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Standard Model

* The Standard Model of Particle Physics is one of the great scientific triumphs
of the late 20t century

* Developed through close interplay of experiment and theory

Dirac Equation Experiment GHUQE Principle Higgs Mechanism

N~ U
\@e Standard Model /
f

Experimental Tests

* Modern experimental particle physics provides many precise measurements.
and the Standard Model successfully describes all current data !

* Despite its great success, we should not forget that it is just a model;
a collection of beautiful theoretical ideas cobbled together to fit with
experimental data.

* There are many issues / open questions...



Uncharted discoveries?
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Standard Model: Problems and Open Questions

* The Standard Model has too many free parameters:
My yMyy oMy Me s My s Mgy Mgy Mgy Mgy My My Mg

912:913:923:5 * ;{'ﬂA:p:” G,GF,ijﬂg 7, Ocp
* Why three generations ?
* Why SU(3),x SU(2), x U(1) ?
* Unification of the Forces
* Origin of CP violation in early universe ?

* What is Dark Matter ?
* Why is the weak interaction V-A ?
* Why are neutrinos so light ?

* Dees-the-Higgs-exist? + gives rise to huge cosmological constant 2

* Ultimately need to include gravity

* Over the last 25 years particle physics has progressed enormously.

—— since year 2012



Many unanswered questions ...

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

Why there’s
more matter _ Are there
then anti- D more fGrCES?
matter? d S b y
How do '
neutrinos get
?
mass! PRy prnrraenrsers R What keeps
the Higgs mass
. so small?
How do we What is

incorporate gravity? Dark Matter?



... and as many possible answers to probe!

® Super-symmetry?
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\;\_t’ | N o
\,\’_,0" \“__,"/ \‘.",

) Quarks . Leptons . Force particles Squarks 0 Sleptons o SUSY force
parficlos

- -

{
i

oo
==~

® Composite quark and/or leptons?
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* New Heavy bosons!?
® Gravitons!?
® Dark Matter particles?

Any new theory
need to agree
with the SM!



How would new phenomena manifest?

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 Normalized number of events 'y

Signal
Signal -

/

Number of events

&

Background

Background Background

k4

L 2

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

(—new particle mass)



Many extensions of the SM have been

developed over the -
,

Supersymmet : —
AR .
Extra-Dimensions =

N

Technicolor(s)
Little Higgs
No Higgs
GUT

—

Hidden Valley > % \.
T RO
Leptoquarks ‘/{‘\v"\

Compositeness "\\

4™ generation (t', b")
LRSM, heavy neutrino
= { -

(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...



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 signature
standpoint
makes a lot of
sense:

- Practical

- |Less model-
dependent

= |mportant to
cover every
possible
signature



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
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Exploration range of LHC by mid 2015

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: July 2015 1 Tev j 10 T'ev ! Vs-7.8TeV
miss — .
Model Ly  Jets ET™ [Ldiff) Limit Reference

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 . ER2TeV -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 X pr - 58TeV = i, Mp = 3 TeV! nan-rot BH 14054254

ADD BH high mulijet = E . EBTeV =6, Mz = 3 TeV, nar-ral BH 1503,08956
e Extra Dimensions — o B
RS1 Ggw — ¥y . | My =01 150405511

§ Bulk S Gy — ZF — gget Zepu 2)114 - 20 (M =10 14096150
Bulk RS Grx — WIW — galv 1epu 2if1J  wes 204 My =10 1608.04677

Bulk AS Grx — HH — bbbh - 4b - 195 Sy =10 150600285

Bulk RS gy — 11 Tenm =1b =142 ves 203 - 0825 1506.07018
UED/ RRP Bep(S5) x1bx1] ¥as 203 1504. 04608

BEM T fF 2e.nu - - 2043 12054128

SEM P e 2 - - 19.5 1502.07177

SEM W — A 1m0 - Wi an g 14077404

EGM W — N G B ] 14064455

EGM W — ] 14096150

cen e INEW LO@Uge bosons | ovptivet

HUT W’ = vrrr — cvenr Cen su = ewd 1508.0808%
LRSM W, — ¢b 1en 2b 01§ ves 203 1104103
LASM W; — th Depn 21B1J - 203 14080885

Cl agag - - 7.3 150400357

S cio NEW |nteract|0ns 203 mi= -1 1407.2410
Gl st Ciel=1 1504.04605

EFT DS aperator {Dirac) Dep = BO% CLiar mid, < 100 GaV 150201518

E EFT C% operator (Dirac) Oeu 14, Dark Matter 80% CLaTiy] < 100 Gav 13094017
3 Soalar LG I_ ] - 204 =1 Pralimirary
Scalar L _Q kS i - 204 -1 Profimirary
Scalar LC epto uar 3] Yes 204 =0 Prelimirary
VIQTT = Hri+ X Loy 2o e Bipde ). 3 in (T8 doublet 1505.04308

8 vioyysuwe+x H 13 ' (B,Y) ooudlet 150504308
§ § vioss - Hoox eavy Qua rks 13 i singlat 15054306
VIO BE -+ Fh+ X 1.3 n (B, ¥ doublet 1408 8500

Tsa — W lep ziwmzo) vas  <ld 150305428
Exciled quark g — av 1w 1] - an 3 TV Iy o ard & A = mia’) 1208.323)
Excited quark g~ — . . 08 TV Iy o ard &, A = mig") 1407.4378
Exciled quark b* m handed 1304 1563
Exrdled 1”;2&« e‘: EXCItEd Fer Ions =:!zTa'.rmpimcl 13181351
Exciled lepton »* — v, v St - - 2ua =167V 1411.2921
L8TC ar — Wy Teuty - 20.3 1207 8150
LASM Majorana v - 20.3 Wiy) = 2.4 TieW, no mixing 1506,06020

Higgs triplet H== — £ O h - 20,3 production, BRIH™ — £)=1 141 20237

Higgs triplet H** — f1 t er = 203 production, BRGHS = f1]=1 14112921
Monotop (non-res prod) i Yes 204 pers = 002 14105404
Multi-charged particles - - - 203 production, |l = Se 1504.04188
Magnatic monopaoles - - - 7.0 production, |g] = 1gn. #0in 1/2 Praliminary

ﬁ- ?m - -
10 1 10 Mass scale [TeV]

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



LHC Run Il

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

. - Cross section ratios: 14(13) TeV /B TeV
Minimum bias .

1 2.1
WH 2.1
t (s-channel) 2.2
H (ggF) 2.6 And: pp — H*(500) + X: 14 TeV/8 TeV ~7
H (VBF) 2.6
t (t-channel) 2.8
tt 3.9
ttH 4.7
stop pair (0.7 TeV) 11 (For 13 TeV /B TeV: 8.4)
stop pair (0.9 TeV) 16 (For 13TeV/8TeV: 12)
gluino pair (1.5 TeV) 72 (for 13 Tev/8 Tev: 46)
gluino pair (2.5 TeV) 5700 (13/8:2700)
Z SSM (3 TeV) 13
Q* (4 Tev) 87
QBH (6 Tev) N— —— 912000

1 10 100 1000 10000 100000




Exploration range of LHC by mid 2017

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

Status: July 2017

ATLAS Preliminary

I£-10 TeV

Vs=8,13TeV

Model £,y Jetst ET™ [raqm) Limit Reference
T T T T T ™ T T
ADD Giex + £/9 Ga.p 1-4j  Yes 381 Mp 7 ETaV EE ATLAS.CONF.2017.080
ADD non-resanant 3 EY = = a8 7 My B.6 Te\ n=3HLZNLD CERM-EP-201 7132
ADD QBH E D_ . My, 8.9 Tel n="=6 170309217
ADD BH high ¥ py xt m My, 8.2 TelW 0=t My = 3 Ta¥, ot BH 160802265
ADD BH medtijet ra I enSIons Min 5.55Tc W~ =6 My = 3TeV rel BH 1612.02506
R31 Guw — ¥y =¥ = = ELN 4.1 TeV ke =01 CERN-EP-2007-132
Bulk RS Gy — WW — gqfv 1e,u 1Jd Yo a1 kMg = 1.0 ATLASSCONF-2017-051
ZUED ! APP le.w =2b23] Yes 13z Tier {11}, S{AL ) =1 ATLAS-GOMNF.2016- 104
SBM Z' - il 2e,pn - - 351 4 TeV ATLAS-CONF-2097-027
S5M 2 =y 2T - - ELR ATLAS-CONF-2017-050
Leptophobie 7 — Aé - 1k - o B0, 08791
Leplophobi -] jm = 3% ATLAS-CONF-2018-014
=uv - New Gauge Bosons 51 Tov 1708.04708
HYT ¥ — 7 W gv=3 CERN-EP-2017-147
HYT V' — wWHiZH model 8 multi-channel 36.1 o =3 ATLAS-CONF-2017-055
LASM W, — th 1e.u 28,0-1)  Yes 20.3 14104103
LASM W, — th Oa,p =1b1Jd - 20.2 14080888
Glagan . . arao NBTaV 1708217
S | Clilgg New interactions = ATV 1w, || ATLASCONF 2097027
Gl et 20.3 489 Te¥V |Capl =1 1504, 04605
E Axial-vector mediator [Dirac D) Qe 1-4 095, g, =10, m{y) < 200050V | ATLAS-COMF.2047-080
Vector mediator (Dirac 0M) Dep iy =51j k e V1 480 Gev 170403548
Vi yy EFT (Dirac DM) Deu 1= Da r M atter miy] « 150 GaV 160802572
g Scalar LG i iz =1 1605.06035
Scalar LG L _Q k i - az 1 1605.06035
Scalar LG e pto ua r 5 2] Yes 203 a 1508, 04735
VA TT = He+ X Dordew 22b, 23] ves 1az T mass. HT — M) = ATLASCOMF.2016- 104
i VLQTT = 2t + X 1 T mass BT —2t)=1 170510751
VLQ TT = Whet X | T mass T — Wh) =1 CERN-EP-201 7054
VIO BB — Hb + X H EBV\] Qua l"kS 3 {8 — HE)} = 1 1505.04508
VLG BB — Zh+ X a BE —+ Fh =1 1408 £504
VIO BB — W X ey =1b =103 Yos 36 HE — W) =1 CERM-EF-201 7-054
VLA QG Wally 1ep =4 Yes 203 1503, 04261
Excited quark g* — qg - 2) - 370 &0 Te ey u* and J°, A = m(g°} 1703,09127
E Exciled quark g 7 5.3 TeW ey u® and &, A = mig’] CERN-EP-2017-148
Exgiled quark & - - ] ATLAS-CONF-2018-080
§ Excited quark & - EXCItEd Fermlﬂns ] r=fh=fh=1 151002664
B Eucited legion * 3 = 3.0TeV 1411.2921
Excited lepton v* Jep T = - 203 16 TaW 1112821
LRSM Majorana v 2o 21 20.3 i W) = 2.4 e\l no mixing 1508.06020
Higgs tripet H** = £F 36.1 production ATLAS-CONF. 2017053
Higees tripled H=* — fr h - 0.3 production, E(HE s fr) = 1 1441 2824
E KMonotop (non-res prod) Ot e r Yes 20.3 on-rs = 0.2 14105404
Muilti-charged partiches - 0.3 prodluction, |gf = Se 1604.08188
Magnaetic monopoles - - - 7o predution, gl = lep, #pin 1/2 1608, 0005%
sl M : MR
+s =13 TeV 107! 1
Mass scale [TeV]
"Only a selection of the available mass limifs on new states or phenomena is shown.

tSmall-radius (large-radius) jefs are denofed by the letter [ (J]



Exploration range of LHC by mid 2021

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

Status: July 2021

ATLAS Preliminary

[Ldt=(3.6-139)fb! V5 =8,13TeV

. miss -
Model £,y Jetst ET™ [rarm) Limit Reference
0 5 L | - . T I B AT | T T —rre T v —r

ADD Gy + /9 Qe 1,y 1-4j Yes 139 Mg H2TeV n -2 2102.10674
ADD non-resonant yy 2y - - 36.7 Ny 8.6 TeV n =3 HLZ NLO 1707.04147
ADD CQ8H 2) 37.0 My, 8.9 Tev n=6 1703.09127
ADD BH multijet - =3j ~ 3.6 My, 955 eV n—6, My = 3TeV me BH 1612.026886
RAS1 G — »» 2y - - 139 Gy mass 4.5 TeV ki Mpy = 0.1 2102.13405
Bulk RS Gyx — WW /22 multi-channel 36.1 Gux mass 2.3 TeV &My = 1.0 1808.02330
Bulk RS G — WV — fvag Tepu 2§/14 Yes 139 Grx mass 2.0 TeV W/ Mpy = 1.0 2004.14836
Bulk RS gy — 12 1ep > 36.1 Bxcw MAss 3.8 TeV Mim=15% 1604,10623
2UED / BPP 1o 36.1 KK mass 1.8 TeV Tier (1.1), BALY — te) =1 1803.05678
SSM 2Z° — o1 2ep 139 Z’ mass 5.1 Tev 1503.06248
SSM Z° — or 27 = = 36.1 Z’ mass 2.42 TeV 1709.07242
Leptophobic Z* — bb - b = 36.1 Z' mass 2.1 TeV 180505299
Leptophobic Z° —» tt De.p =1b =2J Yes 139 Z’ mass 5 41 TeV Tien=12% 2005.05138
SSM W' — 1y Tep ~ Yos 139 ‘W’ mass 6.0 TeV 1806.05609
SSM W' — zv 17 - Yas 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
SSM W' — tb =1b.=1J 139 W’ mass 4.4 Tev ATLAS-CONF-2021-043
HVT W’ — WZ — ¢vgq model B 2j/1Jd  Yes 139 | W' mass 4.3 Tev gy =32 2004.14636
HVT Z2° — ZH model B 2b Yes 139 Z* mass 3.2 TeV & =3 ATLAS-CONF-2020-043
HVT W’ -+ WH model B =2 139 W’ mass 3.2 Tev & =3 2007.05293
LRSM We — ulNg - 80 Wy mass 5.0 TeV m{Ng) =05 TeV. g = gn 1804126759
Cl qqqq - 37.0 A 2187TeV 7, 1703.08127
Clifqqg - 139 A : 358 L 2006.12936
Cl ecbs 139 A 1.8 TeV & =1 2105.13847
Cl pyubs - 139 A 20 TeV & =1 2105.13847
Ci reee Yes 36.1 A 2.57 TeV 1Cse} = 4 1811.02208
Axial-vector mad. (Dirac DM} Yos 139 Maen e 21 TeVv 8,=025, g, =1, oy )=1 GaV 2102.10874
Pseudo-scalar med (Dirac DM) Yes 139 Wt 376 GeV So=1, & =1. m{y}=1 GeV 2102.10674
Vector med. Z7-2HDM (Dirac DM) Yes 139 L S, . 3.1 TeV , £z=0.8. m{y)}=100 GaV ATLAS-CONF-2021-008
Pseudo-scalar med. 2HDM+a  mu 139 TMawea 560 GeV & =1, m{y}=10 GeV ATLAS-CONF-2021-036
Scalar reson. ¢ — ty {Dirac DM) Yes 36.1 me 3.4 TeV .2, my)=10 GeV 1812.09743
Scalar LQ 1** gen Yes 139 LQ mass 1.8 TeV 2006.05872
Scalar LQ 2" gen Yes 139 LO mass 1.7 TeV 2006.05872
Scalar LO 3™ gen Yos 139 LOY mass 1.2° —br)=1 ATLAS-CONF-2021-008
Scalar LQ 3™ gen Yes 139 LQT mass 1.24 TeV y = tv) =1 2004.14060
Scalar LQ 3" gen 139 W’m 1.43 TeV —er)=1 2101.11582
Scalar LQ 3™ gen Yes 139 lo’, mass 1.26 TeV — br) =1 210112827
VLQ 7T — Zt + X 2e2u/z3eu =1 b =1 - 1398 T mass 1.4 SWz) doublat ATLAS-CONF-2021 024
VLQ BB -+ Wit/ Zb + X multi-channel 36.1 B mass 1.34 TeV SK2) doublet 1808.02343
VLQ T5)3T53l Tz — We 4 X 2(SS)23e0u 210, 36.1 Ts,p mass 1.64 TeV B(Ts3a — Wil= 1, c(TeaWi)=1 1807 116383
VLQ T — Ht/Zt Tep 139 T mass 1.8 TeV SIN2) singlat, a7 = 0.5 ATLAS-CONF-2021-040
VIO Y — Wb lep 36.1 Y mase 1.85 TeV BLY — Wh)= 1, cr(Wh)= 1 1812.07343
VLQ B — Hb Dey 139 B mass 20 SWN2) doublet, kg= 0.3 ATLAS-CONF-2021-018
Excited quark q° —» qg - 139 4" mass 6.7 TeV only u* and o, A = m{q") 1910.08447
Excited quark ¢° — qy 1y 36.7 q" mass 5.3 TeV only o” and d*, A = m(g") 1708.10440
Excited quark b* — bg 36.1 b mass 2.6 TeV 1805,05299
Excited lepton ¢~ 3e.p - - 203 A« 3.0TeV 1411 2021
Excited lepton »* 3euyrt - - 203 A=1,6TeV 14112621

W Type Il Seesaw 2340, u =2j Yos 139 N° mass - 910 GeV ATLAS-CONF 2021023
LASM Majorana » 2p 2j - 3.2 TeV m{We) ~ £.1TeV. g0 ~ gr 1809.11105
Higgs triplet J** — W W+ 2.3.4 0.4 (SS) various Yes DY producticn 2101.11881
Higgs triplet H** — ¢/ 234 e u(SS) - - 870 GeV OY production 1710.08748
Higgs triplet H** — ¢+ 3epur - - DY production, 2 HP* — (7) <1 14112621
Multi-charged particles 1.22 TeV OY production, |q| — Se 1812.03673
Magnetic menogoles - — - 2.37 TeV OY production, gl = Tgo, spin 1,2 1805.10730

ﬁ: 13 TeV V;=1sm PP S T S, | 2 L L Al o et 1 | i 2 " i
partial data full data 1 10

Mass scale [TeV]



Beyond SM landscape at the LHC

LHC built as a discovery machine

— Hope to discover hints of BSIM physics in
measurements as well as direct searches
— Ever-expanding portfolio of BSIM searches
 Driven by theories and results

— Solving some of the big problems
= Dark matter/energy
= Higgs boson mass calculation
» Matter-antimatter asymmetry

— Getting hints from measurements

*» Cosmological constraints, direct searches for
DM, SM measurements, muon g-2...

= Driven by signatures

— Triggering and reconstruction crucial
— Able to discriminate backgrounds

— Continuously optimizing this with new
techniques

Leads to new, more sensitive signatures



Supersymmetry

One of the most popular BSM theories Standard particies | suSY pariis
Solves multiple open questions (DM, IEIS *. e t
hierarchy problem...) dhshb —

Every SM boson gets a fermion “
partner and vice versa
Wide variety of signatures ot g e

Expanding on previous exclusions

Many new results

LHC data has put serious constraints 10¢ B0 8 T NI AL M e NI
. . . ] —— X¥ (higgsino)
but still exp_lorlng new pha;e space: . G
* By targeting more challenging signatures 102 — & —— ¥i72 (wino)
— E’,BE‘ I EL_HEL’R

* Beyond vanilla SUSY: RPV, NMSSM, ...
Strong SUSY

lﬂn<

1072 4

New final states
Improving existing tools
New decay modes

cross section [pb]

107* 4

EWK SUSY
Focus on EWK SUSY 107 250 500 750 1000 1250 1500 1750 2000
. g article mass [GeV]
New cascade search with additional " . )
Higgs bosons * Smaller production cross sections in

EWK production lead to lower mass
constraints



Compressed searches for charginos and neutralinos

* Special interest for compressed scenarios
— Higgsino production with Higgsinos with similar mass close

70
to the My scale i A2
— Rather challenging from experimental point of view : i Higgsinos
* Boost final state to get enough pT to particles v V SoftOSM particles
* Very soft leptons and missing transverse momentum A1

* Lowering thresholds and looking for new ways to close the gaps

June 2021
; 40 T T T T T T T T T ',. I T T T T T
@ 50 'Y ATLAS Preliminary Same Flavour (SF), ; 7
g I V5=13TeV,136-139f ' | Opposite Sign (OS) leptons
— PP — 33T Wak1a Xiiy . Xy 1] (Higgsino)
Do 10 - . All limits at 95% CL E -
- - Sy — Observed limits 1 P X2 .® - ...
Hr 5 B ¥ - - Expected limits 1 L )
(P93 = i - .
E | * '
< oL g™ - T,
p o~ TREY SRR
priTih X1
1 F ; 3¢ + Soft 2¢, arXiv:2106.01676, 1911.12608, m(73) = m({i}) + 2am(77, 77) “:
C Disappearing track, ATLAS-CONF-2021-015, m{y3) = m(x}) ] )
05L LEP2 §; excluded ] ISR Possible |, = w+
- N B B Theoretical prediction for pure Higgsino, arXiv:1212.5989 - 3rd Iepton
i ' ..... T R L L PP RN A X SR POl ; miss
0'2 I 1 1 1 1 I 1 Il 1 1 I 1 1 1 1 | 1 pT
100 150 200 250 CMS-SUS-PAS-18-004

ATLAS arXiv:2106.01676 m(xE) [GeV]



Heavy resonances

* Many BSM theories predict new heavy resonances
— 2HDM models
* Extension of SM Higgs sector

— Extra dimension theories

* Spin-2 gravitons, spin-0 radions
— NMSSM
— New vectorbosons




Resonances decaying to SM Higgs boson

* Combination of searches for Higgs boson pairs, NEW | ATLAS-CONF-2021-052
resonant and non-resonant

— HH->bbbb g -
— HH->bbtt
— HH—>bbyy A*

* Sensitivity of different channels in different mass , “xH

ranges
— Small excess at 1.1 TeV

— ™TTT I T I - - T - | ——TTT 'l : I m 0 1 T I I l T L] T L l L) L I I I B | II T l
= . 2 10°F E
%104;- ATLAS Preliminary E S E-D--‘:-'- - -
T f VS =13 TeV, 126 - 139 fb-! ; 5 1 .
T Spin-0 . R N . b Ly || A4 .
a3 . Observed limit (95% CL) § 10 F E
© 10° ---- Expected limit (95% CL) 3 3 ) 3
- = Comb.exp.lmit+1c regg ANV IV ]
i [ Comb. exp. mitt20 ] 102F _
0 g §
E E ~3 o .
: . 10°F bbbb 3
s _ i - ATLAS Preliminary =, -
0E__ bbbb E - —— bbtt*t -
e ] - VS =13TeV, 126 - 139 fb™1 - ]
P T ] 107*E Spin-0 —— bbyy 4
[ bbwy F4 o —e— Combined 3
1005'—— Combined = [ T T

C L1 1 I L I L L L 1 I 1 LA 1 1 1 1.1 II 1 I - - : L L L L - L L L - I -

200 300 500 1000 2000 3000 200 300 500 1000 2000 (350'00
my [GeV] mx [GeV]



Leptoquarks

Leptoquarks (LQs) are hypothetical particles which couple to both leptons and
quarks
— Both scalar and vector bosons

Carry fractional electric charge

Processes could violate lepton flavor universality
— Possible explanation for B anomalies

Predicted in GUTs and composite Higgs models
Decay into lepton and quark

u Ve t,b

p ) /
u™ LQ; v, T

u -

LQ LQe v, T
Ve p

t,b




Leptoquark searches

(Koo prndumlun(mmunal coupling scenaric), I_Cr'_al:n tv,

* Dedicated searches and reinterpretations g I T T
T peb . R 3
. Both Scalar and vector LQS g ¥s=13 TeV, 139 ", All limits at 95% CL 3
. . . @ E Liis Expectsd limit (+1a,) 3
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1= iR E_: mi{LQY) [GeV]
056 L2t : ATL-PHYS-PUB-2021-017 ,
5 | : 200 137 fb~1, 2016-2018 (13 TeV)
0L L ' Al .- ATLAS arXiv:2006.05872 2% T T ' ]
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I ) 7 ATLAS arXivi2108.07665  §is
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o B Vs=13TeV, 1391 ] , 5 % o Median expected ]
J 08 = CMS arXiv:2012.04178 3
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Y L T . axpecied - g *f W 68% expected
0.6 = o 95% expected
= tric = in 1.00F ]
0.5 [arXiv:2101.11582] - o
= trbv 4 0.75
0.4 [ATLAS-CONF-2021-008]
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Lepton flavor violation in Z->ep ATLAS-CONF-2021-042

E. T L |
* Lepton-flavor violation has been 2 | Anassmision riminry
observed in the neutrino sector T | pomees
* Charged-lepton flavor violation would "
indicate BSM physics X
* BDT trained in leading jet p;, p;y™*and | e
pTe L A A ; Oé5DT -.«'Ellue1
* Use ratio to the average of observed gfggg “ATLAS Prelminary
ee and U events to reduce = e e S
systematic uncertainties £ 140007,
. . . g'} 1200 :“”' -:=-=- Remaining Background
* Stringent direct constraint: - 1000E “u, e Signal e 2
B(Z—>en)<3.04x1077 i ©
— Driven by statistical uncertainties oo
— Indirect searches: B(Z > ep) < 5x 10713 =

Data / Fit

— LEP constraint: B(Z > ep) < 1.7 x 107°
— ATLAS strongest limits on Z->l+tau
* ATLAS arXiv:2105.12491

oty tt +++++ ﬁ#ﬂ’f# ++++ # + +++
t +

0 75 80 85 00 95 100 105 110
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Conclusions

* Direct searches for new physics at LHC a thriving field

— Increased sensitivity due to improved techniques
* Well beyond pre-LHC projections

— New models being explored for the first time
e Sadly enough no new evidence for BSM to report yet
— But still learning by excluding more and more model phase space

e Still work for these searches in the future

— Many new interesting hints of where to look for new physics (LFU,
muon g-2,...)

— New signal models

— More targeted searches
— More data

— Improved detector and trigger capabilities
* More challenging signatures



Near Future HE experiments

HL-LHC

* Fully approved in 2016, technology available, construction well underway!

LHC HL-LHC

7oy B 2 EERP A evers 14 TeV

energy
Dlodes Consolldation
splice consolldation fimit LIU Installation _ ) HL-LHC

button collimators inferaction inner friplet

R2E project regions Clvll Eng. P1-P5 radiation limit installation

7Tev 8TV

o | e | s [ o | s | o | e | avw | e | wom | o | oom | ew | e | e | mw | owr ]
510 7.5 x nominal Lumi
ATLAS - CMS '/_/———i

experiment upgrade phaze 1 ATLAS - CMS

il ominal Lumi _2xnominal Lum ALICE - LHCb | 2xnominal Lumi e

75% nominal Lumi I/_' upgrade '
t ey 5000 fb
EXd 190" 350 0" i 4000 1

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY b PROTOTYPES / CONSTRUCTION INSTALLATION & COMM.‘ ‘H PHYSICS



Near Future HE experiments

HL-LHC: ATLAS and CMS upgrades

e ;f’LA:_-A N Improved muon coverage Calorimeter readout

—_ = " . , and readout ATLAS: LAr, Tile
N, m (ATLAS, CMS) CMS: barrel calorimeters

| “‘; B =R
s SaiuBs ‘!&&.} o

High-Granularity
Calorimeter (CMS)

Enables 3D shower in
forward region

New all-Si trackers

Coverage outto || < 4
(ATLAS 1 & 2, CMS)

Trigger & DAQ Precision timing layers
Increased readout rates at L1 & HLT o(f) ~ 30 ps/track

New processors & capabilities (e.g. ATLAS:24 < || < 4.0
improved calo granularity) cms: || < 3.0

(ATLAS 1,CMS 14 2) (ATLAS, CMS)




Future HE experiments

I Proton collider

Possible scenarios of future colliders M Electron collider
] Electron-Proton collider

mmsm Construction/Transformation

Preparation

= DA 118 | C: 250 GeV 500 GeV
% 20km tunnel
8
© RLCIEM CepC: 90/160/240 GeV S
c { 100k_ 16/2.6/5.6 ab1 SppC aim similar to FCC-hh
c m tunnel
©) 11 years
- T FCC hh: 150 TeV =20-30 ab-1
R 90/160/250 GeV Lhai
O it SRR e 100 TeV 20-30 ab-
8 years 15 years
100 4 FCC hh: 100 TeV 20-30 ab-!
m tunne
zZ 8 yea
< J HL-LHC: 13 TeV 3-4 ab-1 =E HE-LHC: 27 TeV 10 ab?
O
2years 6years |LHeC:1.2TeV
w— o FCC-eh: 3.5 TeV 2 abt
R LS CLIC: 380 GeV . 3 TeV
o ——
11 km tunnel 1.5 ab1 5 abl
= 29 km tunnel 50 km tunnel
T T T T I T T rrl rrTr T T rrrTr T T rrrTrsrTrrd
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Why Dark Matter?

Evidence piling up...
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What do we know about Dark Matter

Neutrinos Dark Atoms "
10% zlzagster 4.9% i
- 63% )
s | Dark 68.3%
Photons | Matter
15% 26.8%
Atoms
12%
13.7 BILLION YEARS AGO S—

(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
D M ‘]S_\—M‘jﬂ_‘ DM SM o (nass ~ GeV - TeV) i

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 g, 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
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Standard Model
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Dark Matter
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Contact
Interactions

Complete
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Maodels
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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
Dark Matter
Models

Universal
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Dimensions
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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

i A

ATLAS

EXPERIMENT



(E;™!ss +X) or Mono-X Signatures

SM-DM mediator decays to DM pairs y\ when My.q/2 > m, .
DM escapes detection = E™S + X signature where
X = SM particles that tag the event. X = jet,~. V.t. b, h ...

Gq w o oo Oy
Za med med
q X 9 X X
g t

g t

Mediators: vector, axial-vector, scalar, pseudoscalar
Parameters: mmped, My, 9q, Gy
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Simplified Model
Simplified Model

SM — mediator — DM SM — mediator - SM

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

Charge Q=0 for s-channel

@ - L
g vr I f 9q > _ Vuar'q
Lorentz Scalar 12 ; Vector :

structure iA - ] s
Pseudoscalar 91 5 2_vs77°f | Axial-vector Ta D Audr™ v q
S q

Coupling o« mass « charge
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Mono-X searches

CMS-PAS-EXO-16-048 35.9fb" (13 TeV)

| |
&
Mono-et - [0 O I O B B
O + Data
j )] 5 CMS Prelimina Zivvi+ets
10 Ty H
ETI'I‘IiSS E monojet : Wit jols
o Jet €10 B wwwzzz
‘ g? - Top quark
w 10° I 240 v+ies
SRR asegismtassiaasiontmanninapassenssmaste 102 ——
% 1o ATLAS Prelminary osss S;ndm h;ml ——— Higgs invisible, m,_= 125 GeV
= (s =13TeV 361" B 70w+ jots Axiabvecion, m_ = 2.0 TeV
E‘j 10°}z—Signal Region B Wi v + jets 10 -
2 p,(11)>250 GeV, E"**>250 GeV B 70 1+ jets
s 10° I 17 - single top i
=] _ ATLAS-CONF-2017-060 e Dibosons
% 10° multijets + neb

= mib, B = (500, 495) Gav
imw, M“H:\- (400, 1000) GeY

ADD, ned, Mn-B-IUIJ Ge¥

107%

g
1 o
107 —_—
il g
12T T T T T T T T T —
E 5_._ SaTTR— $ " + . '1
E | e TR e e P e e et o -] E
=] i . ] o
] - - o
GB 1 L L 1 L 1 1 Il | ﬁ _2
300 400 500 600 TOO 800 Q00 1000 1100 1200 m} RTINS ST NS I BT
B [Gev] 400 600 800 1000 1200 1400

ET"* [GeV]
ATLAS
- EMUSS > 250 GeV, Ag(jet, psS) > 0.4
* Jetpr > 250 GeV,|n| < 2.4
Njets < 4

CMS

« EPSS > 250 GeV
* Jetpr > 100 GeV,|n| < 2.5
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Mono-X searches

Axial-Vector Mediator Vector Mediator

35.9 b (13 TeV)
; T T T T T T T T T T T T T SI 1 200 LI B L B LA AL L I AL 10
D 1000L ATLAS Expected limit£ 26, O [ CMS E..
(.2 V5 =13 Tev, 36.1 io” FEE Expected imit (£ 10,,) g = a
o | Axial-Vector Mediator == Observed limit 16;::,::15} i s 1000+ Vector med, Dirac DM, g‘l| =0.25, 9 = 1 ﬁ
S Dirac Fermion DM Perturbativity Limit ED | === Median expected 95% CL ol
I gq =0.25, g1 =1.0 Relic Density (MadDM) N ST P - E
95% CL limits ATLAS {5 = 13 TeV, 3.2 b 800 - et 12
i ] - = Observed 95% CL 2
- l.b@"_‘: - . —— Observed =+ theory une. 8
o 600~ O’ =012
500 & - c
""" | 400 10"
7 200 -2
—— 1 1 1 | 1 1 1 1 — 1 0—2
00 1000 2000 0 500 1000 1500 2000 2500
my, [GeV] m s [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 B S |
—a— dat
8 10° ATLAS Signal Region zq_a,w}-r
2 [5=13TeV, 36.1 1o e Rl ons
w10t oy + jels 0
£ - 25y
10700 Ge¥
I s S M q X
SRR RN R SR AN
10°
10
med
i
g 1.5F = q Y
E | e //;e?f//f@ffxryfffxf/xﬁ%%ﬁg%%
] o =
o055, I

160 180 200 220 240 280 280 300 320 340 360
El [GaV]
* Photon Eg > 150 GeV, |n| < 2.37

» ERIsS/ /Y Er > 85 GeVl/?
. Acp(photon}E%liss) > 0.4
Njets(Pr > 30 GeV, |n| <4.5) <1
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Mono-X searches

Mono-Higgs

CMS-PAS-EXO-16-054

35.9 fb' (13 TeV)

110 120 30

140 150 160 170 180

m,, [GeV]

% - CMS Preliminary + Data - N
O | “  BaryonicZ’ model *
o, DM+H(yy) eeeeeeen Non-Res Background Pdf Non resonant
~. 10050 GeV < p™™* < 130 GeV
2] T + 1 std. dev.
2" = i Y
> + 2 std. dev. lggs
- 4
SM Higgs Contribution e
9o Emiss
Total Background Pdf ®
" &
| q h
B + + 7 x \\ A X
\
O TtTT7T1 T T T T i T T T T TTT i T T T T TTT f %

=<l
>~

2HDM
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H-> invisible: Comaprison with DD

- 3591 (13 TeV)

)
w3y
[em?]

10 & CMS Preliminary 90% CL Limits
S B(H— inv) <0.20
210
E _3g ; ll Fermion DM
7] E 10 B8 scalar DM
_______ © 10—40
» Direct Detection
10
—_—UX
107% = CDMSLite
q q - L. s XENON-1T
10 ! —— CRESST-II
B(H—inv) < 0.2 at 90% CL 1074 — Pandax-!
. . —45
interpreted in context of 10
. __ 1076 g
Higgs-portal DM model.
1077
107% L Lol L
. . 2 3
Strongest limits for 1 10 10 10

- My [GeV]
fermion (scalar) y

for m, < 20 (7) GeV.

CMS-PAS-HIG-17-023 (14 March 2018)
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Mono-Mania!!

" Hundreds of phenomenology papers
" Thousands of citations of collider DM

" “ISR tagging” established technique for all new particle
searches (not just DM)
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Mono-Mania!!
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LHC is a mediator machine

q X q q
9q gpM Ja 9q £ LA M
A Z' Pl Vs=13 TeV, 37.0 tb”
= « Data
B B B § 10°e B:ckground fit
1 v 9 7 e e gy ek
- g, m’, =5.0TeV
10* . 7
Signature: 2 high pr jets. 10° o
same as search for leptophobic Z’. T,
102 " ox10
p-value = 0.63
. . . . 1~ FitRange:1.1-8.2 TeV
m;; is the discriminant, LC lyi<08 ‘Ilh'
JJ ' 310 R T RV A A N AR b=z
search for bump on a smooth, =
fallj.l].g 1DaCkgr0u11d. (g' _25_ —+———+—++ I - HHHIHHIHH HHHHHHHHHHHHHHH
%FEH — |1 JES Uncertainty
0 . "y
Mool
Background modeled by 2 3

a parameterized function.
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1.2

Axial-Vector Mediator

Limits on DM mass vs Mediator mass

Vector Mediator

DM Simplified Model Exclusions ATLAS Preliminary July 2017 .
Rl  Sxenelo ! i e Ll CMS Preliminary LHCP 2017
| V& = 13 TeV, 370 i S‘ 2000_ T | LIS L I L L L B LB B T T T UNLEN L E B R
| i P 12T [P ) W - =
1 ] = pietsTev @, 1800 a_emo[r}medlator - Mgy =2xmg, |
. 1  fesvevanan = 4600 H rac ok =
= Phiyi Fare. 0. 97 052007 {2215} - gDM = 1_0 - QQ =012 -
08F | & ~ — Dijt TLA @ 1400 f- ek =
+ Vo = 13 TeV, 3.4 1" o gl = f. Exclusion at 95% CL e
:‘i—.':\ ATLAS-CONF.20M 8-030 E 1m :_ If b __
o6 | 2 —{ — Dijet+ ISR % - - g =
15 = 13 TeV, 155 & = 1000 1— a === Expacind -
ATLAS-COMF-20 8000 E 800 [ - a ___ Dijet 35 1) .
= 7 — e H [EXC-15-058] —
04 | & - e il =t o H o o . H / —_ Boosted dijet (5.9 7 ]
=] 7 75 = 13 TaV, 361 " & e - 2 1] fﬁ‘}”'m”_ -
+ Eé Eur. Py L C 77 (2017) 208 =] | — DM+ i) (51 |
F ] b ' [EXD-16-048) =
o2l 5 B 400 - . _,.f"/-" DM + 7 (125 1t —
: ! Y [ P i T [ExO-1E0as ]
E B 15 = 13 TeV, 361 i [ ﬁ z — o L DM + 2{II) (355 B —
L 3 ATLAS-CORF. 200 7050 200 :}? A ' ______,—-"' ; : [ERD- 160820 —
Ml il PO ] TEZ ol AT i e b ey T
0 : 15 = 13 TeV, 361 i (] 500 1000 1500 2000 2500 3001} 3500 4000 4500
Mediator Mass [Tey] —~ Woecosses Mediator mass M__, [GeV]

Couplings: gpm =1, g, = 0.25, g; = 0 (leptophobic)

Dijet searches significantly extend DM reach, particularly for
mpm > Miea/2. Limits are same as leptophobic 2’ search.

Mediator masses excluded up to about 2.6 LeV for low m,.
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Search for DM + Heavy Flavor

350 " (13 TeV)

For spin-0 mediator ¢ or a,
MFV = Yukawa couplings

¢ and a couple strongly to t or b
' - t 5] k. unc.
q t oo

¢/a< X -

Events / bin

)
=
o ]
\
s
=

= ~ E t :

;: \? I:Ij‘.; 1DMWHWA.+ k{- ‘3;\‘-\{-

p . p SR VR R VRN [ R

" pr= [GeV]

_ . 359 (13 TeV)

/_/ ‘—1 . . . P ‘-. A4~ II118S E ot — 1 Tt T T T T T T Illml | B -_:

(tt + \\) discriminant is pp™s. RS ;

3 Ijets Tepmis [ ]

& o =lsal.

- [ Single t E

SRs based on tt decays: e ]

all-hadronic, ¢ + jets, dileptonic N _roen e

provide complementary sensitivity. 0

n 7 . . % :Z_ ] " b i

tt, W + jets, Z + jets backgrounds I
(=
. . T R BV VI R R L
constrained by CRs. P [Gev]
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Search for DM + Heavy Flavor

Scalar Mediator Pseudoscalar Mediator

35917 (13 TaV) 35817 (13 TaV)
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SUSY DM candidates

In many SUSY models the LSP is stable and weakly interacting
= a DM candidate. Some models are tuned to reproduce the
DM relic density. e.g. the “well tempered neutralino” scenario.

p
t
t
p
t
t
p

t
b
Xi
X7
b

400

300

200

Bino/Higgsino mix model:’fﬁ, + EE, production, Am(ig: if}l = 20-50 GeV

- ATLAS b 0Tt :
—{s=13TeV, 36.1 fb" P bj;ia ]
- Limit at 952, CL LWy o
— . . _Iu.'i - WI E;’ Ztmt C‘E‘I,.Z —
e Observed Il|rn.|t “fg e Tc’f —
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Search for DM + Higgs

ERis + b events tagged by Higgs boson.
h not from ISR but couples to the mediator.

q

Baryonic Z’' Model

h — vy and 7777
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Outlook for DM searches

Experiments at the LHC are actively searching for
DM

— Sensitivity to DM under many model assumptions for
the interaction and mediator

No evidence for DM so far but there is much
more phase space to be explored

Outlook for DM Searches
— Small fraction of total LHC data set in hand to date

— New analysis techniques continuously being
developed

— New directions: models and signatures
LHC is just getting started with DM searches
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Unconventional signatures

_ Displaced leptonic vertices _
------------------ heutral particle D|sp|aced

vertices + MET

—— et
— charged particle
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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

bt
wirangs hadrons

bty P iaens

s || Daing” |

»  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) g

P

» Search sensitive to LLP
lifetime of 10ps to 10 ns
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Unconventional sighatures: stopped particles

» Search for stopped LLPs decaying during non-collision bunch crossings (BX)

» Signature: LLPs come to rest in the detector and decays after the current BX -0
» most likely to stop in the densest detector materials: ;

» Calorimeters (ECAL, HCAL):
a) Split SUSY: two-body and three-body decays of a gluino

b) top squark decay

» Steel yoke in the muon system:
a) three-body decay of the gluino (g = qdxs, Xo > HH X1)

b) MCHAMPs, with charge IQl = 2e decays into two same-sign muons
(MCHAMP — p*ps) - -

» Search sensitive to wide range of LLP lifetime: 10°t0 109 s
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