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The Higgs field and Standard Model

Has non-zero vacuum expectation value

Higgs Field Lead to electroweak symmetry breaking

Can explain non-zero gauge boson masses

Higgs Mechanism Remarkably can also produce fermion masses

e Excitation of the Higgs field

Higgs Boson Barticle s Unique chance to probe the Higgs field
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The Higgs potential
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When pu? < 0 the potential has a minimum at:
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Measurement of A is crucial to reconstruction the Higgs Hictlgst_ l
potential and therefore test the Higgs mechanism potentia

Our Stable
vacuum

Baryogenesis requires a first order electroweak

phase transition, which would lead to a

: ¢
modification to the Higgs potential ... Eé?c?s \\/
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Higgs self-coupling

« Direct exploring the potential at each Higgs field value ¢ is not
possible.

Vig) = Ey2¢2+ 4A¢4 D W h*+vh? +—h
Mass term H----- ( S _"“HHH”S‘-J "

A H H o b H
self-coupling

® Probing the Higgs-self coupling is a key towards pinning down exact
shape of the potential.

Study of Higgs boson pair production (HH) can shed light
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Higgs cross-sections

Standard Model Total Production Cross Section Measurements Status: October 2023
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Discovery of the Higgs boson

e Measurements: mass, spin, couplings




The Higgs Boson at the LHC

Production

2 forward jets,
little central
hadronic activity

Main production
channel

Decays

—t
TTTTIT

Higgs BR + Total Uncert
o

TagW and Z
decays

#Higgs produced at
13TeV  (2015-2017)

Tag 2 top quarks

5 main channels at the LHC

Decay branching fractions for
mH = 125 GeV

H—bb: 58 %
H—=>WW* 21%
H—>T1'1:6.3%
H—ZZ*2.6%
H—vyy:0.2%



Higgs boson couplings

Gauge bosons Fermions
V f
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Higgs boson properties are fixed in the Standard Model (m,,)




Higgs boson phenomenology




Probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. Equivalent
In terms of number of standard deviations is called local
signhificance.
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Birth of a particle
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Higgs-like particle — 4 July 2012

- We are living in a privileged moment in the history
of High Energy Physics: first fundamental scalar

- The discovery came at half of the design energy,
much more severe pile-up and one-third of
iIntegrated luminosity than was originally judged as

ATLAS 2011 -2012

vs=7TeV: [Ldt =4 6-4.8 i
\e=8Tev: [Ldl-5.8-5.9 &

Local P,

Local p-value

oA i 138 140 T e T TEe o ae i g hes
ATLAS riL5716(2012) 1-29,sepr17 (20127 CMS PLBE 716 (2012) 30-61,sept 17 (2012)
Largest local excess: Largest local excess:

5.90 at m,= 126.5 GeV 5.00 at m,= 125.5 GeV

H-3>yy, bb, 71, WW(lvlv, Ivgq), ZZ(41, ivy, liqq) H->yy, bb, T, WW(Ivlv), ZZ(41, lirT, vy, ligq)
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Phys.Lett. B716 (2012) 1-29

Phys.Lett. B716 (2012) 30-61

Higgs-like particle — 4 July 2012
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H->yy: events signature

A EXPERIMENT

Simple event signature

J Two high pT photons
pT, > 40 GeV and pT, > 30 GeV

[ High trigger efficiency
~99%

(J High event selection efficiency
despite high jet-jet & y-jet
production

~40%

O High signal over background
~3-10 % (depending on sub-category)

Invariant mass reconstruction m 2= 2*E E,(1 —cos )

U Good energy calibration
J Robust primary vertex reconstruction

—> Excellent invariant mass resolution ~1.6 GeV with 90% of events within *2c
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Shower shapes and vertex reconstr.

Photon ID 2 - Photon shower shapes and background rejection

nP-y Rejection

» Photons shower shape distributions in LAr
ﬂ; N sampling layers - different for signal and
background (rt°)

S2
S1

PS

Vertex Reconstruction

m,?*=2*E,E,(1 — cos «)

(1 Vertex reconstructed through likelihood combination
Calo pointing

> Calorimeter ‘pointing’
> Z tracks pT?2

> Conversion vertex

> Mean vertex position
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background rejection

2 | - Data-driven background decomposition
& 10T
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mE L
‘ -
i =» Reducible background and largely below
: : .
W M irreducible background -y
o oo
”_,F » Remark 1: this decomposition is not directly used in the Higgs

search: the background is extrapolated from data sidebands

» Remark 2: Drell-Yan ~negligible for m,>100 GeV (~1%)
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The golden channel: H->ZZ, Z->l|
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Signal and background

g

Irreducible background

The final state is exactly the same, but it does
not come from the particle you are looking for

— - +
1 Z/y ¢ €
e
Z/Y* E’- l—’l +

Reducible background

The final state looks like the same, but some f
the particle fakes what you are looking for

fake e*

q g U+
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4 e candidate. M = 124.6 GeV, myo = 70.6 GeV, myy = 44.7 GeV.
e. Pr=249GeV,n=—-0.33, ¢ =1.98 e:. Pr=539GeV, n=-040, ¢
es. Pr=61.9GeV,n=-0.12, ¢ = 1.45 es. Pr=17.8GeV, n=—-0.51, ¢

@EXPERIMENT
http://atlas.ch
Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




Events / 2 GeV

Events - Fitted bkg

Higgs like signal with 7 TeV and 8 TeV data
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Mass measurement

Phys. Lett. B 726 (2013), 88-119

-
EI — ATLAS —— Combined (stat+sys)
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Combined: M, =125.5+ 0.2, + 0.6, GeV
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Nobel price for predicting Higgs particle

2013 NOBEL PRIZE IN PHYSICS
Francois Englert
Peter W. Higgs iz 5

THE BEH-MECHANISM, INTERACTIONS WITH SHORT RANGE FORCES
AND SCALAR PARTICLES

8 October 2013

The Royal Swedish Academy of Sciences
has decided to award the Nobel Prize in
Physics for 2013 to

Francois Englert and Peter Higgs

“for the theoretical discovery of a
mechanism that contributes to our
understanding of the origin of mass of
subatomic particles, and which recently was
confirmed through the discovery of the
predicted fundamental particle, by the

ATLAS and CMS experiments at CERN’s Large
Hadron Collider”




Entrance of the Higgs into PDG
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Inaugural entrance of
the Higgs boson in the

PDG particle listing !



How we can recognize spin?

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2
prefers the poles and the equator to the region in between.These pictures exaggerate the real distributions for clarity.




Spin observables for H->yy

Separate 0+ and 2+ spin hypotheses using the angular
correlation of the two photons

Collins-Soper frame used to get
reference axis z’ for cos(6%)

= z-axis bisects angle between the
momenta of colliding hadrons

= Minimizes impact of ISR
Better O* / 2+ discrimination

f T e asgema

o 02 —J° =2, (100% gg) — & = 2;, (100% qq) —

g | :

© —

< i

8 -

k- B

. & F g
Relative p, cuts on th_e pho_tons 0.05F arpasproiminary L N
remove most correlation withm ; Data 2012 Vs =8 TeV fL =207 1" —_

00‘ 01 02 03 04 05 06 07 08 09

qgqg—=>2* very similar to SM gg—=>0*

1

lcos8™]
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Spin study with H->4|

e SM predicts JFC = 0**

* Angular distributions sensitive to JP

* Wide range of alternative quantum
numbers excluded at >99% CL

» All observations consistent with
expectations for the SM Higgs boson

cCMS H— 2z 19.7 0" {arev3+51ro (?Te\."]
|~ Observed — Expected | 1 | | 1 [ 1 -
100f immo'sic  MEFete | L4 i SM

o2 M P .o
SN e nonSM

2xnlL,/Ly)

a0

2o 381 23 311.1 23 301 K Tests of
20 i iy ;:: = E

Q

III I..III.I I'lll alternative JP

hypotheses in ZZ
ofn?o?h‘iﬂ“hsifwo?w%f&\?*t?ffffo?h"nfc?ofhl:b? &xl‘h"‘:d'ghfwha'n;l%

gg production of] production decay-only discriminants

PRD 92 (2015) DI2D{}4




Higgs boson decay width

m.= 125 GeV > I=4.07 MeV

Ty, = 1.62 102 [s]

A deviation would imply a decay to non-SM particles




higgs—>77

Indirect measurement
. qq—=>~ZZ

359 b7 (13 TeV)
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Higgs boson decay width

Total width

CMS 359 " (13 TaV)
% [ T T | T T T T T T T T ]
. ¢ 100— Data —
* Lower bound on total width s r ] 3 Ha2s) ]
i - [ gqa—zZ 2yv* .
from decay measurements $ 8o B oo-zz. 2 -
LI}J B B z+Xx ]
* Direct experimental 6o .
measurements probe 3 orders ol ]
of magnitude larger than SM - .
width (I =4 MeV) 2r B
e Indirect constraint® on the © 400 500 760" 900
- - accepted by |JHEP m, (GeV)
width via measurement of -
ratio of off-peak to on-peak
. = SR AL R L B A T
cross-section £ upamas _
1of Ha = =
s CMS: I <13 MeV f (5-8TeV: [Lat~ 20310 ]
1of Sxmmm S 0
r - axpected with syst ’,"' ‘,.-" ]
« ATLAS: [ < 22 MeV B - epemedno oy E
61 =
4 :_ .-'-“ o _‘-"- _:
R T
*N. Kauer and G. Passarino, JHEP (2012) 2012- 116 Tz 2 e 8 0 12 14

*F Caola and K Melnikov,PRD88 (2013) 054024 EPIC (2015) 75:335 T







Couplings:
kappa-framework

m2 2 om 2
2—5H3+n Mz gz WZPH + Ky WW+W rH

Ga Ga#VH'F Kuy%A A VH 7 n RZ»Y%A#VZILVH

L= K3

> LT > LfF e Y ?ﬁ)H

=u,c,t f=d,s,b f=eu,

Scale Higgs boson couplings (wrt SM): production & decay



Kt.(;(.b)

K, = 1.06K; —0.07k K, +0.01xk, 0 661<Wr< +0.07x}




What do we measure?

We measure event vields

We want to derive couplings
and signal strengths

The first thing we want to
measure is the the “signal
strength” per channel

The analysis is using
discriminators (usually
reconstructed mass related)
fo increase S/B

CMS ft-?T&'ll’ L 51'I} Ii-BTt"f L= 1B?fb

(L L AL B | l T LI §
> 35F *' Data N
o F
™ Bz
5 :
2 Clzv.zz ]
L% 25 " |m, =126 Gev |

120 140 160 180

m,, (GeV)

n ’J— Y% o? x Br' = >< umz
SM \\ P
j'?

P e(ggF VBF.VH ,tH) | e(yy ZZ WW bb ,TT)

L2 (@125.5 GeV) = 1.44 #0440 _
LW E(@125.6 GeV) = 0.93 *0-26+0.13 o

6.6c (4.4 exp) ATLAS
6.8c (6.7 exp) CMS
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What do we measure?

We measure event vields

=5000F Tt T T T T T T T T T T T T T T T T

We want to derive couplings I i S ié_‘%mw
and signal strengths 4000 © 0 eI =-1c
The first thing we want to %m
measure is the the “signal I
7 o i
strength” per channel 22000
A= :
. The_ analysis is using 2

discriminators (usually @

reconstructed mass S oo

w 110 120 130 140 150

to increase m,, (GeV)
£ X) "

s/ Au XZ (GPXB‘F )'S'MX@P /\ P’
pe(ggF VBF ,VH ,itH ) i e (yy.ZZ,WW ,bb. 7:7:)
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Higgs boson decay channels

Significance
740 (4.30)
6.60 (4.40)
3.80 (3.80)
410 (3.20)
0.360 (1.640)
Obs. (Exp.)
3.20 (4.20)
6.80 (6.70)
4.3c (5.80)
330 (3.70)
2.10 (2.10)
Obs. (Exp.)

!JLY"I'

U2z
Haww
0

TT

Mbb
Combined

IJ'Jl:nl;'

Combined
(private)

u=(oxf)/(ox Mg

Signal Strength

L u=157°3] — —]
— #=1.007% ATLAS —_—
* 4“} p=1.0977
[ =025 j ]
L u=13077 ——
| u-078%Z N
_ +029 n
L u=0933; | e | -
u=076%7 —— S
e CMS -
=0.78"%2 (&
| —— H SR 037 04 M e
10,50 u=08347 5]
- pu=0.8277 | | o+ |
ol -0.5 0 0.5 1 1.5 2

Signal strength
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Constrains on three-level Higgs couplings

= Assume only SM physics in loops, no invisible or unseen BSM

Higgs decays

= Fit for scaling parameters for Higgs couplingsto W, Z, b, t, T, u

ATLAS and OME Preliminary —ATLAS
LHC Bun 1 =S
| . ATLASHGUS
] —s
K> —
e
" —  Low mncasures
W ——
B == alueof X,
. i reduces total |
t — i
—— width: all £,
B L mcasired low]
- ——
Ky —
*.
—— i
KH

cocbecdbvere beon b b e b b i
D 02040608 112141618 2
Harameter value

£l
!}
—
| -
O

£>

Ratio to SM

1L ATLAS and CMS 7 t
- LHC Run 1 Preliminary Pl
10-1 — Observed W i
= ... SM Higgs boson 3
102 'i Y - .
: e | Within currerg precision
C b . - .
0% Higgs couplings scale with
- particle masses
1079 E
= | PR il L sl =
14577 T N
e Fope
0.85 H L
0.65 { :
0.4~ E
0.2= ¢ E
0 I—1 I I IE
10 1 10 10

Particle mass [GeV]
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What we have learned since discovery

€ [Tamasmnz " 1 e Allmain production modes (ggF,
R I Fak VBF, VH, ttH+tH) established at > 50
= ~ ¥ k,is afree parameter W T
L f= 11— e ,/ — .
E|;{=f E SM predicton e = @ Couplings to gauge bosons and 3rd
L e N gen. charged fermions observed,
= T w_ b = .
5 ST Quate 3 evidence for H—Z
T : v
= iy - [- =« Couplings to 2nd gen. charged
oL (o]~ [ EAEA _; fermions: evidence for H— p; first
Bl sl el el _— .
S AFTT T constraints on H—=cc;
-t l ;| ° Massmeasuredto<0.1%
10 1 .
usf—....i L tl f o *.—f @ JCP = O++ (alternative hypotheses
10" 1 10 10° excluded at > 99.9% C.L.)
Particle mass [GeV]

3 orders of magnitude

But still very little knowledge about the shape of the Higgs potential.
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ATLAS combination

H— H+ ZZT | H -WW~" [ H = H — bb
ttH leptonic (3 categories) ttH multilepton 1 £ + 2 74 ttH 1 £, boosted
tfH hadronic (4 categories) tiH multilepton 2 opposite-sign £ + 1 Tyaq ttH 1 £, resolved (11 categories)
ttH multilepton 2 same-sign { (categories for 0 or 1 7,4) ttH 2 { (T categories)
ttH ttH multilepton 3 £ (categories for 0 or 1 1,,4)
tEH multilepton 4 £ (except H— ZZ* — 4f)
ttH leptonic, H— ZZ*— 4¢
tfH hadronic, H—+ ZZ*— 4f
VH 2 ¢ _ V H leptonic 2075 < :D‘| < 150 GeV, Njgs = 2
VH 16 p" T > 150 GeV 24,75 < py < 150 GeV, Ny, = 3
v | VH 16T <as0 Gev 2 €, pr = 150 GeV, Njous = 2
VH B, BY™ > 150 GeV Ojet, pr = 100 GeV 28, py = 150 GeV, Njoye = 3
VH Ef™, BT <150 GeV 1€ pY > 150 GeV, Njos = 2
VH+VBF ! > 200 GeV 1£py > 150 GeV, Njoye = 3
V' H hadronic (2 categories) 2-jet, my; < 120 GeV 0¢, p-‘I’ = 150 GeV, Njgys =2
0 £, pr > 150 GeV, Njys =3
VBF, p."* = 25 GeV (2 categories) | 2-jet VBF, p?ll = 200 GeV 2-jet VBF VBF pp’ > 140 GeV VBF, two central jets
vep | VBF, P71 <25 GeV (2 categories) 2-jet VBF, p}.-l-c:ElJG GeV (ThadThaa only) VBF, four central jets
VBF high-m; VBF +~
VBF low-m;;
2jet, pp! = 200 GeV 1jet, ppr = 120 GeV 1jet, myy < 30 GeV, pil? < 20 GeV | Boosted, py > 140 GeV
2-jet, 120 GeV < p}'j200 GeV 1jet, 60 GeV< pi'120 GeV | 1-jet, my, < 30 GeV, p?? > 20 GeV | Boosted, py < 140 GeV
2 jet, 60 GeV < pl' 120 GeV l-jet, py < 60 GeV’ 1-jet, mgp = 30 GeV, p? < 20 GeV
ggF | et pIT < 60 GeV Ojet, pr < 100 GeV’ Ljet, mye = 30 GeV, pf’? = 20 GeV'
1-jet, pJ-' = 200 GeV O-jet, mye < 30 GelV, p,t'? < 20 GeV
1-jet, 120 GeV < p]"j200 GeV O-jet, myy < 30 GeV, pf > 20 GeV
1-jet, 60 GeV < pl'{120 GeV O-jet, mye = 30 GeV, pi? < 20 GeV
1-jet, pp| < 60 GeV O-jet, my, = 30 GeV, p 2 = 20 GeV
O-jet (2 categories)

= 1117500 = 1.11 £ 0.05 (stat.) 2 (exp.) Ton (sig. th.) 7003 (bke. th.)
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Searches for New Physics
Supersymmetry
Exotic models
Dark Matter

Unconventional signatures



Uncharted discoveries?

I The Standard Model of particle physics — ;eptons | Theorised/explained
osons

Years from concept to discovery Quarks | Discovered

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12

Electron F——

Photon | |

Muon
Electron neutrino

Muon neutrino

Down }
Strange '
Up |
Charm ' '

Tau i
Bottom [ |
Gluon | |

W boson (= {
Z boson } |

Top ' '
Tau neutrino '_‘

HIGGS BOSON } {

Source: The Economist
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Many unanswered questions ...

Why there are 3 families of
particles? Are there more? VVhy is the top quark so heavy?

Why there’s
more matter _ Are there
then anti- B more fOI”CES?
matter? d| s b y
How do '
neutrinos get
?
maSS. ®igy: Grvencesn Laboratory. [ o Geltecn o Hersed. ([ o Siac PEF CERN What kEEPS
the Higgs mass
. so small?
How do we What is

incorporate gravity? Dark Matter?
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... and as many possible answers to probe!

® Super-symmetry?

Standard particles SUSY particles
‘ud cd t) .
S '\.,—.-""
d S, b '} Hags

"\ ¥ v #
el Vgt Nom_
.

) Quarks . Leptons . Force particles

Composite quark and/or leptons?

* New Heavy bosons!?
® Gravitons!?
® Dark Matter particles?

Any new theory
need to agree
with the SM!

. 8 8 & B 0 B 3 B 0 B B |
L
D ) O O R O B S R
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How would nhew phenomena manifest itself?

New particles: New interactions: New particles and states:

resonant excess (bump) over Standard Model background ~ More central production (~Rutherford experiment)  larger multiplicity of objects at high masses

Number of events

1 Nommalized number of events 4

Background

Number of events

&

Background

Background

4

L 4

Mass of dl-—] et system Angle between two jets Energy of the system (visible/invisible)

(—new particle mass)
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Many extensions of the SM have been

developed over the >
» —
7 L

Supersymmetry : —
\\
Extra-Dimensions See —w

e
Technicolor(s)

S
Little Higgs<_ SR
N ’
No Higgs 2
GUT

Hidden Valley ~\ \_ SNTAS
\ ’ -
L eptoquarks ‘\)%"
Compositeness <_ '
P R

4™ generation (t', b")
LRSM, heavy neutrino
etc...

(for illustration only)

Long list of models and signatures

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...
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Long list of models and signatures

Many extensions of the SM have bee
developed over the past '

Supersymmetry
Extra-Dimensions
Technicolor(s

Hidden Valleyg,
Leptoquarks
Compositeness
4" generation (t', b")"
LRSM, heavy neutrino P/
etc...

(for illustration only)

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc._.

A complex 2D
problem

Experimentally,
a signhature
standpoint
makes a lot of

sense:
- Practical

- Less model-
dependent

- |mportant to
cover every
possible
signature
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Strongly produced SUSY searches

Squarks and gluinos

OL-Njets Stop 2L Stop ‘Ih,Z-IT

i W o
i 1 . . il
- X1 :
- \..-. i 1
":i\":; t
I ' " ! i tﬁ;p

I
b {

Stop I,Zb-L

TH ke
= »

[ q
]
mm ?tm@+mﬁ3] Cecember 20T T, procuction, T= 0115 1 E= 0% =W BT 15 My 2018
;1m_lll T II.."‘U‘|&pmne:‘:pec[aj I: 5‘ml“ll||||||_|.|||TI|||||l|||||||l;||||1|-|||||||||||T|||_|
& T00E FATLAS Preliminary O-lepton observed 3 g F n'n:.jls EL“,‘,“:'Q“ fEeraTay, 1 3
: - Q—' :ﬂw_o " |-|EE|]IIJI1 EE:I{DECTEII ] ._é o '.-l rT,duan'.-u 1:‘ t ;“::l:‘::: 4
F o= — 1-lepton observed C i3 i~ why i brr A ] 7
3&5 1400: is 13ITE.'-V ...... = Run 1 expected 7 E F —_.'.-r -1,"- srr:z 5 Wit |1.'|1acln::r_ E
F38.110 Aun1observed ] b = e J S e E -, -
12000 lepron w1712 03552 — g C : 7 i
I Spton: aritue 1708 08232 ] . ! sopf—— Obesrved s — Espacted i Allmism05% 0L =t | i e )
00O 1 s 1507 o _: _ l_ '_ R E 3 M B
F : ] @ L St 1 5 3
soof- E [P = : ]
saof- E . - ; Not so natural SUSY: Stops >
- 3 Stop also a scalar requires light F 800 GeV ~Tuning of factor 20
400l . ] ] . e : ¥
] gtu!nos t°1b§ .Ii.'g,:'t teno_ugh. ffor E but these exclusions are under
1 = - g i L.
200 e E_ UTOS ¢ 3‘0 Y ~tuning specific conditions, and there
actor o

are unexcluded corridors.
m{d) [GeV] () [GeV]



Strongly produced SUSY searches

Squarks and gluinos
Stop 2L Stop 1,2-L

1L o
il W= 1
|l i A it v t v r t
§ VA A W

OL-Njets

Large number of topologies which can cover A
different SUSY or other new physics 1oL
Multi top | Multib , scenarios "
Ry
All signatures feature missing transverse -
energy! %
b o
1
; 1MTE}?T§IP-tImI@]|+T&I:}IJI l | Tt Im:ngr:‘bslrjiaI‘l:rl- T‘Iplt:,xl‘il:ﬂlf;-‘lh:‘:.:fﬂilpl.lclfrll‘l-.l'l‘hlfiflbl-‘.‘ll_ljlI TTTT I'.I‘:Ill'-lm:|l1lE
(‘E ‘IBDD:—AIMS Prefiminary ™™ g:ggﬂ zg:ﬁ:ﬁ E g mz_ er;.qs ||=reuim|r|mry l lﬁ-l:hL 1 ml' m _E
g 2. . 1 Sp— -lepton expected g ol et TP S S v B
regfi-nrr o LA - |
12mz—t‘-h|;nm a2 DD Aun 1 observed —: i F B e rwme a1 Ay 3 o
- b a1 7108 D 4 " %ﬂ gl — Otesrved limits — Espoctad it Alllmits o 5% CL = _+_:-. i === + - t ———— 0
10pp[Fun 1 s nfsa.ﬂs G 3 e @ L ; E e 3 S
EDDE— . _E - ..é - a..._ L. A3 WE— ! _E
aooE & A 7 . ) o 7 Not so natural SUSY: Stops =
. ] Stop also a scalar requires light S b 800 GeV ~Tuning of factor 20
o E gluinos to be light enough: for 3 E but these exclusions are under
L N 1 E_I'UTOS >f 135 TeV ~tuning of “EAK ‘;F specific conditions, and there
WO 0020 =0 actoro Eedebdlon bl o bR Bl are unexcluded corridors.
m(d) [GeV] mff) [GeV]
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SUSY Searches Overview (2019)

ATLAS SUSY Searches™ - 95% CL Lower Limits

ATLAS Preliminary

March 2019 Vi=13TeV
H . 1 P
Model Signature  [rde (M Mass limit Reference
™ T T T T
54, §—qt) Dep 2.6 jots = 369 155 m{E5)<100 GeV 1712.02332
2 mono-gt  1-3 jets =364 mig)-m{E])=5GeV 1711.03301
5w qat! Dep  28fts E™ 361 |B 2.0 miE)<200 GeV 1712.02332
3 Forbidden 0.95-1.6 mi¥;)=000 GeV 1712.02332
8 58, 5o qatOT" Tep 4 jats B | @ 1.85 m(i)<800 GeV 1706.03731
w &8, 899! 1 ! .
o ee. 2jets  EM= 361 | B 1.2 miz)-m{f| =50 GeV 180511381
'3 58, BogqWZi] Oep  T-Aljets EM= 361 |B 1.8 miF1} <400 GeV 170802754
8 3ep 4jets 3B/1 | R 098 miz)-m{ii)=200 GeV 170603731
> XN 01 e 3b Efs 708 | B 2.25 miE])<200 GaV ATLAS-CONF-2018-041
3ep 4 jats 31 | R 1.25 miz)-miE} =300 GeV 1706.03731
Bk, bi—bE] T Multiple 3.1 |h Forbiddan 0.9 miE}=300 GeV, BRET])=1 1708.09256, 1711.03301
Multiple 361 | b Forbiddan 0.58-0.82 mi¥}}=300 GeV, BR{kT|)=BRi | |1=0.5 1708.00265
Multiple 36.1 B Forbidden 07 m{E] =200 GeV, m{¥} }=300 GeV, BR(FT)=1 1706.037 3
E  Biby, Bi—bE) s bRET Dep 6b  Ef 139 |B, Forbidden 0.23-1.35 SUSY-2018-31
3 : b 0.23-0.48 SUSY-2018-31
é fify, = WBE] or ] 0-2epn 0-2jots-26 EM= 361 | 1.0 i1 GV 1506.0861€, 1709.04183, 171111520
§ fif1, Wall-Tempared LSP Multiple 361 |i 0.48-0.84 miE | }=150 GeV, miF| }-miE ) =5 GeV, i = it 1700.04183, 1711.11520
K g A, fioTiby, T iretenr 2jptsh b EMS 361 |& 1.16 miF1)=800 GeV 1803.10178
W8 i), ook /5, Eoct] Dep 20 EMs 361 |2 0.85 miE)=0 GV 180501628
) iy 0.46 miF, 2)-m{E GeV 180501649
Oep mono-jet  EF 0 361 i 0.43 m{E,Z)-miE =5 GeV 1711.03301
fafa, =i} + h 1-2e.p 4b Em= 361 |5 0.32-0.88 mii')=0 GeV, mif;)}-m(i])= 180 GeV 170603985
FiESviawz 23ep R e 06 miE%)=0 1403.5204, 1806.02293
ee. g =1 = 36 kf,u{ 017 miEt)-miE] =10 GV 171208118
TiTT via Ww 2ep Em= 430 & 0.42 ATLAS-CONF-2019-008
TEET via Wh O-tep 2b  EMS 0 3e1 | ENE 0.68 1812.00432
FrET via fyv 2ep =430 | & 1.0 miZ,7)=0.5miF} emit]) ATLAS-CONF-2018-008
> g [ L ) 1
i TN, B e, B riem) 2r B 3ed A 0.76 . m{E})=0, mi=, 7)-0.5(meE | Jemii ) 1708.07875
s Fd 022 il -m{E)-100 GeV, mi. 51-0 S{miF el ) 1708.07875
T by, B £T] 2ep Ojets  Em= 430 | 07 miEh)=0 ATLAS-CONF-2019-008
Zep =1 EM= 361 |F 0.18 mi@-m{i1)=5 GeV 171208119
HH, H—hGZG Oe,p =3b = 361 ] 0.13-0.23 0.20-0.88 BRIT! — hG)=1 1806 04030
dep 0 jets Sl R I 0.3 BR{T| — ZG)=1 1804.03602
E @ Direct¥i¥ prod, long-ved ¥ Disapp.trk  1jet  Em= 361 |i; 0.46 Pure Wino 171202118
=8 r} 0.15 Pure Higgsino ATL-PHYS-FUB-2017-019
-E § Stable 7 R-hadron Multiple 361 |# 20 1902.01636, 1808.04005
5 Metastable  R-hadron, f_\wf? Multiple 36.1 miE])=100 GeV 171004901, 1808.04005
LFV pp—¥ + X, vr—epfer/ur EjLET UT 32 Agyp=0.11, izyim mas=0.07 1607 0BOTS
TP ) — WWZestevy dep Ojels  EF= 361 miE)=100 GeV 1804.03602
B8 B—qat), X1 — qqq 45 large-R jets 36.1 Large ], 180403568
E Multiple 36.1 m{i}}-200 GeV, bino-ike ATLAS-CONF-2018-003
(T S T Multiple 361 M =200 GeV, bino-le ATLAS CONF-2018-003
fify, I —bs 2jels+25h 36.7 171007171
fif1, =gt 2ep 2b 36.1 BRIT,— be/bu)=20% 171005544
1p ov 138 BRI —gu)=100%, costi=1 ATLAS-CONF-2019-006
*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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What characterizes Exotics Searches

No precise model to guide us No unified parameter phase space

Standard Model:
Predicted Higgs boson

Supersymmetry Searches:

Status: May 2017

- N O o
1, produgtion, L= bIFZ /= e F (= WbE /= 1§ revisad September 2017

S‘ LTTT | TTTT | TTTT | TTTT | TTTT | T TTT | TTTT | TTTT | rmTTT | 1

:_ CMS F'relirninary 4— 5/B Weighted Data 8 ?UU:— ATLAS F‘reliminaty 18=13 TeV —:
F s=7TeV.L=511b" — S.BFi = B _'.'1_.,;—{:,-;1_,“,5,-;" 0L 36.1 i7" [CONF-2017-020] 7
C 5= BTeVr Lo 5'3 e .- Bkg Fit Companant grd N U T L WEY SL 1L 36.1 ! [CONF-2017-037] .
y - i 600~ HMi-t%,/Towoi isbirg 2L 36.1 b [COMF-2017-034] ]
' - By Monojet 3.2 i [1604.07773] _

L 13=8TeV, 20" Run 1 [1506.08616] -

S00 = —

= QObserved imits ===+ Expected limits Al irmits &t 95% CL 7]

r o - . 7

L SR+ i

4001— ‘ : ]

300 —

B i -

200}— ti—]

L L L L ' L :anJ|r ,:I:

120 140 100 - -

m,, (GeV) o] . '

0_||| ||||||||||||||||||i||||||||||'=||l|_

!
200 300 400 500 600 700 200 900 1000

m, [GeV]

Phys. Lett. B 716 (2012) 1-29

Phys. Lett. B 716 (2012) 30-61




Exploration range of LHC by mid 2015

ATLAS Exotics Searches™ - 95% CL Ex

clusion

ATLAS Preliminary

1071 1

e e 1TeV  J10TevV ™  @-now
Model £y Jets ED™ [rdim™] Limit Reference
T

ADD Gw + &/ - z1j Yes 203 . 525TeV =2 1502 01518

ADD non-rasonant £ 2e,pu - - 203 . AT TeV =3HLZ 14072410

ADD OBH — £g 18 1) - 20.3 . 52Tev =& 1311.2008

ADD GBH - 2j - 203 . EReTaV -6 1407.1378

ADD BH high Ner 2 u [58) - - 203 O ATTeV = i, Mp = 3 TeV, nan-rat BH 1308.4075

ADD BH high E pr . 5BTeV = 6i, Mp = 3 TeV, non-rot BH 14054254

ADD BH high mulijet = E . EBTeV =6, Mz = 3 TeV, nar-ral BH 1503,08956
e Extra Dimensions — o b
RS Grw — ¥ . R =01 1504.05511

§ Bulk RS Gy — Z2Z — gt Bep 2ji1d - 20.3 fMe =10 1409.6180
Bulk AS Gry — WIW — ggéy Teu 2if1Jd  ves 2043 S =140 1500.04677

Bulk RS Giye — HH — bbbk - ab - 19.5 Sy =10 1508.00285

Bulk RS gy — IT Tep z1b 2102 ves 203 = 0625 150607018
JUED / RPP 2ep(85) x1b=1] ¥es 203 1504, 4605

BEM T fF 2e.nu - - 2043 12054128

SSM Z' s or Zr - - 19.5 1502.07177

SSM W' — A 1an = ¥ae 909 14077484

EGM W’ — N G B 3 14064455

EGM W* = 1 1409.61890

con e INEW O@Uge bosons | ovptivet

HVT WY — vrrr = cvenr = s = wwd 1508.0808%9
LRSM W, — ¢b 1en 2b 01§ ves 203 1104103
LASM W, — th De, p 21814 - 203 1408.0865

&
Cl ggag o - 17.3 1504.00357
s cw New interactions =: SRS - woraio
A L= o

EFT D5 operator (Dirac) Deu kS k BO% CLiar mid, < 100 GaV 1502.01518

E EFT C% operator (Dirac) ey 14, Dar Matter 80% CLATTy) < 100 Gav 13094017
3 Sealar LG I_ - 203 =1 Fralimirary
Scalar L _Q ks - 203 -1 Profimirary
Scalar LT epto ua r Yas 20.3 =0 Prefiminary
VIQTT = Hri+ X Loy 2o e Bipde ). 3 in (T8 doublet 1505.04308

8 vioyysuwe+x 13 N (B,¥) couolet 150504908
VLG BB - Hb+ X Q ks 13 i singlat 150504306

§ §, VLD BB —+ Fh+ X Heavv uar 1.3 n (B,¥) doublat 1409 8500
Tsa — W lep ziwmzo) vas  <ld 150305428
Excited quark g* — av 1 1] - an 3 MoV by u" and &*, A = m{a”) 1309.323)

ﬁ Excited quark g° — . d . 08 TeV Iy w” ard ", A = mig’) 14071375
Exciled quark & — m handed couping 1301.1563
Excited lepton £ — Exc' te Fe r I OI"I S =2.2TaV 1308,1364
Excited lepton »* — e v g = - sua =1.06Tav 14112921
L8TGar — Wy Teuty = 20.3 1207 5150
LASM Majorana v - 20.3 Wiy) = 2.4 TieW, no mixing 1506,06020

Higgs triplet H=: — £¢ h - 20.3 production, BR(H* = £0)=1 14120057

Higgs triplet H** — £1 Ot er = 0.3 production, BR(H* = f1)=1 1411.2921
Monotop (non-res prod) Yes 204 pers = 002 14105404
Multi-charged particles - - - 20.3 production, gl = Se 150404188
Magnatic monopaoles - - - 7.0 production, |g] = 1gn. #0in 1/2 Praliminary

M | M L PR L L L PR

"Only a selaction of the available mass limits on new states or phenomana is shown.

10 Mass scale [TeV]



LHC Run Il

Hugely increased potential for discovery of heavy particles at 13 TeV
Perfect occasion for young motivated physicists: join the search!

Minimum bias

1

WH

t (s-channel)

H (ggF)

H (VBF)

t (t-channel)

tt

ttH

stop pair (0.7 TeV)
stop pair (0.9 TeV)
gluino pair (1.5 TeV)
gluino pair (2.5 TeVY)
Z SS5M (3 TeY)

Q* (4 Tev)

QBH (6TeV) |

3 Cross section ratios: 14 (13) TeV/ 8 TeV
2.1
2.1
2.2
2.6 And: pp — H*(500) + X: 14 TeV/8 TeV ~7
2.6
2.8
3.9
4.7
11 (For 13 TeV /B TeV: 8.4)
16 (for13TeV/BTeV:12)
;lé (for 13 TaVv /8 TeV: 4a)
I 5700 (13 /8:2700)
13
87
- _ 912000
10 100 1000 10000 100000
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Exploration range of LHC by mid 2017

ATLAS Exotics Searches* - 95% CL Upper Exclusion Linr ™

Status: July 2017

ATLAS Preliminary
Ws=8,13TeV

1£10 TeV

Model £y Jetst BT [ram) Limit Reference
T T T T T ™ T T

ADD Gry + g/ e u 1-4j Yag 61 My 7 BTaV A= ATLASCOMF.2017.060
ADD nan-resanant vy, FEY = = A7 Mg 8.6 Ta\ o= 3HLE NLD CERM-EP-2017-132
ADD QBH . . My, 8.9 Tel n=6 170309217
ADD BH high ¥ pyr My, B2 TeW A=A, My = 3Ta¥ ot BH 160802265
ADD BH multijet EXtra DImenSIons Min 955Te W =6 My = 3TVt BH 1612,02086

ﬁ RS Grp — ¥r 2y - - EL R 4.1 TeV kM =01 CERN-EP-2017-132
Bulk RS Gyy — WIW — gqafv 1e,p 1d R 6.1 kMg =10 ATLAS-CONF-2017-051
ZUED ! APF lew =22b23) Yes 132 Tier {11}, S{ATY 5 )= 1 ATLAGGONF 2016104
SN & e 2e,u - - 381 4 TeV ATLAS-CONF-2017-027
S5M 2 = rr 2r - - 6.1 KTLAS-CONF-2017-050
Leptophobie 72 — ki — bk — T 160308791

§ Leplaphabi 2 T = 3% ATLAS-CONF-2018-014
s - New Gauge Bosons 517w onte
HYT ¥ — 7 ' gv=3 CERM-EP-2017-147

g HYT W — Wh/ZH modeld multi-channel 36.1 gv =3 ATLAS-CONF-2017-055
LESM W} — th lew  2B,01) Yes 203 1410.4103
LASM Wi — th Oa,p =1b1J - 20,3 1408 0BG
Clagan . . 370 218 TeV i 170309217

5 o New interactions AOTAV! iy [ arLas conr 2727
Gl wustt 0.3 48 TeV |Carl = 1 1504,04605

E Axial-vector mediztor [Dirac D) e, 1-4 0025, g, =10, m(g) < A5V | ATLAS-COMNF-2017-050
Vector mediator (Dirae D) Dep 1y  =1] k s V1 B0 GeY 170, (3545
Vi yy EFT (Dirac D) De.p 1= Da r M atter miy) « 150 GaV¥ 1608, 02572
g Sealar LG iz =1 1605.06035
Sealar LG L _Q k i - az 1 1605.06035
Scalar LG e pto ua r 5 3] Yes 203 a 1608,04735
WA TT = Ht + X Dorlep 228,23] Yoz 132 T mass HT — Hi) = ATLAS.COMNF . 2016104
i VUG TT = Je+ X 1 T mass T = 2)=1 17085, 10751
WL TT = Wh4 X 1 T mass H( T — Wh) =1 CERN-EP-2D17-094
VIO BB — Hb+ X H Ea\f\] Qua I'kS 3 {8 — HE) = 1 1505,04508
VLA BB — b+ X a A6 —+ b = 1 1409 5504
YLO BE — W+ X lew z1b =103 Yes ELA BE — W) =1 CERN-EP-201 7-0594
VLA QG WalVg Tep =4 Yes 203 1504, 04261
Excited quark g° — qg - 2| - 370 5.0 Te oily u* and d°, & = m(g’} 1700, 0127
‘E Exciled quark q° 7 5.3 TeV ety u* and &%, A = mig’] CERN-EP-2017-148
Excited quark &° - - 3 ATLAS-COMNF-2016-080
Excited quark & - EKCItEd Fermlﬂ'ns 3 e=l=lfh=1 151002664
& Excited beplon (* 3 M= 3.0 Tl 14112821
Excited lepton v Jep T = - 203 1.6 Tav 1411.2821
LRSM Majorana v 2ep 21 20.3 i W) = 2.4 Tell no mixing 150806020
Higgs triphet H** = £F 8.1 prodiucton ATLAS-CONF. 2017033
Higes triplat H=% — fr h - 0.3 production, @) HE 1) = 1 1411 2821
g Menatop (non-res prod) Dt E r Yes 203 - = 0.2 1410.5404
Muilti-charged pariches — 203 production, | = S 160d.04188
Magnaetic monopoles - - - 70 production, gl = Lo, #pin 1/2 18508.04053
sl PR B " " P
¥ =13 TeV 1071 i
Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.

tSmall-radius (large-radius) jels are denofed by the letier | (J)
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Exploration range of LHC by mid 2019

ATLAS Exotics Searches™ - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2019 [-‘C dr = (3.2 — 139) fb? V5=8,13TeV
Model £,y Jetst ET™ [raqm) Limit Reference
T T T T — T T T T T T — T T T T T T T
ADD Gy + gla Oeu 1-4j Yas 36.1 Mg T.7 TeV n=2 1711.03301
ADD non-resonant yy 2y - — 387 Mg 8.6 TeV n= 3 HLEZ NLO 1707 04147
ADD QBH - 2] - 37.0 M 8.9 TeV n==6 1703.09127
ADD BH high ¥, pr =lepn =2j — 3.z M 8.2 TeV n=6 Mp = 3 TaV, rot BH 1606 02265
ADD EH multijet - =13j - 36 My, O55TeV n=6 Mp=3TeV, rotBH 1512.02588
RS1 Gyx — ¥¥ 2y - - 367 Gy Mass 41 TeV KiMg =01 1707 04147
'§ Bulk RS Gy — WW/ZZ multi-channal 36.1 Grr mass 2.3 TeV k(M =10 1808.02380
Bulk RS Gex — WW/ZZ — qqqq 0e.u 2J - 130 | Gknimass 2.8 TeV (M =10 ATLAS-CONF-2015-003
Bulk RS guw — tt lep =1b= 142 Yas 36.1 Lyw Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP lep 22b 23] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A) ) =1 1803.09678
SSM ZF — £F 2e.p - - 139 Z' mass 5.4 TeV 1903.06248
SSM 2 — T 2r - - 36.1 Z' mass 2.42 TeV 1709.07242
Laptophobic £° — bb - 2b - 36.1 7' mass 21 TeV 1805.09299
5 Leptophobic Z* — e >1b>102 Yes 361 7' mass 3.0 TeV rim=1% 1804.10823
SSM W' — év 1ep - Yas 708 W' mass 5.6 TeV ATLAS-CONF-2018-H T
SSM W' — v ir - Yos 36.1 W' mass 3.7 TeV 1801 06992
HVT V" — WV — ggggmodel B De.p 24J - 139 V' mass 4.4 TeV g =3 ATLAS-CONF-2019-003
HVT V" — WH/ZH model B multi-channel 36.1 V' mass 2.93 TeV B =3 1712.06518
LASM Wi — tb multi-channal 361 W' mass 3.25 TeV 1807 10473
Cl gggq - 2j 37.0 A NABTeV o, 1703.09127
© " clergg 2e.u - - 381 |a 40.0 TeV 1707 02424
Cl eet =lep 210 21] Yes 36.1 A 2.57 TeV |Gzl = & 1811.02305
Axial-vector madiator (Dirac DM) Oe.u 1-4j Yos 36.1 Mimea 1.55 TeV ;=025 g,=1.0, m{y) =1 GV 1711.03301
= Colored scalar mediator (Dirac DM) 0 e.p 1-4j Yas 36.1 Mmea 1.67 TeV g=1.0, m{y) = 1 GeV 1711.03301
=] VW yy EFT (Dirac DM) Oe.p 1d, =1 Yas 3.2 M, TO0 GeV miy) =< 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 01eu 1B01J Yas 36.1 my 3.4 Tev ¥ =04 4=032 my) =10 GeV 181209743
Scalar LQ 17 gan 1.2e =2]j Yas 36.1 LO mass 1.4 TeW F=1 1902.0037 7
g Scalar LO 2™ gen 1,2p =2j Yos 361 LQ mass 1.56 TeV A=1 1902.0037 7
Scalar LG 3™ gan 2r 2b - 36.1 LOY mass 1.02 TeV BLOE — br)=1 1902 08103
Scalar L2 3™ gen 01 ep 2b Yos 36.1 LQ': mass 970 GeV BLOE — r) =0 190208103
VLQ TT — He/Ze/ Wb + X multi-channal 36.1 | Tmass 1.37 TeV SU(2) doublet 1808.02343
VLQ BE - Wit/Zb + X multi-channal 36.1 B mass 1.34 TeV SU(2) doublst 1808.02343
VLA Tya TyyalTya — We + X 2(SS)=3 epu>1b,21] Yes 36.1 Teys mass 1.64 TeV B(Tepz — Wil= 1, o TepWih= 1 180711833
VLAY —= Wb+ X e =1b =1 vyas 36.1 Y mass 1.85 TeV B(Y — Whb)=1, cg{ W)= 1 181207343
VLD B - Hb+ X Dep 2y =1b =1 Yes 7o B mass 1.21 TeV xg=05 ATLAS-CONF-2018-024
VLQ QQ — Wallg ten 4] Yes 203 | EeEEy 1500.04251
@ Excited quark g* — gg - 2j - 139 q* mass 6.7 TeV anly o and d*, A = mig"} ATLAS-CONF-2019-007
Excited quark g* — gy 1y 1] - 367 | q° mass 5.3 TeV only u” and d”, A = m(q") 1709.10440
§ Excitad quark b — bg - 1b1j - 361 b* mass 2,6 TeV 180509299
8 Sl apon R e
Excited lepton +»* JeuT - - 20.3 A =16TeV 1411.2821
Type Il Scesaw 1ep =2j Yes 708 | NOmass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2] - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeM, g = gg 1809.11105
= Higgs triplat H** — £f 23,4eu(38) - - 36.1 H=* mass B70 GeV DY production 710,097 48
é Higgs triplet H** — #r JepT - 20.3 O production, H{H — £z} =1 1411.2821
Muilti-chargad particles - — — 361 DY production, |g] = 5e 1312.03673
Magnetic monopoles - - - 7.0 DY production, |gl = 1gp, spin 1/2 1509.080589
13 TeV =13 TeV L M SR | L M
pﬂlnl data \:. data 101 1 10

Mass scale [TeV]
*Only a selection of the available mass limits on new siafes or phenomena is shown.
iSmall-radius (large-radius) jets are denoted by the letterj (J).
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Fully hadronic Diboson Searches

ATLAS-CONF-2015-073 Run-1

—
S
TTIE

— T

—a— Data

== Background model

e 1.5 TeV EGM W, o= 1
20TeV EGMW, c=1
25TeVEGM W, c=1
Significance (stat)

B Significance (stat + syst)

WZ Selection

111w

SR
= ATLAS
\s=8TeV, 20.3 i’

- Modest excess at Run-1: 3.4c local / 2.50 global

Events / 100 GeV/
a

- Analysis very similar to Run 1, with functional fit
of the background

-+
| IIIIIII| 11 IIIII| 11 IIIII|

- No significant excess is observed 10°
however sensitivity not high enough for conclusive
probe of the Run 1 excess

Significance

‘::. 1{? T T T T T T = '":'ll T T T T T T = 10! T T T T T T T E
3 ATLAS Preliminary —s— Data 2015 8 ATLAS Preliminary —— Data 2015 g ATLAS Preliminary —s— Data 2013 3
= 108 s =13 Tev, 3.2 " —— Fit blkg estimation b= ? {s=13TeV, 3.2 ib™ —— FFit bkg estimation < 1 Vs =13 Tev, 3.2 " — Fitbkg estimation 7
E 5 1 Fit exp. stats emor E Fit exp. stats emor ?
5 E 5 E WW selection 5 E WZ selection =
& 10 & 10g m 10g E
1 B :— —:
E e TR 1§ 3
r - [ -
- : —|_|_|_ - _I_|_|_
10"5 1! 10 = 1 1
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Resonance Searches (Dilepton, Lepton+ETmiss)

| ar){w 1?0? 02424, ar){w 1706. 04?36

« Searches for new ; . § oy amas _1 Zﬁiﬂiﬁi Cpm
resonances decaying to e ion W v ssecion W (5Tey)  MTopauanc
lepton pairs (e.g. Z) or ggw‘“‘ v vt 1
lepton+E;™* (e.g. W’) —heTen - E

+ Signature is peak in 10 .
invariant mass m(ee) distribution ° 1

—_
o

in W search

- | istributi u transverse
e . \ 1
distribution (dilepton) or in 2’ search distribution HHHHHR

tranverse mass g1 T 7 14
distributions g géé‘ LA
lepton+E_miss geif T I a‘?%%:‘é
( p T ~% 1 Serengts EE T .
) o ﬁ_& gg I L i I+l | _._.-._. g .-.. o e v e
« No significant excess "Sos =0 w0 oo 2000 %60 300 13002000
) Dielectran Invariant Mass [GeV] Transverse mass [GeV]
over SM expectation ; — —
) o o S ZI‘}"f“aSIS"m“S Y W’=2lv mass limits
« 95% CL exclusion limits 5 ATLAS S ATLAS  eroscain
. . ) 3 15 =13 TeV, 36.1 o B Expeciodt to 3 ;r = \s=13 TeV, 36.1 fb" xpected limit |
extracted in various new z1 Epecedz20 ] £ 'F W W Expecied 1o
- . , — Observed limit 3 & 85% CL wpecled + 2o
physics Z' and W A e T A
scenarios, e.g. the -z, 14 W] ]
- 3L _‘_._10-2_
Sequential Standard i °
Model (SSM) o' 109
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Resonance Searches (yy, t71)

« Diboson resonance searches also sensitive to new 3 :E amas o,
heavy scalars, e.g. Higgs bosons. s st | stribution
_ | § oo | gistribut
+ Searches also conducted with yy and tt final states - e A s

« vy search also targets spin-2 (graviton) production
with a dedicated selection

« 11 searches sensitive to SUSY Higgs (H/A) models é
N . 2
No significant excesses over SM expectation F
LI T I I I I | I I Ll ] I Ll I I | I Ll l I I L) T | | il ;: -
| —— Observed CL, limit ATLAS ]
102 ---- Expected CL_limit 1s=13TeV,367fo"  _ % | ATLAS [ ATLAS 2015 — Observed |
= s . ‘ = - m = 1! --E ted T
= [ Expected + o Spin-0 Selection - [ o courars mito
N Expected + 26 NWA (I'y = 4 MeV) i B0 HIA - 1 95% CL limits +2¢
10

Mass limits from yy spin-0 search

Limits in tanp-my
plane from 1t search

20

95% CL Upper Limit on o, x B[fb] e

arXiv:1707.04147

arXiv:1709.07242

—_
<
FT IIIIIII

| I I | 1| 1 ! I 1 | 1 1 1 1 I
2000 2500 500 7000 500
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What do we know about Dark Matter

Dark Atoms
Matter 4.9%
63%

Neutrinos
10%

Dark
Energy
68.3%

Dark
Photons [ Matter
15% \ 26.8%
Atoms
12%
13.7 BILLION YEARS AGO TODAY

(Universe 380,000 years old)

Strong astrophysical evidence for the existence of dark matter
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What do we know about Dark Matter

" Massive

* Non-relativistic (slow)

*Long lived (old)

*No electric or colour charge

"\ery weakly interacting with ordinary matter
1Subject to gravity interactions



Experimental detection of Dark Matter

»
o

DM SM ,

“shake it”
direct detection

DM SM

Photons from
Galactic Centre

“break it”: indirect detection

“make it”: Collider Production

DM

DM
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Dark Matter serches at Colliders

g, and gy coupling strengths ~ Empty detector + something



Dark Matter theory space

Less complete

Dipole
Interactions
“Sketches of models”

More
complete
Dark Matter
Effective Field Theories

Dark
Photon

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Contact
Interactions

Complete
Dark Matter
Models

Universal
Extra
Dimensions
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Dark Matter theory space

Less complete

Dipole

Interactions

“Sketches of models™
More

complete

Dark
Photon

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Contact
Interactions

Complete
Dark Matter
Maodels

Universal
Extra
Dimensions

Little
Higgs
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Dark Matter theory space

Less complete

Dipole
Interactions
“Sketches of models”

More
complete

Minimal
Supersymmetric
Standard Model

Contact
Interactions

Complete
Darlk Matter
Models

Universal
Extra
Dimensions

Little
Higgs
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Dark Matter theory space

Less complete

Dipole
Interactions
“Sketches of models”

More
complete

Minimal
Supersymmetric
Standard Model

Contact
Interactions
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Searches for DM with (E;™'s +X) Signatures

ATLAS

EXPERIMENT



(E;™!ss +X) or Mono-X Signatures

SM-DM mediator decays to DM pairs y\ when Mq/2 > m, .
DM escapes detection = £S5 4 X signature where
X = SM particles that tag the event. X = jet,~, V.t.b,h ...

Gq w oo Oy
Za med med
q X q X X
g t

g t

Mediators: vector, axial-vector, scalar, pseudoscalar
Parameters: mped, My, Gq» Gy

66



Simplified Model
Simplified Model

SM — mediator — DM SM — mediator —- SM

q

q X
él\{lono-x sighature —>resonant production
E7'"%+ jet, W/Z/H, v, ... Dijet, ditop, dilepton.....

Charge Q=0 for s-channel

@ _ .y
g vrlf 94 > _Via'q
Lorentz Scalar 12 ; Vector .

structure 1A . ] s
Pseudoscalar QQEnyf’ISf Axial-vector Ja p_ Audr" 7 q
f q

Coupling o« mass «< charge
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Mono-X searches

CMS-PAS-EXO-16-048 35.91b" (13 TeV)

IIIIIIIIIIl_I¢_II|III|III
Data

(.5 105 CMS Pre:'fm!ﬂa!y - 2{vv+Hets
— . 2
ETI'I‘IISS J t E ITIGI'IQ]E“ : Wi pejela
p e = 10t (I wwwazz
gi" - Top quark
(w 10° 0 2t veiots
= 107 { IR L L B B B B R L B B L o DGCD
g 1o E_ATLAS Prelminary o i ey 10 —— Higgs invisidle, m, = 125 GeV
= fs=13TeV, 36,11 Bz )+ jets Asialveston, m_ = 2.0 TeV
2 10° =— Signal Region B Wi ) - jets 10 -
:'i- p,(i1)>250 GeV, E"*>250 GeV B 2 Jets
Ed— 10t B i+ single top 1
= ) ATLAS-CONF-2017-060 e Dibosons
- 10° mmultijets + nek

== mib, T = (500, 495) GeV
i M= (40D, 10C0] Ge¥
ADD, i, M_-6400 Ge¥

. 1.2 L L — T T TT71

B o1 & ; ! J_
e < 1&‘3@@&2}@“@:&-'&# Eis J: ko :: ...... .

12-~—'|Ll T T T T T T T T — g 0.4 5 '_Ir
= =L N J_ - '_,:—.. 08 (- I 11 1 I 11 | | |- | (] | 1 IT]
SO S S e L S L I R I I L B B
08 :-ulau .ulm 5{;0 Gl.:lntl 76-0 Bclu:r gn;a mlm 1_1lnn 1200 ﬁ B AR R B e n RN R
B [GeV] 400 600 800 1000 1200 1400

miss

ET™® [GeV]
ATLAS

CMS

« EPFSS > 250 GeV
* Jetpr > 100 GeV,|n| < 2.5

- ENUSS 5 250 GeV, Ag(jet, psS) > 0.4
* Jetpr > 250GeV,|n| < 2.4
Njets < 4
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m, [GeV]

Mono-X searches

Axial-Vector Mediator

T T T T | T T T T | T T T

ATLAS Expected limit£ 2 Torp

1 000_ \5= 13 Tev, 364 fb° BEEE Expected limit (= 16 5p)
| AxialVector Mediator == ODserved limit (£ 1oyn0, %) _
Dirac Fermion DM Perturbativity Limit
r gq =0.25, gl =1.0 Relic Density (MadDM) N
i 952 CL limits ATLASYs =13 TeV, 3.2 fo! |
- &, |
f;t’,"
500 v -
l. ..... l‘l__‘-n‘-'- —
00" 1 1 1 | I 1 1 I
m, [GeV

, [GeV]

Mg, [GeV]

1200

1000

800

600

400

200

Vector Mediator

35.9 fb' (13 TeV)
i IS B B BN ‘IOJ:
. CMS =)
| Vector med, Dirac DM, g,=025.9 =1 B §
| ==== Median expected 95% CL : Dg
B d =)
L I F— i w
- = 1e
R L )
n
- 3 e
- - O
- 10
* 107

500 1000 1500 2000 2500
m_. [GeV]

For couplings g, = 0.25, ¢, = 1.0, axial-vector

and vector mediators excluded up to 1.8 TeV

(1.55 TeV) by CMS (ATLAS) for m, ~ 1 GeV.

JHEP 01 (2018) 126
arXiv:1712.02345
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Mono-X searches

Mono-photon Eqmiss Photon
&

) LI N B B B S B S B B S B N
—a— clat
8 10° - ATLAS Signal Region a_a,w Y
o) 1 Wi— vy
: . s=13 TeV, 36.1 fb mmm Faka Photons
> 10 - - et Y
= . iy
Z 10 L A b td q X
PR Y g S S A {j;_)-_r/_17)—// a rmn o
10°
10
med
i
2 15F = ;
o B 7 q X
B g R e
o E =
O 055, N

160 180 200 220 240 260 280 300 320 540 360
E! [GaV]
* Photon Eg > 150 GeV, |n| < 2.37

» ERISS/ /Y Er > 85 GeVY/?
. ﬂ.cp(photon}E?iss) > 0.4
Njets(pT > 30 GeV, |r|| < 45) =1
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Mono-X searches

Mono-Higgs

CMS-PAS-EXO-16-054

35.9 fo' (13 TeV)

- CMS Preliminary

- DM+H(yy)
—50 GeV < p;"” < 130 GeV

(=]
o

Events/ [2 GeV]

50

¢+ Data

Non-Res Background Pdf

- + 1 std. dev.

+ 2 std. dev.

SM Higgs Contribution

Total Background Pdf

Fin

N | I I i .
| ) S D (N 5 Y D O ) N Y ) D I O S N Y O D [N 2

30

140 150 160 170 180

m,, [GeV]

q
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. 4
Higgs
) Y
ETmlss
V3
q h
z' \\\<'l X
q N
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Plenty of mono-signatures
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Heavy Higgs summary plot

[ gg'bb HIA HA = 1
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=== h couplings [x,, x,, &

139 1"
Phys. Rev. Lett. 125 (2020) 051801
tb) H', H = v, 36.1 fb”
JHEP 09 (2018) 139
@ bib) HA, HA - bb
2781’
Phys. Rev, 0 102 {2020} 032004
) H - 2Z - Uiy, 139 fb”
Eur, Phys. J. C 81 (2021) 332
[JA-2Zhh-bb. 139’
JHEP 06 (2023) 016

o) L H s, 1391

JHEP 06 (2021) 145

— @ H - WW = v, 139 "

ATLAS Preliminary | A AR
hMSSM, 95% CL limits | @ H - hh — 4bibbyyibbe
126-1391b

arxkh:2311.15956

36.1-139 b
arkiv:2402 05742

) ttH/A, HIA - tt, 139 fb"
_ATLAS-CONF-2024-002

\1:‘_'] gg HiA, HIA - 1, 140 16"

_ani240418986 .

Excluded regions of [m o tanf]
plane excluded 1n the hMSSM via
durect searches for heavy Higgs
bosons
o ggH/A, HA— ttaddsto
exclusion at low tanf!

ATL-COM-PHYS-2024-195
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Unconventional signatures

«ssss neutral
displaced | charged

HSCP

dilepton any charge
disappearing displaced
track lepton
(. LT T
K e
>
et ..Q‘.
displaced RO\
vertex . ST 9/
> N 'c"
. TP, displaced
: e %, photon
. .| mBSM
E W lepton
, . B quark
displaced o 4 displaced photon
vertex conversion M anything
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Unconventional signatures: challenges

» Trigger: combination of hardware + software that must decide very quickly whether to save an event or
lose it forever

 First step in every search for LLPs: make sure that interesting events are saved!
1. In associated production, trigger on prompt particle (Eg. WH prod. trigger on mu; ISR trigger on MET)

2. Design and develop a new trigger. Need to keep trigger rates under control and within budget

» Object identification algorithms assume prompt particles. Need to adapt them

»  Backgrounds: usually instrumental background such as miss-identified leptons (“fakes”) and non-collision
backgrounds (NCB) have to be taken into account

weak decays of material interactions beam halo muons cosmic muons
heavy flavour

et
WiTBRgs Padrons

4 Daury hadrons

e || Darwse” |

»  Systematic uncertainties: can't use standard recommendations for object reconstruction nor trigger
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Unconventional sighatures: disapearing tracks
» Search for disappearing track + MET + jets

» Signature: Chargino track “disappears” when it decays, into MET
» Low momentum pion track (~0.1 GeV) is hard to reconstruct
» Challenge to identify the legitimate real tracklets (non-fake) using only a few
measurement tracks

» Benchmark model: AMSB model with almost degenerate neutralino and chargino
Am ~ O(100 MeV) j

P

» Search sensitive to LLP
lifetime of 10ps to 10 ns
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Summary (Exotic Searches)

» Searches for Exotic searches

* All major search channels reached 1 TeV scales
" Quite a few at 10 TeV
* New probe: Higgs boson = emerging field

» Dark Matter Searches are thriving at the LHC

" For vector and axial vector interactions
* Dark Matter masses up 400 GeV — 700 GeV (mono-jet) excluded
* Mediator mass up to 1.6 — 1.8 TeV (mono-jet) excluded

* Mediator mass up to 1.2 TeV (mono-photon) excluded
* Mediator mass up to 0.7 TeV (mono-Z) excluded

" LHC searches complement DD experiments
" mpy, < O(10 GeV)
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ATLAS experiment: 2024 data taking

£~ 80"_ T T T T I T T T T T 1 :‘
o [E_ ATLAS Online Luminasity -
~ IE :zmz:g EeaTey 3
§ o =oum o 1
© 60— ——Zovrpp (8213 Tev ‘.31
é {7 e 2018 pp {5 =93 TeV -
£ ——2022pp fe=136ToV =
3 50F —— 223pp b=136TeV =
_8 E . 2024 pp {5 =136 ToV 1
§ 4% On track fora E
3 soF productive data =
2°r taking year! =
E 1
10— 3
0‘{; | | | ~ - ! :1I

Yot AO' h ot

Month in Year

VOO0 €20

Recorded Luminosity [pb'0.1]

>
g
®
E

is=13.6 TeV, 821’

2022-(yy =425
2023 (=512
W 2024: () =536
Bl Totak(u)=47.9

"Illll{l‘lll!l'lllll

lllll’nlllll‘v

2

10 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing

78



2024 LHC schedule
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