Observed T
- ) e E= (60, 3.0 TeV, 1.0 TeV) -
arXiv:1403.5294, Run 1 2¢ = (60, 10TeV, 1.0TeV)
103 arXiv:1911.12606, Run 2soft 2 = ( 5, 3.0 Tev, 10TeV) - _
= ariv:1908.08215, Run 22000 == (5, 10Tev, 10Tev)  AMIALAX 2 =
[ B LEP g excluded
102
Nb
10! N
N\
\
N
100
1 PN R SR R RN RNNTE S SEi | AN R NININ NN ININGN N N
100 200 300 400 500 600 700 800

m(fi,r) [GeV]

Examples of pMSSM parameters compatible with p g-2 anomaly

To-do: Cover gaps at low/compressed mass region
from experiments
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Overview of SUSY Search

RPVI/LL:

O targeting  R-parity  violating
models and long lived sparticles
L More exotic models

NLO+NLL pp, \F=13 TeV

1 - | | | | | | | | | | | | 1 1 | | | | |

0™ 500 1000 1500 2000 2500
slepton:
0.7 TeV

SUSY particle mass [GeV]
Current limits at the end of 2015-2018 data taking

EWK: stop: squarks: [ gluinos:
0.95 TeV 1.3 Tev 1.85 Tev 2.2 Tev

51



RPV SUSY

B Precision SM measurements support baryon and lepton
number conservation, while some MSSM couplings do not

B Search for R-parity Violating SUSY
R = (—1)3B-L)+28 R=+1 (SM); R=-1(SUSY)
B Super-potential with RPV of lepton or baryon number

Wr, =3AdijkLiL;Ex+ A}, L;Q;iDy + 34}, U;D;Dy + x;L;H,

l

Bilinear LH 52



RPV SUSY

B Precision SM measurements support baryon and lepton
number conservation, while some MSSM couplings do not

B Search for R-parity Violating SUSY
Signatures:

» Small missing energy (v)
» Final states depending on scenarios:

 LLE (decays via Lepton number-violating couplings): multi-leptons
« LQD (decays via Lepton/Baryon number-violating couplings): lepton+jets
« UDD (decays via Baryon number-violating couplings): multi-jets

« LH: lepton+jets

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

March 2021 Vs=13TeV
Model Signature  [£dt[fb™'] Mass limit Reference

XTI s ze—eee 3epu _ 139 | ¥{/¥] [BR(Z1)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
TV 105 — wwyzeetevy L Ojets  EFS 139 | AR E0] 0.95 1.55 m(#%)=200 GeV 2103.11684
23, 2-qq%) . X > qqq 4-5 large-R jets 361 | g [m(¥})=200GeV, 1100 GeV] 1.3 19 Large 1/, 1804.03568

S i, i—m??,)?? — ths Multiple 36.1 T [A,=2e-4,1e-2] 0.55 1.05 m(%})=200 GeV, bino-like ATLAS-CONF-2018-003
% 77, i—bXT, X — bbs > 4b 139 |7 Forbidden 0.95 m(¥;)=500 GeV 2010.01015
iy, i—bs 2jets +2b 36.7 |[FENGQEs 0.42 0.61 1710.07171
hi, i—qt 2e,u 2b 36.1 7 0.4-1.45 BR(f1—be/bu)>20% 1710.05544
1u DV 136 | [e-10< Ay, <1e-8,3e-10< X, <3e-9] 1.0 1.6 BR(71 —qy)=100%, cosf,=1 2003.11956

T RS 1Y, 8y —tbs, X —bbs 1-2eu  26jets 139 | ¥ 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007

1 " L L " 1
*Only a selection of the available mass limits on new states or 10! 1 Mass scale [TeV]

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

Signatures:
» Small missing energy (v)
» Final states depending on scenarios:
* LLE (decays via Lepton number-violating couplings): multi-leptons
« LQD (decays via Lepton/Baryon number-violating couplings): lepton+jets
« UDD (decays via Baryon number-violating couplings): multi-jets
« LH: lepton+jets

Bilinear LH 4



Long-lived Particles (LLP)

Long lifetimes result from a few simple physical mechanisms:

Small couplings (ex. RPV SUSY )
Limited phase space: small mass splitting (ex. compressed SUSY, ...)
Heavy intermediate states

stopped\
* ... particles Muon
spectrometer
HCAL
displaced
leptons CAL
(meta-)stable
charged
............ particles
displaced vertex
in association with
MET, jets, ... o orin
. i ri
What makes LLPs so difficult? o

Not triggered by conventional ones ( Higgs-mediated
] _ dark sector L
Need special reconstruction

Non-standard Backgrounds, non-

simulated
55



Long-lived Particles (LLP)

SUSY Models - ATLAS

~0 ~0
R-hadron ;m(x.) = 100 GeV March 2021 ~t o~y -0~
> : ° HPC)OL_;?;C; i (1):202332 (Vs=13 TeV, 36 fb") ATLAS Prelimi LW o 7 X(‘)[NWO] Mareh 2021
L -6 jets arXiv:1712. = 3 v ,
© 3000 | —@— RPC 0L 26 jets ATLAS-CONF-2018-003 (V5=13 TeV, 36 fb™) disiield I i 136 b, /s=13 TeV - ©O- - Expected limits
9] — Displaced vertices ariv:1710.04901 ({s=13 TeV, 33 o) -e-Expected | 5 1400 - SeAppeaiigings  ATASEORERRE Ob d limit
= B Pixel dE/dx arXiv:1808.04095 (Y5=13 TeV, 36 fb) iy C 1z —e— QDbservea limits
Zg - —e@— Stable charged arxiv:1902.01636 (Ys=13 TeV, 36 fo™) —e- Obsgrved "o [ o SS%E Ch’aﬁ; 13 Ta‘,ii\/w 01636 95% CL limits.
- = Stopped gluino arXiv to appear (Ys=13 TeV, 103 fb™) 95% GL limits = 1200 | A o Gﬁj}USrY not included
§ 2500 - £ - 20.3 fb™, Vs=8 TeV : I
= ~ c r Pixel dE/dx arXiv:1506.05332 a
— O - . . -
£ . = 1000 ~FATLAS Preliminary ' i
] L E C : ! ! !
2 2000 [-*=— = C i
o i :
— - $ 800 P
o SRR o
- 600 [ L
1500 |- I P
- i i
- ; 400 - L
_a 1 1 I 1 H 9 : I : 9
100075 . = 3 200 - i i i3
Ol sl vl s ol S Gl vl vl i@ B : : : : %)
5 !1 i T T 5 3 P 1 ||||||||f Ll 1 |f||||||| L B
102 10; 1100107 100 10° gqng) 1o ] 10 ¢
(r for n=0, By=1) Beampipe 'Inner Detectot Calo MS (rform=0, By=1) ! Inner Detector t Calo  !MS! rrng]
al v vl i e il vl sl L 111l 1 Lol 1111l 1 Ll ] L1 IIIIII 1
10° 102 10" 10 102 10°  10* 1072 10°! 1 10
ct [m] ct[m]

Long-lived R-hadron production Long-lived chargino
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Susy
RPC

Other

Long-lived Particles (L

RPV UDD, §-tbs, mg = 2200 GeV
RPV UDD, §-tbs, mg = 2500 GeV
RPV UDD, -dd, m; = 1300 GeV
RPV UDD, {-dd, mi = 1600 GeV
RPV LQD, -bl, mi =600 GeV
RPV LQD, E-bl, mi =600 GeV
RPV LQD, -bl, mi= 1600 GeV

GMSB, §-gG, mg = 2450 GeV

GMSB, §-~gG, mz = 2100 GeV

Split SUSY, §—qgx?, mg = 1300 GeV

Split SUSY (HSCP), fzg = 0.1, mg = 1600 GeV
mMGMSB (HSCP) tanB =10, u >0, mz =247 GeV
Stopped £, f-tx?, mi=700 GeV

Stopped §, §—qdx?, fgo=0.1, mg=1300 GeV
Stopped g, G~qax3(uux?), fag = 0.1, mg = 940 GeV
AMSB, x*-x9n*, my- =700 GeV

GMSB SPS8, x)-yG, mys = 400 GeV

H-XX(10%), X—»ee, my =125 GeV, my =20 GeV
H-XX(10%), X-uu, my =125 GeV, mx =20 GeV
H-XX(10%), X-bb, my =125 GeV, my =40 GeV
dark QCD, My, =5 GeV, mx,, = 1200 GeV

Overview of CMS long-lived particle searches

CMS Preliminary 3-140fb~1 (8, 13 TeV)
g 1808.03078 (Disp. vertices)  0.0006-0.08 m 38071 (13 TeV)
g CMS-PAS-EX0-19-021 (Displaced jets)  0.003-1m 132 161 (13 Tev)
i 1808.03078 (Displaced vertices)  0.0004-0.1m 38 071 (13 TeV)
i (CMS-PAS-EX0-19-021 (Displaced jets)  0.002-132m 13262 (13 Tev)
i | 180805082(@u+2jets)  <oo;m 36 071 (13 TeV)
£ (CMSPAS-EX0-16-022 (Disp. e +disp. W) 0.0005-0.4m 367 (13 Tev)
3 CMS-PAS-EX0-19-021 (Disp. jets) [ 0:005=0:247 132 fb™! (13 TeV)
g CMS-PAS-EXO-19-021 (Disp. jets) 0.006—0.55 m 132 fb~! (13 TeV)
g 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb~! (13 TeV)
g 1802.02110 (Jets + MET) <lm 36 fb~! (13 TeV)
g CMS-PAS-EX0O-16-036 (dE/dx) >0.7 m 13 fb~! (13 TeV)
T CMS-PAS-EXO-16-036 (dE/dx + TOF) >7.5m 13 b~ (13 TeV)
t 1801.00359 (Delayed jet) 60-1.5e+13 m 39 fb~! (13 TeV)
g 1801.00359 (Delayed jet) 50-3e+13 m 39 fb~! (13 TeV)
§ 1801.00359 (Delayed pp) 600—3.3e+12 m 39 fb=1 (13 TeV)
xX* 2004.05153 (Disappearing track) 0.7-30m 140 fb~1 (13 TeV)
x? 1909.06166 (Delayed y(y)) 0.2-6m 77 fb~! (13 TeV)
X 1411.6977 (Displaced dielectron) 0.00012-25 m 20 fb~1 (8 TeV)
X 1411.6977 (Displaced dimuon) 0.00012—-100 m 20 fb~! (8 TeV)
X CMS-PAS-EXO-19-021 (Displaced jets) 0.001-0.53 m 132 fb~1 (13 TeV)
XpK] 1810.10069 (Emerging jet +jet) 0.0022-0.3 m 16 fb~! (13 TeV)
1 L 1 L L 1 L
1074 1073 1072 107! 100 10! 10?2 103
ct [m]
LHCP 2020

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2021 Vs=13TeV
. " -
Model Signature  [Ldt[fb™] Mass limit Reference
G, G—q¥) 0e,u 26jets  EpM 139 1.85 m(¥})<400 GeV 2010.14293
% mono-jet  1-3jets EP™  36.1 G [8x Degen.] 0.9 m(3)-m(¥})=5 GeV 2102.10874
s & g-qat Oe.u 2-6jets  Ep™ 139 |2 m(E))=0GeV 2010.14203
5 z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
B 22 z-qaWi, Tep  26jets _ 139 | & m(¥})<600 GeV 2101.01629
QO 33 g—qqtOY) ee, upt 2jets  Ef™ 361 |2 122 m(g)-m(E)=50 GeV 1805.11381
B gz gogqWZi Oeu  T-11jets EPs 139 [z 1.97 merY) <600 GeV 2008.06032
S SSe,u 6 jets 139 |z {1515 .-n(g)-n-.(/?‘,2 )=200 GeV 1909.08457
- R 0-1ep 3b  EP® 798 |2 m(F)<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 |z 1.25 m(z)-m(¥))=300 GeV 1909.08457
bib, Oe,u 2b EPS 139 | b m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b, X})<20 GeV 2101.12527
o bibi, bi—b¥3 — bhi! Oe,u 66 Ep™ 139 |5 Forbidden Am(ES.7)=130 GeV, m(¥})=100 GeV 1908.03122
L % 27 2b EF™ 139 | b 0.13-0.85 Am(©3,¥1)=130 GeV, m(t})=0 GeV ATLAS-CONF-2020-031
© :
32 In, i) 0-lep  >ljet EP™ 139 |7 m(E)=1GeV 2004.14060,2012.03799
: §_ 717, i WhHES leu 3BjetsAb EFs 139 |7 Forbidden ~ 0.65 m(t7)=500 GeV 2012.03799
S5 Ai, ioTby, TG 127 2jets1b EMS 139 |7 Forbidden m(%;)=800 GeV ATLAS-CONF-2021-008
2 2 qn, o e od) Oe,u 2c - EPS361 |z 0.85 meE)=0 GeV. 1805.01649
o) Oe,pu mono-jet  EF™® 139 i 0.55 m(i;,&)-m(¥])=5 GeV 2102.10874
fify, =105, X —2z/ht) 1-2e,p 1-4b  EMS 139 |G 0.067: m(¥3)=500 GeV 2006.05880
by, h—h +Z 3epu 1b EPs 139 | & Forbidden 0.86 m(¥})=360 GeV, m(7)-m(¥})= 40 GeV 2006.05880
YR viawz 3e,pu ng“ 139 iz/i; 0.64 m(@%)=0 ATLAS-CONF-2020-015
e >ljet  EMs 139 [l 0.205 m(Ed)-m(E})=5 GeV 1911.12606
XX viaww 2en EPS 139 | ¥F 0.42 m(@%)=0 1908.08215
o A viawh Oleu  2bR2y EMS 139 | ¥ Forbidden 0.74 m(E})=70 GeV 2004.10894, 1909.09226
S § XX vialy,/v 2ep EpS 439 | 1.0 m(Z,7)=0.5(m(¥5 )+m(¥))) 1908.08215
WS 7o0t) 27 Ems 439 | % [FL, R L] NOHE%0E] 0.12-0.39 mer)=0 1911.06660
Irlig, I8 2e.u Ojets  Emv 139 |7 0.7 mer)=0 1908.08215
ee, >1ljet EPs 139 |7 0.256 m(®)-m(i})=10 GeV 1911.12606
AH, H—hG/ZG Oe,u >3b E'E“f“ 361 | & 0.13-0.23 BR(! — hG)=1 1806.04030
depn Ojets  EP™ 139 | @ BR(¥) — ZG)=1 2103.11684
Direct ¥1¥; prod., long-lived 7 Disapp. ttk ~ 1jet ~ EMs 139 Pure Wino ATLAS-CONF-2021-015
g @ Pure higgsino ATLAS-CONF-2021-015
= .% Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
2% Metastable g R-hadron, —gqt! Multiple 36 4 m(r?)=100 GeV 1710.04901,1808.04095
S wisw Displ. lep EMs 139 «H)=0.1ns 2011.07812
?)=0.1ns 2011.07812
TG0 s ze—eee 3epu 139 Pure Wino 2011.10543
ViVT XS — ww)zeeetvy dep Ojets  EMs 139 m(TY)=200 GeV 2103.11684
28, 8-94%0, X > gqq 4-5 large-R jets 36.1 Large A7, 1804.03568
=~ i, '_w??,)E? — ths Multiple 36.1 m(E7)=200 GeV, bino-like ATLAS-CONF-2018-003
& T, F>b¥T, X7 — bbs > 4b 139 Forbidden m(¥;)=500 GeV 2010.01015
hi, hi—bs 2jets +2b 36.7 1710.07171
nh, h—qt 2epu 2b 36.1 BR(fy —be/bu)>20% 1710.05544
1u DV 136 BR(7) —qu)=100%, cosf,=1 2003.11956
T 103 IR0, 39 y—oths, X —bbs 1-2eu  >6jets 139 Pure higgsino ATLAS-CONF-2021-007
*Only a selection of the available mass limits on new states or 107! 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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Prospects at HL-LHC: SUSY

ATL-PHYS-PUB-2018-048 Discovery potential with 3000 fb-!@14TeV

Gluinos ~ 2.5 TeV; Stop ~ 1.2 TeV ; EWKinos ~ 0.9 TeV; Staus ~ 0.§ TeV

p

~ o~ . ~ willh
g9 production, g - 4a %, T tt ’)Z? i? - 0 lepton final state

= A AR R e Wlnoxx—>Wxe—>3L+|
& 2500 — ATLAS Simulation Preliminary .~ .='% — g 1400 ATLAS 95% CL exclusion o, = 15% ] s R R B Ak IREREN
E“xx' - ILdt 300, 3000 ", /s = 14 TeV ] S [ Simulation Internal ~ ------ 95% CL exclusion, 0, =30% ] & 1200— ATLAS Simulation Preliming
2000 - 0-lepton combined 1 37 12001~ (s=14 TeV, 3 ab”’ v sodiscovery, o, =16% “— C {5=14 TeV. 3000 fo"

g | F oo D f I vt 3T e s
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R In most BSM scenarios, we expect

;gg oy the HL-LHC will increase the
sof T e present reach in mass and coupling
o sy by 20 - 50% and potentially
200F ____. discover new physics that is
100" currently unconstrained.
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https://cds.cern.ch/record/2651927

New Physics beyond the SM

Big Questions

L &

o) 1 1 ® B

S Q S < Q o % Q%

] % 2 o 2 . . ()
Big\ %, %% % &, %% 3% % 2%
@ & - ® % %. Or o o S s

Ideas - S @, > S 2 % %

SUSY

Compositeness,
Extra dimengi

iggs Sector

exotics Top

Partner

Wiz’

Sector

Multiverse

S. S

Snowmass new physics working group report
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Exotics - various extension of SM

o"NNEREEEREESR »
m 2 Mevic? 1 Gevic? =173.1 GeV/c? » L] 0
char ™ m o 4
@I @I @ @
"
up | charm top ‘. - l gluon
‘e EEEEEEEn o
e"NNEEEEREERNEEN » Y
=4.7 MeVic2 =96 MeV/c? =4.18 GeV/c? 0
%) Y Y 0
@9 | @ . @

down J strange J bottom JE
L J

.......
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c2 : R

oy - ]

Ll

e v v :

electron muon | tau i
N - — —r *snpunuffunnnns?

...........

Z <2.2 evicz <1.7 MeV/c2 15.5 MeV/¢2 : .-
O 0 il
- G (. G (. & |- o
o / ; "
L electron muon tau e

) ‘ ‘o
—) |_neutrino J{ neutrino J{ neutrino J% g 5

Extended Fermion Sector

o Chiral structure important
o Heavy quarks (T, B)
o Excited fermion (q*,I*,v* ...)

-------

-------
-------

-------

1 =125.09 Gevicz

@
s ‘"5 A common feature
SUSY models
o Mixing with Higgs
5 Extended Gauge Sector /
oY

New bosons

o Extra dimension models (V
KK,GKK, ...)

o Grand unification theories
(leptoquarks, ...)
o Technicolor, composite

Higgs (W', Z',...)

Compositeness

o New forces/particles integrate out at low energies (SM)

in
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Extended Higgs sector - BSM Higgs

B Many models: MSSM, 2HDM, etc.
B Benchmark models: MSSM-like

© 5 Higgs bosons: h, H, A, H¥

O 2 free parameters at tree level: m,, tan f=v,/v4
B Search for extra Higgs bosons (BSM Higgs)

g b

9 ATL-PHYS-PUB-2021-030

----¢=h/A/H —--- ¢=hJA/H

July 2021

60

[ ggibb H/A, HA - ¢
139 fo
Phys. Rev. Lett. 125 (2020) 051801
[t H H > w, 3611
JHEP 09 (2018) 139
[ b(b) HIA, HIA - bb
278"
Phys. Rev. D 102 (2020) 032004
CJH -2z 4w, 3611
Eur. Phys. J. C 78 (2018) 293
A —>7h 311"
JHEP 03 (2018) 174

Ot H H > th, 139 b

tan B

10

ATLAS Preliminary
hMSSM, 95% CL limits JHEP 06 (2021) 145
Run2,{s=13TeV O H > WW - viv, 36.1 fo”

_ Observed Eur. Phys. J. C 78 (2018) 24
[ H - hh - 4bibbyy/bbrr
--- Expected 27.5-36.1 o

Phys. Lett. B 800 (2020) 135103
=== h couplings [k, k,, K]
36.1-79.8 o
| Phys. Rev. D 101 (2020) 012002

1000 2000
m, [GeV]

N W Ao
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Extended Higgs sector - BSM Higgs

B Many models: MSSM, 2HDM, etc.

B Benchmark models: MSSM-like
© 5 Higgs bosons: h, H, A, H¥

O 2 free parameters at tree level: m,, tan f=v,/v4

LEPTONS

63

B Search for extra Higgs bosons (BSM Higgs) ATL-PHYS-PUB-2021-031
g H JHEP 11 (2020) 163
______ : Di-higgs
X
g n
§ 5 T L | T | T T T T | T L I T TTTT | T . |
o L L L § 10°F ATLAS Preliminary — E%TQ'TZ%.ZS'SEOS?Z'?)%)135103]‘é
= - ATLAS N — ’ T F VS =13TeV,27.5-139fb1 ___ bbbb 126139 b .
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Extended gauge sector - Resonance (jj)

B Classic resonant signatures:

4 (b-Yjet \ a (b-ljet “@'\ B Predicted by many BSM models:

photon photon e
electron electron :
muon muon (@) - 3
Srhgm—— 5 ED (Randall Slll.ldl'llm (RS) Gf'avtton),
wzn - | X | weno <= Heavy Vector Triplet (HVT: W', Z),
Op = =10 top . .
W/z.t ) “‘” o @ © DM mediator, the sequential standard
ep ep
\_tio b ..‘ - ) o ..‘ D- ) model Zggy. the GUT model Zy,. ...
Siwfows T o 137 b (13 TeV)
B o e 22N 3/ j Ly} El T T ” T TT T 1T I T T TT | T 1T I T 1T | T E
810 e 2 “ECMS] 0 . String E
s 0 I =102 | — .. Excited quark N
%10*‘2‘ N < 0 Ig_,:,-,\ Ratio T Axigluon/coloron 3
10-2 a o~ L th\:f ethod — — Scalar diquark 3
ok © 10.:>me oapm ——— Color-octet scalar (k? = %) =
104%mu>1,5TeV aN \“\' t """ ?ll 3
1078 Il <25, jan| < 1.1 B “d _'e ————— ! ?‘
8 e I = 3 1.\ \‘L\ Et\!\ ------ DM mediator 3
e | i N \"'}\ Sl e RS graviton ]
e 107" Nl 3
g 3 5678 - ]
Dljet mass [TeV] 1 0—2 = > -
With Run-2 dataset, multi-TeV masses 3% S
probed for the benchmark models : L Jp— T . :
. _4a[ —=— gluon-gluon .
O String ~ 7.5-8.5 TeV 1074 __ quarkcgluon | Ny
5 fl_._qualrk quarkl | { " | ‘\ \L\\E
10_ L1 11 | 1 | | [ S | [ | 2|

© W’ ~3.3-3.6 TeV 2 3 4 5 6 7 8
o 7’~2.7-3.4 TeV Resonance mass [TeV]


http://dx.doi.org/10.1007/JHEP05(2020)033

Extended gauge sector - Resonance (ﬂ) e

B Classic resonant signatures:

photon
electron >
muon

tau
WI/Z had

top S ——

=

WI/Z lept

(" et —-@»\

\Higg bb /

/ (b-)jet

photon
electron
muon

tau

W/Z had
top

W/Z lept

kngg bb

—@»\

—
=
~=l) /

o Spin-2 bulk RS

Graviton

GKK—>WWI ZZ

o Heavy Vector

Triplet (HVT)

|

|74%

V/H

Model

B Predicted by many BSM models:
© ED (Randall-Sundrum (RS) Graviton),

@

‘OO ®

OO @
electron ‘muon
= )
2L W | W |l
@ i
| electron muon tau
& |_nesins J(_nausmo_J (_netaino

. @

GAUGE BOSONS
0SONS

ECTOR B

Heavy Vector Triplet (HVT: W', Z'),
© DM mediator, the sequential standard
model Zggy, the GUT model Zy;. ...

ATLAS Diboson Searches - 95% CL Exclusion Limits

Status: June 2021

Channel

Strategy*

£=(36.1—139) bt

ATLAS Preliminary

Vs=13TeV
Reference

Bulk RS (k. = 35, Ag = 3TeV)
Bulk RS (k7. = 35, Ag = 3TeV)
RS1 (k/Mp = 0.01)

RS1 (k/Mp; = 0.05)

RS1 (k/Mp; = 0.1)

Bulk RS (k/Mp; = 0.5)

Bulk RS (k/Mp; = 1.0)

@
S
3
3
£
°©
g
®
]

Bulk RS (k/Mp; = 1.0)

Bulk RS (k/Mp; = 1.0)

Bulk RS (k/Mp; = 1.0)

R = WW,ZZ - waq, vqq, (fqq

R— WW, ZZ - qqqq
Grk =7y
Gkk = vy
Gk = vy
Gk — WW — ey
Gk — ZZ = LL0C, wet

Ghk — WW — ey

Gri — WW, ZZ — vvqq, €vqq, teqq

Gui — WW, 2Z - qqqq

resolved, boosted
boosted
resolved
resolved
resolved
resolved
resolved
resolved

resolved, boosted

boosted

Limit
T T
0.3-3.2 TeV.

Eur. Phys. J. C 80 (2020) 1165
JHEP 06 (2020) 042
arXiv:2102.13405
arXiv:2102.13405
ariv:2102.13405
Eur. Phys. J. G 78 (2018) 24
Eur. Phys. J. G 81 (2021) 332
Eur. Phys. J. G 78 (2018) 24
Eur. Phys. J. C 80 (2020) 1165

JHEP 06 (2020) 042

HVT (gr = ~0.55, gy = ~0.56)
HVT (gr = -0.55, gy = ~0.56)
HVT (gr = ~0.55, gy = ~0.56)
HVT (g7 = ~0.55, gy = ~0.56)
HVT (g7 = -0.55, gy = ~0.56)
HVT (gr = -0.55, gn = ~0.56)
HVT (gr = ~0.55, g = ~0.56)
HVT (g = —0.55, gy = —0.56)
HVT (gr = -0.55, g4 =

0.56)
HVT (gr = ~0.55, gy = ~0.56)

HVT (gr = 0.14, gy = -2.9)

Gauge bosons

HVT (g = 0.14, gy = -2.9)
HVT (g = 0.14, gy = -2.9)
HVT (gr = 0.14, gy = -2.9)
HVT (gr = 0.14, gy = -2.9)
HVT (gr = 0.14, gy = -2.9)
HVT (gr = 0.14, gy = -2.9)
HVT (gr = 0.14, gyy = -2.9)

HVT (gr = 0.14, gy = -2.9)

W = WZ - tve't’
W’ — WZ - waq, tvaq, tlqq
W' — WH — tvbb
W' — WZ - gqq9qq
W’ — WH — qqbb
7' WW - evpy
Z' - WW > tvqq
2" — ZH - wvbb, tlbb
Z' - WW - qqqq
2" — ZH - qqbb
W= WZ = o't
W’ — WZ - waqq, tvqq, tlqq
W’ — WH = tvbb
" — WZ - qqqq
W’ — WH - qqbb
Z' > WW - fvqq
2" ZH = vvbb, tebb

Z' - WW - qqqq

7' — ZH - qqbb

resolved
resolved, boosted
resolved, boosted
boosted
boosted
resolved
resolved, boosted
resolved, boosted
boosted
boosted
resolved
resolved, boosted
resolved, boosted
boosted
boosted
resolved, boosted
resolved, boosted
boosted

boosted

1.5-3.2 TeV.
. L

Phys. Lett. B 787 (2018) 68
Eur. Phys. J. C 80 (2020) 1165
ATLAS-CONF-2021-026
JHEP 06 (2020) 042
Phys. Rev. D 102 (2020) 112008
Eur. Phys. J. G 78 (2018) 24
Eur. Phys. J. G 80 (2020) 1165
ATLAS-CONF-2020-043
JHEP 06 (2020) 042
Phys. Rev. D 102 (2020) 112008
Phys. Lett. B 787 (2018) 68
Eur. Phys. J. C 80 (2020) 1165
ATLAS-CONF-2021-026
JHEP 06 (2020) 042
Phys. Rev. D 102 (2020) 112008
Eur. Phys. J. C 80 (2020) 1165
ATLAS-GONF-2020-043
JHEP 06 (2020) 042

Phys. Rev. D 102 (2020) 112008

V5=13TeV Wl Vs=13TeV
£=3611"'ll £=139fb

0.2 0.4 06 08 1 2 3 4 5
Excluded mass range [TeV]

*small-radius (large-radius) jets are used in resolved (boosted) events

fwith € =, e
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-018/

B Classic resonant signatures:

|

([o-B] Z'/ [6-B] Z) = 1928 [pb]

Extended gauge sector - Resonance (Ij)

(" e \

photon
electron
muon

tau

WIZ had X
top

WI/Z lept <

\Hlsm bb /

137 fo™ 13TV, ee)+140fb (13TeV, w)

/ (b-)jet —@»\
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WIZ lept

e --y

vvvvvvvvvvvvv

107 3

I Exp. (68%)
D Exp. (95%)

10

10°¢

—— Obs. 95% CL limit
------ Exp. 95% CL limit, median 3

B Predicted by many BSM models:

O]

1371t (13 TeV, ee) + 140 b (13 TeV, uu)

ED (Randall-Sundrum (RS) Graviton), "

Heavy Vector Triplet (HVT: W', Z'),
DM mediator, the sequential standard
model Zggy. the GUT model Zy,. ...

PRL 125 (2020) 251802

o b e e b
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With Run-2 dataset, multi-TeV masses

Z'/G

v Gkk ~2.5-4.8 TeV
vV ZL’ssm ~ 4.5-5.1 TeV

probed for the benchmark models :
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/

Extended gauge sector - Leptoquarks (LQ)

B Leptoquarks (LQs) arise in many models,
such as grand unified theories, compositeness b : o
models and superstring theories. \ \ o RN

B LQs: carry colour charge, fractional electric c ;
charge, and both lepton and baryon quantum N e ,
numbers. B—{ LQ } D)

B Could explain B anomalies and p g-2

Pa|r productlon Single productign
m(LQ,ix) > 0.9-1.8TeV J
( m ) LQ (éﬁ LQ/[<
A ot

[ ATLAS Full Run 2 CMS Full Run 2
E ATLAS Partial Run2 [ CMS Partial Run 2 arXiv

- q
1st generation LQ x ¢
2nd generation g q q (0

3rd gen (LQ—b1) 197210 (18TeY) o 187210 (13 TeV)

oy PN j a8 r —_— Observed -

3rd gen (LQ—t1) :: 1=CMS —;bserved 3 g 1 CcMS - Median expected

9 - 6;‘:':: expocted 3 E -4 E - 68% expected
 expecled 3 .

3rd gen (LQ—tt/bv B=0.5) a . Dlosepeies | T B 5% oxpecied =

T10 — oprolalg) é a o — o(pp—=1LQ).C=1 OT

2nd-3rd cross-gen (LQ—te) g 1% e
o,
1

2nd-3rd cross-gen (LQ—tu)
1st-3rd cross-gen (LQ—[g/c/b]e)

"

1st-3rd cross-gen (LQ—[qg/c/b]u) r ] 10 F :
ol Lo v b by 1o Lo o T

R0 gl I T IR S R 0.6 0.8 1 1.2 14 16 18 2
Update of S. Xella 0O 0.45 0.9 1.35 1.8 06 08 1 12 14 16 ”;Li [Tev']? Mg [TeV]

Observed lower limit$ on scalar LQ mass [TeV] PLB 819 (2021) 136446 67




Extended fermion sector

B Heavy Vector-like fermions (T, B, Tau ... )

o New heavy partner of top in loop to solve hierarchy problem St
o Among the best constraints on Singlet/Doublet BB, TT: 1.2-1.4 TeV

B Excited fermion (q*,1*,v* ...) see#64 e

PTONS

Boosted
Z candidate

V (or H)

pp — TT/BB

T — Wb/Zt/Ht
B — Wt/Zb/Hb

136 ﬂJ {2016+2017+2018 13 TeV)

-
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o{pp — Tbg — tZba) [ob]

TS ey o S P g e § T e T e
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——— E{NLD), Sngeet |, 10,3 1= TT Doublet (XT mEm9%5%CLExp.+16 o} E m Exp. fimit £ 1o 3

1= s g ; - T E oublet (XT) 8% CLbp.t20 3 ® E Exp. limit £ 26 3

b - & £ 2l + 3l Combination -2/ (Exp.) =3/ (Exp.) @ o — Type-lll seesaw B
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i 107 s
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a : Lo ek ' : 3
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Dark Matter (DM)

Parameters of the model:
~ 100 GeV (minimum content) SM DM
Indirect Detection -Mediator mass (M__) >Mw/
Thermal Freeze-Out -DM mass (M,,,) SM & Bou o
A > -SM coupling (g,,)
DM SM -DM coupling (g,,,)
Direct MSSM Simple.
Detection 2HDM  NMSSM Defined number of
ters.
~ 200 MeV Others... B-L RAraIELErs
\\;
Extra dimension
DM SM

-
Production at colliders ~ TeV

Effective
Field
Theories

Complete models.

B Colliders:

» Complete models (SUSY, axions, 2HDM, Higgs portal
DM, ...);
» Simplified models (mono-X, mediator, ...);

B Direct detection (XENONI1T, PandaX, ...)
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m, [TeV]

1.2

0.8

0.6

0.4

0.2

DM direct search at colliders

Searches with MIET+X or mediator

S

S RN B UM I — Diet

TLI1S Prelimilliary i Diet, 1991’

1 JHEP 03 (2020) 145
Dijet TLA, 29.3 fo”
PRL 121 (2018) 081801
Dijet+ISR, 79.8 b’
PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fb
PLB 788 (2019) 316
Boosted di-b+ISR, 80.5 fb”
ATLAS-CONF-2018-052

3 TeV., March 2021
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miss
ET*+jet, 139 b
arXivi2102.10874

F_'[“‘“+y, 139 fb”
arXiv:2011.05259

Dijet

Axial-vector mediator, Dirac DM
gq:O. ’gl:O’gx=1
All limits gt 95% CL

e ET**+V(had), 36.1 fo”

JHEP 10 (2018) 180

PEETERI S TR
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B Searches in the Mono-X
final states: Many models
constrained up to 2 TeV
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B Searches also in the Di-Jet
final states exclude up to
3.6 TeV for almost whole

DM range
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/

Collider vs Direct Detection

Direct
Detection
DM
--—
Production at colliders
H L | _37 LI L | L Y LI AL LI | L " LA S AT | n
Complementarity: « 10 T ] 3~ Dijet
5 38 mary t = ijlet; JHEIP 03 (2020) 145
10 oV, March 2021 e
Col | ider sea rches . S 1 0_39 Boosted dstSF; PLB 788 (2019) 315
(¢)) resonance Boosted di-b+ISR; ATLAS-CONF-2018-052
s XENON1T MIGD -
L AI mOSt (j) 1 0—40 Emiss+x — tt resonance
Independent on g U EPJC 78 (2018) 565
x _41 I~
< 10 bb resonance
DM mass n JHEP 03 (2020) 145
' O 442 — ETsS4X
* Better performance 10 E'T"Is+jet; arXiv:2102.10874
-43 sS4y arXiv: ¢
for low DM masses. 10 et v HEP 10 (2016 180
10- 44 - EMS.Z(l); PLB 776 (2017) 318
_ ] 3 — XENON1T
Dlrect detectlon 1 0_45 'E PRL 121 (2018) 111302
. E 3 — PandaX
SeaI'CheS. 10—46 _E ?_ PRL 117 (2016) 121303
« Better performance E Vector mediator, Dirac DM 1 = DarkSide-50
f D M S 1 0—47 Eg = 0.25, 9= 0, g = 1 < PRL 121 (2018) 081307
or Masses © ATLAS limits at 95% CL, direct detection limits at 90% cL 3 — XENON1T MIGD
10 GeV 10—48 e R ......2 R ......3 PRL 123 (2019) 241803
] 1 10 10 10
m, [GeV]
X
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/

ATLAS Heavy Particle Searches” - 95% CL Upper Exclusion Limits ATLAS Preliminary

Siaiis: 2021 £ dt = (3.6 139) b V5 =8,13TeV
Model t,y Jetst ET™° [rdt[ib™] Limit Reference
@ | ADD Gkk +g/q Oe,uyt,y 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
ks) ADD non-resonant yy 2y = = 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
%9'\2& 2  ADD QBH = 2] = 37.0 | Mu 89TeV n=6 1703.09127
- [0} ADD BH multijet - >3j - 3.6 M 9.55TeV n =6, Mp =3TeV,rot BH 1512.02586
A = RS1 Gkk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp; =0.1 2102.13405
*_\L % © | BukRS Gkx - WW/ZZ multi-channel 36.1 | Gk mass 2.3 TeV k/Mp =10 1808.02380
8 BukRS Gkk —» WV - tvgq 1eu 2j/1J  Yes 139 | Gkk mass 2.0 TeV k/Mp =1.0 2004.14636
o Buk RS gkk — tt leu >1b>1J2) Yes  36.1 gkk mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP lepu >2b,>3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD) - tt) =1 1803.09678
SSM Z’ — ¢t 2e,pu - - 139 Z’ mass 5.1 TeV 1903.06248
» SSM Z" - 17 2 - = 36.1 Z’ mass 2.42 TeV 1709.07242
S Leptophobic Z" — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
@ Leptophobic Z’ — tt Oeu  >1b>2J Yes 139 |2z mass 44 TeV r/m=12% 2005.05138
8 SsMW v Tenu - Yes 139 | W’ mass 6.0 TeV 1906.05609
’ ’ ) SSM W’ — v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
W Z g7 SSM W’ — tb — >1b>1J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
) © HVT W — WZ — {vgg model B 1e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
G} HVT Z’ —» ZH model B 0-2e,pu 1-2b Yes 139 Z’ mass 3.2TeV 8gv = ATLAS-CONF-2020-043
HVT W’ — WH model B Oepu 21b,22J 139 W’ mass 3.2TeV gv=3 2007.05293
LRSM Wg — uNg 2pu 1J - 80 | Wg mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Cl qqqq = 2j - 37.0 A 21.8TeV 1, 1703.09127
C o nta CE Clttqq 2epn - - 139 | A 358TeV . 2006.12946
Cl eebs 2e 1b = 139 A 1.8 TeV =il 2105.13847
H t t' Cl uubs 2u 1b - 139 | A 2.0 TeV g =1 2105.13847
I n erac |On | tttt >1eu >1b,>1] Yes 36.1 A 2.57 TeV |Cael = 4m 1811.02305
Axial-vector med. (Dirac DM) Oe,pu T,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g, =1, m(x)=1 GeV 2102.10874
= Pseudo-scalar med. (Dirac DM) O e, u, 7,y 1-4j Yes 139 Mped 376 GeV 8q=1, g=1, m(y)=1 GeV 2102.10874
E }ﬁ & Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 Mmed 3.1 TeV tanfB=1, gz=0.8, m(y)=100 GeV ATLAS-CONF-2021-006
Pseudo-scalar med. 2HDM+a  multi-channel 139 | Mmea 560 GeV tanpg=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes  36.1 s 3.4 TeV y=0.4, 2=0.2, m(x)=10 GeV 1812.09743
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV =1 2006.05872
alar LQ 2" gen 2u >2] Yes 139 | LQ mass 1.7 TeV B=1 2006.05872
Ie pto q ua rﬁalar LQ 3" gen 17 2b  Yes 139 |LQYmass 1.2 Tev BLQY - br) =1 ATLAS-CONF-2021-008
Scalar LQ 3" gen Oeu  >2j,>2b  Yes 139 | LQ; mass 1.24 TeV BLQY — tv) =1 2004.14060
Scalar LQ 3" gen >2epu,21721j,21b - 139 LQa mass 1.43 TeV B(LQ§ — tr) =1 2101.11582
Scalar LQ 3™ gen Oe,u,>170-2},2b Yes 139 LQj mass 1.26 TeV B(LQY — bv) =1 2101.12527
VIQTT > Zt + X 2e/2u/>3eu >1b,21) - 139 | Tmass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
$ VLQBB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
ﬁiﬁl\é VLQ Ts/3ToalTss » We+ X 2(SS)/28 e >1b,>1] Yes 361 | Tszmass 1.64 TeV B(Tsj3 > Wi)=1, c(TszWe)=1 1807.11883
VLQ T — Ht/Zt leu >1b, >3] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
vLQY - Wh Teu >1b,>1] Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cg(Whb)=1 1812.07343
VLQ B - Hb Oeu 22b,>1j,21J - 139 B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
Ee) g Excited quark g* — qg - 2j - 139 q* mass 6.7 TeV only u” and d*, A = m(q*) 1910.08447
s]s =2»C Excitedquark ¢* — gy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
i # * Excited quark b* — bg = 1b, 1] = 36.1 b* mass 2.6 TeV 1805.09299
% & Excited lepton £* 3eu - - 203 A=30TeV 1411.2021
Excited lepton v* 3eput - - 20.3 A=1.6TeV 1411.2921
Type Ill Seesaw 234eu >2] Yes 139  |'N®mass 910 GeV ATLAS-CONF-2021-023
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2TeV m(Wg) =4.1TeV, g1 = gr 1809.11105
»  Higgstriplet H** — W*W* 234 e,u(SS) various  Yes 139 | H** mass 350 GeV DY production 2101.11961
g Higgs triplet H** — ¢¢ 2,3,4 e, (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
Eﬁ S  Higgs triplet H** — (r 3eut - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g] = 5e 1812.03673
Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
V_=13TeV V’=13Tev r o gl " 1 raoa el L " PR S SR A | 1 L PR
partial data full data 1071 1

*Only a selection of the available mass limits on new states or phenomena is shown.

tSmall-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]
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The y into new hysics territory
has just only begun, and for sure, exciting times are
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Prospects at Future

colliders
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Future Proton Colliders

FCE/SPPC
O 100 TeV,
AETHC 3000 fb'!
27 TeV,
-1
e 3000 b
HL-LHC

14 TeV,
3000 fb!

Long term prospects for 2 more collider scenarios have
been studied (14, 27, 100 TeV @3000 fb')
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Future hadron collider projects in a nutshell

-- The next discovery machine

HL-LHC: £, = 14 TeV, 3 ab-', 2026~2035... (formally approved as project by CERN council last week)

Future Circular Collider FCC-hh (CERN): SppC (China):
* Ecu~100TeVin 100 kmring, L ~ 2 x 103 s-'cm2 e Eqy~71TeVin 55kmring,
« ~16 Tmagnets, possibly HE-LHC (E, ~ 28 TeV) as L ~1x10%s7cm=2
intermediate stage * Requires very high gradient dipole

« Huge detectors for muon pymeasurement magnets ~20 T

» Possible start of physics ~ 2042

CepC/SppC study (CAS-IHEP) 54 km (baseline)
e*e" collisions ~2028; pp collisions ~2042

Qinhuangzaa

» Possible start of physics ~ 2035

¥,
0~/
~

s Schematic of an easy access
80 - 100 km
'. long tunnel 300 km east
. from Beijing
3 h by car

1 h by train

¢ Google earth
“Chinese Toscana’




CERN Circular Colliders & FCC

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

- Constr. Physics LEP
14 TeV, 300 fb"

Construction Physics LHC - operation run 2

14 TeV, 3?00 fb

HL-LHC - ongoing project Construction Physics

~20 years >

FCC - de5|gn study Construction Physics

100 TeV, 3000 fb"

t
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Prospects at HL/HE-LHC: SUSY

HL/H E_LHC SUSY Searches HL-LHC, [£dt = 3ab™": 50 discovery (95% CL exclusion) SimU|ati0n Preliminary

HE-LHC, [£dt = 15ab~": 50 discovery (95% CL exclusion) Vs =14,27 TeV
Model & T,Y Jets Mass limit Section

28, g-qa¥ 0 4jets 2 2.9 (3.2) TeV] m(¥})=0 2.1.1

22, §—qa¥) 0 4jets 3 5.2 (5.7) TeV| mE)=0 2.1.1
o
§ #5500 0 Multiple z 2.3 (2.5) TeV] m(¥)=0 2.1.3
C gkl 0 Mutiple  |i§ 2.4(26) TeV m(¥})=500 GeV 213

NUHM2, g7 0 Multiple/2b z 5.5 (5.9) TeV] 242

iy, ii—th) 0 Multiple/2b [ 1.4 (1.7) TeV| m(¥))=0 21.2,2.1.3
§ i o) 0 Multiple/2b | 0.6 (0.85) TeV] Am(i, )~ m(t) 2.1.2
(/)

i\, i >b¥* /1], X5 0 Multiple/2b | 7 3.16 (3.65) TeV] 242

X, Xi-wi) 2eu 0-1 jets % 0.66 (0.84) TeV] m(¥)=0 2.2.1
ol ; p— .
_gé Ti via wz 3e,u 0-1 jets X 0.92 (1.15) TeV] m(¥)=0 222
E’g X5 via Wh, Wh—tvbb 1epu 2-3 jets/2b ,{':/,?g 1.08 (1.28) TeV} m(¥})=0 223
S = .. — .

B W W 2e,p SR 0.9 TeV m(¥})=150, 250 GeV 224
o iR, -7V X Wi 2eu 1 jet e 0.25 (0.36) TeV] m(E})=15 GeV 2.2.5.1
(O R '?-»L?‘l’xl—»wi‘f 2eu 1jet e 0.42 (0.55) TeV m(¥})=15GeV 2251
S , o o
I ovux unn 24 1jet X 0.21 (0.35) TeV Am(¥3, 11)=5GeV 2252
§ Y3X4 via same-sign WW 2e,u 0 Wino 0.86 (1.08) TeV| 242

FL L TTH 27 7 0.53 (0.73) TeV] m(¥})=0 2.3.1
3 27, 7(e, ) i 047 (0.65 TeV|  m(¥})=0, m(7.)=m() 232
(7 y

s 21, 1(e, ) 7 0.81 (1.15) TeV| m(¥1)=0, m(¥.)=m(#) 2.3.4

i T | . RIS S R T arXiv:1812.07831
-1
10 1 Mass scale [TeV]

B In most BSM scenarios, we expect the HL-LHC will increase the
present reach in mass and coupling by 20 — 560% (half Run-2 data)
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EU Strategy- SUSY: ~g

Hadron Colliders: gluino projections S
(R-parity conserving SUSY, prompt searches) EUroP T Snateg)
Model JLdtlab™] Vs [TeV] Mass limit (95% CL exclusion) Conditions
%8, E—qa 3 14 = T m(¥?)=0
% 28, 3—qa0, 3 14 1.5TeV m(@) ~ m(¥1)+10 GeV
T 23, gotiv) 3 14 25TeV m(¥})=0
58, el 3 14 2.6 TeV m(¥?)=500 GeV
%8, E-qa%) 15 27 : 5.7 TeV m(¥?)=0
% %5, 595 15 27 2.6 TeV m(@) ~ m(k1)+10 GeV
T NUHM2, g—tF 15 27 5.9 TeV m(¥})=0
23, 8—qa) 30 100 17.0 TeV m(¥?)=0
E 23, 3-q3%) 30 100 7.5 TeV m(g) ~ m(¥))+10 GeV (*)
2 28, g1t 30 100 11.0 Tev m(¥?)=0
o gl 15 375 7.4 TeV m(E})=0 (**)
:u-; 23, §—q57, 15 375 3.6 TeV m(g) ~ m(¥})+10 GeV (**)
- 23, g1, 15 375 e 78TV m(¥1)=0 (*)
(*): extrapolated from HL- or HE-LHC studies 10 Mass scale [TeV]

(**): extrapolated from FCC-hh prospects

Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139,448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.
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EU Strategy- SUSY: ~q

All Colliders: squark projections

{ \
(R-parity conserving SUSY, prompt searches) i
Model JL dtfab™] Vs [Tev] Mass limit (95% CL exclusion) Conditions
o a G 3 14 3.1 TeV meE)=0 (*)
-
i:'. 4, Goal 3 14 1.85 TeV m(G) ~ m(¥})+5 GeV (*)
o e 15 27 6.2 TeV m()=0 (*)
3
& g0 o2 15 27 3.7 TeV m(g) ~ m(¥1)+5 GeV (*)
o G- 15 375 8.0 TeV mgE=0 (*)
O
O =0 P
H 43, G-t 15 375 4.1 TeV m(g) ~ m(X1)+5 GeV (*)
= 4 G- 30 100 10.0 TeV m(1)=0
e
= G5 B sk 2 -0
o G, Goqt" 30 100 4.2 TeV m(g) ~ m(¥1)+10 GeV (**)
g @@ aet 5 30 1.45TeV m(&})=0
9(’1
3 G, G—qt! 5 3.0 1.1 TeV m(g) ~ m(¥})+50 GeV
(*): extrapolated from Run 2, 36/fb studies M1aoss scale [TeV]

(**): monojet results not included

Fig. 8.7: Exclusion reach of different hadron
generation squarks.

and lepton

colliders for first- and second-
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EU Strategy - SUSY: ~t

All Colliders: Top squark projections

(R-parity conserving SUSY, prompt searches) European Sltrateg»

Model JL dtab™] Vs [Tev) Mass limit (95% CL exclusion) Conditions
o Ah - 3 14 = ' ey m(¥})=0
E fif, i—t)/3body 3 14 0.85 TeV Am(f, X3)~ m(t)
* fif, i—oct/Abody 3 14 0.95TeV | Am(f, ¥))~ 5 GeV, monojet (*)
o i SV G 15 27 3.65 TeV m(¥})=0
E fifi, i>tk/3-body 15 27 1.8 TeVv Am(i, 21)~ m(t) ()
* fif, i—oct)/A-body 15 27 20TeV | Am(f, #))~ 5 GeV, monojet (*)
fi, [t 15 375 4.6 TeV m(E)=0 (**)
§. if, hof3body 15 375 4.1 TeV m(¥}) up to 3.5 TeV (**)
= fif, fiock/4-body 15 375 22TeV | Am(i, X))~ 5 GeV, monojet (**)
g Ahd SbU /] 25 15 0.75 TeV (=0
c:f B, EobU R 25 15 0.75 TeV Am(, )~ mit)
© fif, fiob¥ ) 2.5 15 (0.75 - € TeV Am(#, ¥))~ 50 GeV
g if, fiobt ) 5 3.0 1.5 TeV m(¥})~350 GeV
g, fify, hi—bY* /0] 5 30 1.5 TeV Am(f, ¥1)~ m(t)
° fy, Fi—obV* 10 5 3.0 (1.5-¢ TeV Am(f, ¥})~ 50 GeV
- Qi ot 30 100 10.8 TeV m(¥))=0
§ ff,, i—0)/3-body 30 100 10.0 TeV m(¥)) up to 4 TeV
iif;, i>cki/a-body 30 100 . e a0 ] L BOTeV | Am(i, &)~ 5 GeV, monojet (*)

107" 1 Mass scale [TeV]

(*) indicates projection of existing experimental searches
(**) extrapolated from FCC-hh prospects

€ indicates a possible non-evaluated loss in sensitivity

ILC 500: discovery in all scenarios up to kinematic limit /s/2



EU Strategy - SUSY: Wino

~N) ~+ ~0 ~0 ~t ~0
%o Ko T > Z() 7 and 7 W() %
;‘ 2500 | I 1T T 1 I 1T 1T 1 | 1T T 1 I T 171 I 1T 1T 1 | 1T 11
O [ SN LHC 36/fb, 13 TeV Wino-like cross-sections |
(D | e— HL-LHC 3/ab, 14 TeV (3L search) 7
—_ [ m— HL-LHC compressed 3/ab, 14 TeV 7
P BCLLLLLLLL HE-LHC 15/ab (projection) 7
?X 2000f—=ssssnnsns HE-LHC compressed 15/ab (projection) i —
N—" | - ILCSOO! 0.5/ab uropean Strategy, _
S | mamumanan LG, /D -
B CLIC,,,, 2.5/ab =}
| aisimiars CLIC,,,, 5/ab ; -
150012 ====="" FCC-hh (3L search, 3/ab) 95% CL exclusion |
1 OOO 3 F “‘ :_"“ "‘ “% -
500 : T —
l o1 | | 181 1 1 I | I I | I L | .1 | I | I I | | 11 -1 |

500 1000 1500 2000 2500 3000 3500
~0 -
m(x)=m(x’) [GeV]
ILC 500/CEPC240: discovery in all scenarios up to kinematic limit: Vs/2 82



EU Strategy- SUSY: Higgsino

Higgsino-like EWK processes

; T [ T T T T T T T T LI B I B B B IR B
L HL-LHC 3/ab, 14 TeV (soft-lepton A) = HL-LH ; -
8 | HL-LHC 3/ab, 14 TeV (soft-lepton B) = e mendle: i
sssssnns  HE-LHC 15/ab, 27 TeV (soft-lepton B) ;eee' LHeC monoajet-like (proj)
| =i=is1e FCC-hh (HE-LHC approx. rescaling) oS |
2l ILC,,p 0.5/ab mmmm HE-LHC monojet
ILC,,,,, 1/ab -
U) R e CLI8§§O / FCC-eey, ’ i ‘ % FCC-eh monojet-like
_l 1 02 L= CLIC 2 5/ab iropean Strateqy D 1
- - LN NN NN N CLlC1 %00° 5/ab —j FCC-hh monojet _
D_ : 3000’ :
%) s vz s i
J - .‘ I. B 1
=z . . . C _
— o Yo, e -
- : - &
- - ‘\ -
< . .‘-. mimi® » -
10 E -.l"'-; .....-l.|-|I"'; E =
= ¥ ‘\‘ = -
............................ * - -
: CLIC: extrapolated below 5 GeV = =i
= Monojet reach in A m(NLSP,LSP) not displayed
1B —
3 M% L]

1200 1400
m(NLSP)

800 1000

CEPC/FCCee(240)
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EU Strategy: SUSY-DM

Indirect Detection Pure HiggSinO ] 90% CL Direct Detection Projection | Pure Wino
FCC-hh | 1 Indirect Detection
LE-FCC | FCC-hh ]
FCC-eh | ] LE_FCC ]
HE-LHC ] e |
) . : HE-LHC |
HL-LHC I 20, Disappearing Tracks — . .
************************************************************ HL-LHC | 20, Disappearing Tracks
CLIC3000 ]  Kinematic Limit: Vs /2 | e n ********** i *\]:”
S T 20, Indirect Reach 3000 Kinematic Limit: vV s /2 |
CLIC1500 | | 20, Indirect Reach
ILC | | e I 1
CliCso | | Clces | I
FCC-ee | | |FCC-ee |
( \ [\
CEPC | Thermal B S"a‘eg) _ CEPC | Thermal Buropga S"a'eg)
0.1 0.2 0.5 1 2 d 0.1 0.5 1 ) 10
M, [TeV] M, [TeV]

Fig. 8.14: Summary of 20 sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.
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EU Strategy: DM

FCC-hh (Dijet) |{ [HE-LHC | gom=1,90=1 |
HL-LHC (Dijet) | Dijet go=1/4 HL-LHC | tt+MET
FCC-hh | {1 [FCC-hh | |
gom=1,9q=1
LE-FCC | LE-FCC |
HE-LH ' 1 [HE-LH :
C | Monojet G | Monojet
HL-LHC | gom=1,90=1/4 | |HL-LHC |
CLIC5000 | gom*ge=1/4 CLIC3000 | gomxge=1
CLIC3g0 | 1 [CLICse0 |
1L Monophoton ILC
< | 2 i | Monophoton
FCC-ee | e FCC-ee |
 \
CEPC I European Strategy, AXiaI—VeCtor _ CEPC I EuropeanS(rateg) Scalar ]
0.1 0.5 1 ) 10 0.1 0.5 1 ) 10
MMcdialor [TCV] MMediator [TCV]

“ig. 8.15: Summary of 2 o sensitivity to<xial-vector and scalar simplified models>at future
olliders for a DM mass of Mpy; = 1 GeV and for the couplings shown in the figure. References
ind details on the estimates included in these plots can be found in the text.
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EU Strategy: DM

4 — XENON1T

PRL 121 (2018) 111302

= PandaX

PRL 117 (2016) 121303

— LUX
PRL 118 (2017) 021303

= DarkSide-Argo (proj.)
DarkSide-Argo EPPSU submission
DARWIN-200 (proj.)
JCAP 11 (2016) 017

= HL-LHC, BR<2.6
Higgs PPG, arXiv:1905.03764

= HL-LHC+LHeC, BR<2.3
Higgs PPG, arXiv:1905.03764

—— CEPC, FCC-ee,,, ILC,_ : BR<0.3%

1074

107%

o, (x-nucleon) [cm?]

107

I
-
-

240’

1 0—47 | . Higgs PPG, arXiv:1905.03764
E \ 3 — FCC-ee/eh/hh, BR<0.025
[ ] Higgs PPG, arXiv:1905.03764
10—48 - - - N - f—
"~ "DarkSide-Argo (proj.) 1
107% =
=_Higgs Portal model > .
Direct searches, Majorana DM -
107 & Collider limits at 95% CL, direct detection limits at 90% CL = p \
L 1 P SR A | L N MR SR A | " " PR S B A | -
1 10 102 108 European Strateg)
m_[GeV]
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Prospects at HL/HE-LHC: Exotics

—
o

J

—h

R(Z' — fi) [pb]

2% B
S 9
w N
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Fig. 1.4. Limit versus mass for the di-lepton channel (left) and luminosity for a 50 discovery
(right) for the ee and uu combined channels.
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LHC is discovery machines, new
i physics may come at any time ,

stay tuned'




