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U bSOk e The Standard Model
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X e Shortcomings of the Standard Model

e The Standard Model is exceptionally successful in the lab.

e But has clear limitations:

Estimated matter-energy content of the Universe

- Neutrinos are massless.

- Can only explain 5% of the energy e
content of the universe. S

68.3%
Dark Energy

- Cannot explain the matter-antimatter
asymmetry in the Universe.

- Does not include gravity. EATLAS

[[[[[[[[[[

¢ Also suffers from fine-tuning:

- Strong CP problem. Experiments suggest that CP is ;
conserved in strong interactions, but not required by SM. llxmﬂ

- Hierarchy problem. No symmetry to protect the HigQgs
mass. Need severe fine-funing to keep it at EW scale.
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e e Why particle colliders?

e JO study properties of short-lived particles we need to produce them.

THE MAGIC OF A COLLIDER
1S THAT You CAN MAKE
KINDS OF MATTER THAT

You DON'T HAVE AROUND.

e Heavy particles «+ high energies.

e Small scales «+» high energies.

e [0 reach required precision we
need a confrolled environment.

e Also need large amounts of ' Pendize e faieiey
ta sin rticle interaction

data s .Cle parficle interactions ot 4 00 CAN WAKE ANY
are statistical processes. OF Wk WENT B FBo0en ergRey. -

* a Force-carrying boson

phdcomics.com/higgs

e Jotal number of occurances of process p depends on cross section o,
and infegrated luminosity [ Ldt (~ total number of collisions) through
N, = f Ldt - o,.
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How can they probe BSM physics?

e Direct search program

- If kinematically accessible, new
parficles can be directly pro-
duced and discovered.
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¢ Indirect search program

- Heavier new particles can still
appear as virtual particles Iin
loop diagrams and alter the
properties of known parficles
and processes.
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Constraints on Higgs boson mass
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Higgs discovery July 2012
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& WS,
$ The Large Hadron Collider

e 27 km long tunnel

e Collides protons
- at 13 TeV

— 40 million fimes
per second

e 1232 dipole magnets
- cooled with liquid
helium o 1.9 K

- 8.4 T magnetic field
from 11 700 A current

e O(1500) quadru-, sextu-,
octupole magnets
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% WO ‘ High-luminosity LHC

¢:) LHC/HL-LHC Plan
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DESIGN STUDY %7 PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM.H” PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS

e TOo maximize physics output, a major upgrade to the accelerator
(HL-LHC) is planned.

e Aim is to increase the instantaneous luminosity and deliver 3000 fo—1!.

e The LHC detectors will need be upgraded to cope with the
challenging environement induced by the higher data rafes.
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N et The European Particle Physics Strategy Update

A EPPSU 2020 timeline

KRS

Jan 20-24.2020 | RERAET 512

Jan.2018 Dec 18.2018 : ;
Call for proposals SRS Cloamg submission Strategy Update | [ELEEICURETIELT
for venues for Open il for sl nout of community input Drafting Session EPS2019 in Ghent
Symposium and P Bad Honnef, GE | BEV0VA A ar=80001
Strategy Drafting [ I
Session \/ March.2018 May 13-16,2019
Call for nominations of Open Symposium § |
PPG & ESG members Granada, ES | March.2020
[ l Strategy Update to
' be submitted to
ouncil decision on Physics Briefing
venues and dates Book available
1/10/2019
‘/ Sept 27,2018 consultation &
Council launches the consensus building .
Strategy Update process '
organisation & and establishes the PPG £ g 22,70 0,00 0.0 0 A0 AR May.2020
input preparation and ESG ! :,,:{i,ﬁ’;;‘,‘g“w}fﬁz"égn : Council to approve
by community | into account in the process Strategy Update

-----------------
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The Physics Briefing Book

CERN-ESU-004
30 September 2019

Physics Briefing Book

Input for the European Strategy for Particle Physics Update 2020

Electroweak Physics: Richa:d Keith Ellis', Beate Heinemann™ (Conveners)
Jorge de Blas™, Maria Cepeda Christophe Gmpean 7. Fabio Mallon]ﬁ “#_ Aleandro Nisati'”,
Elisabeth Petit'". Riccardo Rattazzi'>, Wouter Verkerke' (Contributors)

Strong Interactions:  Jorgen D'HD[‘[CHH. Krzyszluf Redlich"® (Conveners)
Anton Aﬂdmnic' . Ferenc Siklér (Scientific Senresaue.s)
Nestor Armesto'®, Daniél Boer . David d’Enterria™ Telyana G.ﬂal}uk Thomas Gehrmann
Klaus Kirch™, Ula Klein®*, Jean- Phlllppe Lansberg GamnP Salam™ Gunar Schnell”,
Johanna Stachel™®, Tanguy PIEI’O" . Hartmut Wnlm . Urs Wiedemann(Contributors)

Flavour [’h_\‘slu Belen Ga\.ela . Antonio Zoccoh 2 (Conveners )
Sandra Malvezzi™, Ana Teixeira™, Jure Zupan ? (Scientific Secretaries)
Daniel Aloni*®, Augusto Ceccuccr” Avital Dery™®. Michael Dine”’, Svetlana Fajferjg_ Stefania Gori™
Gudrun Hiller”, Gino [sidariﬂ, Yoshikata Kuno*, Alberto Lusiani*', Yosef Nir'®,
Marie-Helene Schune™?, Marco Sozzi®*, Stephan Paul™, Carlos Pena®' (Contributors)

7
Y647 (Conveners)

Neutrino Physics & Cosmic Messengers:  Stan Eennelwn . Marco Zito
Albert De Roeck *°, Thomas Schwetz™” (Scientific Secretaries)

Bonnie Fleming“. Francis Halzen", Andreas Haungszg. Marek Kowalski®, Susanne Mertens ™,

Mauro Mezzetto, Silvia Pascoli™”, Bangalore SaLhya\prakash5" Nicola Serra® (Contributors)

Bevond the Nlc\llddl‘d Model:  Gian F Giudice™, Paris Sphicas™™* (Conveners)

Juan Alcaraz Mneslre Caterina Dogllom . Gaia Lanflanchr 4 Monica )’ Onofrio™,
Matthew Ma:(‘ullough Gilad Perez™® Phlhp'l] Roloff”’, Veronica Sanz™, Andreas Weiler**,
Andrea Wulzer4 122 (Contributors)

Dark \Inlter and Dark Seclur Shoji As;uiﬁ Marcela Carena” (Conveners)
" "
Babette Dsbrich™, Caterina Dogllom JoernJaeckeI’ Gordan ijaics' . Jocelyn Monroe™,
Konstantinos Petridis™ . Christoph WenlgEI' {Sﬂenr{ﬁc‘ Secretaries/Contributors)

Accelerator Science and Technology: Caterina Biscars . Leonid Rivkin® (Conveners)
Philip Burrows™ il , Frank Z1mmermar1r1 (Sc;emrﬁc Secretari !es)
Michael Benedikt™”, Pie rluigi Camqpma Edda Gschwendtner””, Erk Jensen™, Mike Lamont™,
Wim Leemans’, Lucio Rossi” Damel Schulte™, Mike Seidel®™, Viadimir Shiltsev®’

20,64

Steinar Stapnes™ G, Akira Yamamoto (Contributors)

Instrumentation and Computing: Xinchou Lou®, Brigitte Vachon®™ (Conveners)
Rcrger Jcnesﬁ? Emilia Leogmndem rSrr'ennﬁl Secretaries)
Tan Bird™, Simone Cdmpana Anelld Cattai”’, Didier Contardo™ Cm.aa Da Via™ Francesco Forti™”
Maria Girone™ . Matthias Kasemann®, Lucie Linssen””, Felix Sefkow?. Graeme Stew.irl {Contrrbmarsj

Editors: Halina Abramowicz’' !RogerFon:y . and the Conveners

CERN/ESG/05
29 September 2019

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

SUPPORTING NOTE FOR BRIEFING BOOK 2020
Towards an update of the European Strategy for Particle Physics

prepared by the Strategy Update Secretariat

https://cds.cern.ch/record/2691414
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i I The starting lineup

o Lepton or hadron collider, linear or circular?

—STARTING—
—LINEUP=—

THE TOHOKU REGION OF JAPAN

ILC, Japan CepC/SppC, China CLIC/FCC-ee/FCC-hh, CERN

SARA STRANDBERG 15 QUANTUM CONNECTIONS, 22/6 2021
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cvw./c&«;« The starting lineup

Possible scenarios of future colliders B2 Proton collider mmm— Construction/Transformation: heights of box construction cost/year
Electron collider .
Preparation
I Electron-Proton collider P

Japan

China

CERN

{ 4 years
CepC: 90/160/240 GeV
100km tunnel | 05 20 0

| LHeC: 1.2TeV FCC-eh: 3.5TeV2 ab-1
2 years 7
y 1. B/G yea 0.25-1 -1®

ILC: 250 GeV 500 GeV
20km tunnel 2 abl 4 abt

31km tunnel 40 km tunnel

CLIC: 380 GeV
11 km tunnel 1.5 abt

29 km tunnel 50 km tunnel

350-365 GeV FCC hh: 150 TeV =20-30 ab™

1.7 ab

8 years 100km tunnel} =ae 0
GeV -150/10/5 abt

FCC hh: 100 TeV 20-30 ab™!

FCC hh: 100 TeV 20-30 ab™
8 years 100km tunnel

HL-LHC: 13 TeV 3-4 ab™ HE-LHC: 27 TeV 10 ab™!

2030 2040 2050 2060 2070 2080 o24/10/2010 2090 4
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The starting lineup

Project Type Energy Int. Lumi. Oper. Time Power Cost 11LCU = _
[Tev] [a?] [yl [(Mw] 1 USD in 1/01/2012
ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +
150-200) upgrade
0.5 - 10 163 (204) 7.98 GILCU
1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF
15 2.5 7 (370) +5.1 GCHF
3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 149 5GS
0.24 5.6 ¥ 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF
0.24 5 3 282
0.365 (+0.35) 1.5(+0.2) 4 (+1) 340 +1.1 GCHF
LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF
FCC-hh PP 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC PP 27 20 20 7.2 GCHF
LE-FCC pp- 375 15 20 14.9 GCHF.  New at request of ESG.

(For reference - LHC construction cost =~ 4 GCHF, annual CERN budget ~ 1 GCHF)

SARA STRANDBERG
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The Higgs boson is the only fundamental

35.9-137 fb' (13 TeV)

scalar in the SM. 613 1cms o Wzt*
. . 5 | my=125.38GeV A
Its coupling to the other SM parficles “1-107E pvalue = 44% E
: . . o i
IS proportional to their masses: 0ol ot
To bosons (V = W, Z) with strength ol S mions -
; gx' eneration rermions E
2 ' Le ¢ Muons
~ mji, /v, where v is the vacuum ) . S Himgs boson
expectation value v ~ 246 GeV. = 1.5]1: e ———— :
, , R S /3 NUN— RN
To fermions (F") with strength ~ mpg /v. B b i .t el
107 1 10 10?

Particle mass (GeV)

Coupling modifier x specifies how much
coupling deviates from SM expectation. e No deviations from SM

Extensive program to test if its properties ~ oserved, but uncerfain-
are agreeing with SM predictions. fies still large.

SARA STRANDBERG 18 QUANTUM CONNECTIONS, 22/6 2021



2% SO S
e What precision is needed?

e BSM physics can modify Higgs couplings to SM particles.

e Several scenarios investigated in Higgs Wroking Group reports.

e Deviations typically well below 10%.

Model Ry Kb Koy
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—3B3-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%

arXiv:1310.8361
o Target O(1%) precision.

19
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e ... at the HL-LHC

Vs = 14 TeV, 3000 o' per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection
. . —— Experimental
e Uncertainty assumptions: e ThEry Uncertainty [%]

Tot Stat Exp Th

T 1.9 09 08 15

e Precision offen limited by uncer- «, =—
tfainty on theory predictions. Kz,

43 38 1.0 1.7

- Statistical uncertainty ~ /[ Ldt. " s
Kw =E— 1.7 08 07 1.3

- Theory uncertaintfies x0.5. K, = T —
- Detector performance same. E—| 25 09 08 21
e Expect O(few %) precisiononthe ; :: : :; :;
most accessible Higgs couplings. [ S

‘9.8 72 17 64

............................

0 0.2 004 006 008 01 012 0.14
Expected uncertainty

arXiv:1902.00134
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_ _ - FCC-ee+FCC-eh+FCC-hh - 10007+ 5(}0+ 350+ 250
Ky Ko mmm  FCC-ee365+FCC-eeaqo TLCs00--ILCas0+ILCas0
[ I'm —: FCC-¢cena TLC>sq Higgs @FC WG
—— — CEPC W LHCIR ST ona-3, 2019
] [ Il CLIC3000+CLIC500+CLIC330 @ HE-LHC |y | < 1 ’
All future colliders combined with HL-LHC
i CLIC;500+CLIC380 HL-LHC |K‘V‘ <1 Uncertainty values on Ax in %.
00 04 08 12 16 20 00 06 12 1.8 24 30 CLIC:g0 Limits on Br (%) at 95% CL.
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e Higgs boson mass determines position of
the ground state.

e Not enough to define shape of the Higgs
potential.

e Shape of the Higgs potential controls the dynamics of the
electroweak phase transition.

e SM predicts shape of the Higgs potential:

V(p) = —u’¢” + Ag*
e Buf Higgs self-coupling parameter A not measured yet.

e First-order EW phase fransition needed for electroweak baryogenesis.

e Noft possible in SM.
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e Di-Higgs production gives access to frilinear Higgs self-coupling Anun
and thus informatfion about the shape of the Higgs potential.

1 1
V(h) = 5mihQ + (14 K3) AN vh3 + 1(1 + k)N R+ O(R?)

e Small cross section because of destructive
interference between diagrams.

e Potential enhancement of cross section e.g.
from decays of a new spin-0 or spin-2 particle.

T T T T
ATLAS —e— Observed
o q ------ Expected
Vs=13TeV, 27.5-36.1 b Expected + 1o A
’,H L GSSIIL (pp — HH) =33.51b Expected + 20 _
/’ L ] Obs. Exp. Exp.stat. _| f
== : g 0000090000000 A ¢——@-------- -~
.\\ HH_. bBrT i 125 15 12 4 ' H
~ B T ]
\H HH_ bbbb i 12.9 21 18
L 32 - 9 H
HH— bbyy +i 203 26 26 ; ’
L 0 _ v
HH- WWW'W i + 160 120 F7 0 N S &
- ' 3 H ~
B 'I' || l_I_ 5 5 HH- W+W-yy ! + 230 170 160
eST IIMITS 0.0 X osm i ! . y
HH- bBW*'W’ } 305 305 240 i
ATLAS-CONF-2021-016 ..., I T
P IS S o1 a ol s o1 a ol L Lol L R
10° 10° 10* 10°

95%1 8L upper limit on o . (pp — HH) normalised to ojg"F a I'XiV: '| 906 . 02025
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s e ... af the HL-LHC and beyond

-2AIn(L)

e Observing di-Higgs production is
a key deliverable at HL-LHC, ~
40 significance expected with
3000 fbo— 1.

o Expected k) (=k3) sensifivity is
0.1 < k) < 2.3at95% C.L.

arXiv:1902.00134

ATLAS and CMS 3000 fb' (14 TeV)

HL-LHC prospects

—— ATLAS
—— CMS

—e— Combination

95%

68%

Higgs@FC WG September 2019

e CLC at /s = 3TeV and ILC at [

Vs = 1 TeV can constrain trilinear HE-LHC

HL-LHC

self-coupling to O10% while FCC-  rec.oennn ST

hh can reach 5% precision. Fec-oe -

ILC

e 20 sensitivity fo the quartic self-
coupling expected at FCC-hh.

30 40 50

di-Higgs  single-Higgs
-LHC

. HE-LHC DHEVLHC
...... (10-20% ... =250 _ .. ..
. FCC-eeleh/hh FCC-eelehihh
5% SN P77
LE-FCC JLE-FCcC
W
. FCC-eh,y, D FCC-ehyy,
...... AT428% N
FGE
24%
DFCC eeeeee
33%
FCC-eg,,,
49%
X ILC o
.10% 35%
. ILCyo D s
27% 38%
D|Lcm
............................... 49% ...
CEPC
............................... 49% ...
. oo cucm
T%+11% 49%

HL-LH:
50%

Dcuc‘m
49%

CLIC,,,
o

68% CL bounds on «; [%] Al fuure coliders

b
combined with HL-LHC
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N Protecting the Higgs mass with Supersymmetry

e |n SUSY, the Higgs boson mass is protected by chiral sysmmetry.

|>‘f’2 Ag
5m% - 16772 <A%V + ) T 1672 (A%V + ) + -
e Cancellation if Ag = |A\¢|°. t
e Supersymmetric top partner (stop) cannot be O’ """
too heavy. -

e Gluino affects running of stop Mass so must also R D A
be light.
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Gluinos and stops

fion squarks is ~2 TeV.

e Limits on masses of stopsis ~1 TeV.

Limits on masses of gluinos and 1st/2nd genera-

Derived assuming simplified models with light 9.

e Limits can be considerably weaker in other parts
of SUSY parameter space.

pp > GG, 9 —=>ttX  wmoriond 2021
;2000_\|\II|III‘\\\‘\Illlll‘\\\‘\lllllll\_
8 1800, CMS 137 b (13 TeV) ]
— [ —1908.04722, 0-lep (Hf"™) wExpected
341500/ —1909.03460, O-lep (Mr,) Xpected -
= L —2103.01290, O-lep (stop) —Observed

[ —1911.07558, 1-lep (M)
1400 — —2001.10086, =2-lep (same-sign)

1200F
10005
aoof
soof
400F

200F

T I

[~ 1710.11188, 0-lep (stop), 36 fb"

\:\Jli [

1
800 1000 1200 1400 1600

1 | 1 1 11
1800 2000 2200 2400
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= 900

March 2021

Vs =8,13TeV, 20.3-139 fb '
T B e A

= u
) r ATLAS Preliminary
O, 800

r 71?1 production
S+ [ Limits at 95% CL
122 700
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600 -

500F
400f
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200 A
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: Z 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I {1
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—— Observed limits
- = Expected limits

Data 15-18,¥5 = 13 TeV, 139 fb
E= monojet, 1, - bif {(7
[2102.10874]

= oLf, mi‘: - nw;‘l’/L S bif if‘

[2004.14060]

—_ L Tﬁa"’/ %, abwi?/”‘ﬁbﬂ‘ 2‘:

[2012.03799]

— 2L ;‘4}\2?/ i, abwif'/?ﬁbff‘ 2:’

[2102.01444]

Data 15-16,¥s = 13 TeV, 36.1 1o ™'

—i- ti:' /1- bW'Z? /1, > bif' i?
[1709.04183, 1741.11520,
1708.08247, 1741.03301]
o
o
[1903.07570]

Data 12,¥s =8 TeV, 20.3fb '
= ti“’ - bw;z? /3, - bif i:’
[1506.08616]
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b & O [ e ... at the HL-LHC and future colliders

All Colliders: Top squark projections 7\

(R-parity conserving SUSY, prompt searches) European Strategy,
Model JLaean'] Vs [Tev] Mass limit (95% CL exclusion) Conditions

o fif, o] 3 14 ) - ' 47Ty m(z})=0
E Af, iott/abody 3 14 0.85TeV Am(, ¥~ m(t)
T fif, fiocfi/4 body 3 14 0.95TeV | Amff, ¥i)~ 5 GeV, monojet (*)
o i hosPrELE 15 27 3.65 TV m(E1)=0
E AR, ot¥3-body 16 27 1.8TeV Am(F, £~ m(1) ()
= fify, fiochhiabody 15 27 20TV | Am(, £~ 5 GeV, monojet (*)
AW 15 375 46 ToV m(E)=0 (*

té Af, hotla-body 15 375 4.1TeV mif]) up 1o 3.5 TeV (**)
= fify, isetlia-body 15 375 22TeV | Am(, ¥])~ 5 GeV, monojet (**)
s AiLh Sb 25 15 0.75 TeV m(E))=0
gﬂ ni, [—b 2.5 1.5 0.75 TeV Am(7y, £~ mit)
© Ay, iobE 0] 25 15 (0.75- ) oV Am(F, £})~ 50 GeV
g AR SbEE ! 5 3.0 1.5 ToV m{F})~350 GeV
%ﬁ fify, i —b¥ /] 5 30 1.5TeV Am(#r, ¥~ m(t)
° A, b 1] 5 3.0 (15-9Tov Am(iy, £~ 50 GeV
£ A -1t 30 100 10.8 TeV m(7})=0
g fify, [ —t€3/3-body 30 100 10.0 TeV m{ED) up to 4 TeV
fify, fi—cPh/4-body 30 100 . : Ly ) . - 50TV | Am(i, )~ 5 GeV, monojet (*)

107! 1 Mass scale [TeV]

(") indicates projection of existing experimental searches
(**) extrapolated from FCC-hh prospects ILC 500: discovery in all scenarios up to kinematic limit +/s/2
e indicates a possible non-evaluated loss in sensitivity
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‘%—f &
S e i Dark matter searches

o Compelling evidence that DM exists. Detecting it in the laboratory is
one of the greatest challenges for particle physics.

¢ |f the dark maftter is made of a weakly inferacting particle atf the
electroweak scale, it could be produced at the LHC.

e DM particles leave no frace in the detector. SR e
— can only be inferred from the Zr. a N <x
e Look for DM particles recoiling off visible objects. ; y
g x
A
q X
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Dark matter mediator searches

e Search for resonances that can
decay to two jets.

o Model-independent bump-hunter
algorithm used.

e Also model-dependent limits on DM,
If assuming the same resonance also
decays to DM particles.

1.6

ATLAS

EXPERIMENT

L s B s B S N O IS e
T T T T T T T

1 ATLAS . Data

Vs=13 TeV, 139 b Background fit
Inclusive —— BumpHunter interval

o q, mq* =4TeV
q’, mq* =6TeV

Events

T T

Dijet 107
Dijet, 139 fb”!

JHEP 03 (2020) 145
Dijet TLA, 29.3 fb™"

PRL 121 (2018) 081801
Dijet+ISR, 79.8 fo™!

3 T 3 Al
ATLAS Prelimilgliary 5
1.4;\{§=13Tev, MEI’?’h 2021 el
L /s V.

s / &

m, [TeV]

1.2F
1
0.8f

0.6F

0.4F &

02_ 5 ,g|=0, gx=1

Lo b b by Ty v Iya

PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fo’
PLB 788 (2019) 316

Boosted di-b+ISR, 80.5 fb'
ATLAS-CONF-2018-052

tt resonance

36.11b"
EPJC 78 (2018) 565

bb resonance
139 b
JHEP 03 (2020) 145

miss
ET>+X
ET*+jet, 139 fo!
arXiv:i2102.10874
ET**4y, 139 fo”
arXiv:2011.05259
ET**+V(had), 36.1 fb"
JHEP 10 (2018) 180

sssss

PLB 776 (2017) 318
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c ' ... at the HL-LHC and future colliders

3§ —CRESSTII
T - - T —TTT - - T —T - %‘ E arXiv:1904.00498
- ] S g% = XENONIT
FCC-hh (D|Jet] I N ’E 3 PRL 121 (2018) 111302
] 1] 40 ] —Pandax
HL-LHC (Dijet I D t : 2 10 ; FR?::?(Z(HHHZIEHB
- (Dijet) e go=1/4 ] g 41 3 == parkside-50
] (= 10 = PRL 121 (2018) 081307
T CRESST Il 3
FCC-hh | S ., | LUX
] 10 E \\__’ = PRL 118 (2017) 021303
] B E 3 = Argo-3000 (proj.
LE-FCC | ] 10 \ Darkside-50 4 e
] F \ DARWIN-200 (proj.)
W - ] _A44 ;_ 1 } _; JCAP 11 (2016) 017
HE-LHC | Monojet ] 10 E  LLHC, 14 TeW Jab” pandaX § —HL-LHG, 14 TeV, 3ab™
B . - 1 HUHE-LHC Report: arXiv:1902.10229
_ =1 go=1/4 107 ‘_/—'J—_—f\\e\ X J “HELHC, 27 TeV, 15ab"
HL-LHC I gDM_1 4 gQ_1!4 i © F HE*LHC 27 1eV, 15‘.'3 E HLUHE-LHC He’pon:avxw:mo’zm&!l
] 10— . = —FCC-hh, 100 TeV, 1ab”
CLIC3DOD I Q‘DM XgE:1 14 1 § “ § PRD 93 (2016) 054080
] 107" F coonn, 100 TeV, 120y . ~FCC-hh, 100 TV, 30ab”
E \‘ = Rescaling of PRD 93 (2016) 054030
CLICsgp | 1078 W. 30ab s C.--7
ILC | Monophoton 107 E DaRwiN00 prop) D-arkside-ArQO(proj-)j
] E Scalar model, Dirac DM E
I ] 50 g =1,g_ =1 -
FCC-ee ] 107 F Zom ™ "7 Jamy E
European g ateg\ ] 51 F Collider limits at 95% CL, direct detection limits at 90% CL 3 ’ \
CEPC u I Wy . _ ] 10° I 1 I
II | | AXIaI | VeCtOI' | 1 10 102 10° European Strategy
0.1 0.5 1 5 10 m, [GeV]

M\iediator [TSV]
Comparison of the reach of DD, ID

and future hadron colliders for
the benchmark model of a scalar
mediator decaying info Dirac DM.

Expected 20 sensitivity to axial-
vector simplified models at future
colliders for a DM mass of 1 GeV.
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N Axion-like particles

o Light-by-light scattering in Plb-Pb collisions.
e [wO photons and no more activity in detector.

e Diphoton invariant mass distribution is used 1o seft limifs on the
production of axion-like particles.

Existing constraints from JHEP 12 (2017) 044

Pb Pb(*)
-—'|_' [ | | | |
2
E 10!
® LEP
S ell
0L _
10 : LHC |
[ (op) |
101 - E
- 1 1 1 1 1 1
20 40 60 80 100 120
m, [GeV]
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s 5 Crbcer Kleee,
centre

e The best way to go to energy frontier is to start with an ete™ Higgs
factory.

o CLIC and FCC-ee are competing with the ILC and CEPC.

e Some important measurements, like Higgs self-couplings and probing
BSM physics at high eneries, clearly benefit fromn a hadron collider.

e Contenders are SppC and FCC-hh.
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i 5,
' (Selected) recommendations

https://cds.cern.ch/record/2721370

-
4
1
M
|

R A e
D=
3143

2020 UPDATE OF THE EURCPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group

e Successful completion of the high-luminosity upgrade of the machine
and detectors plus continued innovation in experimental techniques.

e Support long baseline experiments in Japan and the United States.

e Ramp up R&D effort focused on advanced accelerator technologies,
In particular that for high-field superconducting magnets, including

high-tfemperature superconductors.

33 QUANTUM CONNECTIONS, 22/6 2021
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b & O S e (Selected) recommendations

¢ |nvestigate the technical and financial feasibility of a future hadron
collider at CERN with a centre-of-mnass energy of at least 100 TeV and
with an electron-positron Higgs and electroweak factory as a possible
first stage. Such a feasibility study of the colliders and related
iInfrastructure should be established as a global endeavour and be
completed on the fimescale of the next Strategy update.

e The timely realisation of the electron-positfron Infernational Linear
Collider (ILC) in Japan would be compatible with this strategy and, in
that case, the European particle physics community would wish to
collaborate.

: - Euture
" fCircular

Collider - ;
o e e
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M Stop eternal growth?

e RF cavities can reach acceleration gradients of 10 MeV/m.

e Plasma-wakefield acceleration could reach several hundred GeV/m.

o 0 o o © © o
@ . Electron Driver

EIectrlc field Wltness electrons lon bubble

e Both laser-driven and particle-driven accelerators exist.

e Easier 1o accelerate electrons than positrons (since positrons attract
the plasma electrons).

e Electronrecord: 42 GeV in 85 cm.

e Positron record: 5 GeV in 1 meter.
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e Run 2 of the LHC was a big success. Stable operations with
INnstantaneous luminosity well beyond design value.

e Paved the way for a vast physics program to test the Standard Model.
- accurate measurement of known processes.

- direct searches for BSM physics in a variety of final states.

e So far remarkable agreement with the Standard Model predictions.

e HL-LHC will greatly improve precision in many measurements and also
establish di-Higgs production.

e According to the European Parficle Physics Strategy Update the
community should (i) fully exploit HL-LHC; (ii) investigate the technical
and financial feasibility of FCC-ee + FCC-hh at CERN; (iii) prioritize R&D
INn accelerator technology.

o Will seriously challenge the SM!
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NCOURIER.COM

OPINION
INTERVIEW

In it for the long haul

We have conquered the easiest challenges in fundamental physics, says Nima Arkani-Hamed.
The case for building the next major collider is now more compelling than ever.

"The discovery of the Higgs parficle — especially with nothing else accompanying it so far —is
unlike anything we have seen in any state of nature, and is profoundly “new physics” in this
sense....theoretical attempts to compute the vacuum energy and the scale of the Higgs
Mass pose gigantic, and perhaps interrelated, theoretical challenges. While we confinue to
scratch our heads as theorists, the most important path forward for experimentalists is

completely clear: measure the hell out of these crazy phenomena!”
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“37/ - ,\g Crten Klece,
Ynie™  centre THANK YOU!

And have a wonderful

Thank youl!

'ANNIVERSARY.

S
L ] ” ;
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Crbcer Kleee,
centre

ILC (Japan)

Linear collider ete™ with high-gradient superconducting acceleration.
Ultimately: 0.5-1 TeV.

Reduce cost by starting at 250 GeV (Higgs factory)

CLIC (CERN)

Linear ete~ collider with high gradient normal-conducting
acceleration.

Ultimately: multi-TeV (3) collisions.

- Staged for physics and funding.

FCC-ee & FCC-hh (CERN).
100 km circular collider with 16 T magnets.

Use tunnel first for e™e~ collider.
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5 Crbcer Kleee,
centre

- Technology for ete™ rather standard.
- Magnet development for FCC-hh challenging.
o CEPC & SppC (China)

- Similar to FCC-ee/hh but more conservative luminosity estimates.
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c":/’:;ww OQ g’ .
%@A Gty (oo Higgs self-coupling at future colliders

Higgs@FC WG September 2019

di-Higgs single-Higgs

HL-LHC HL-LHC HL-LHC
...... 50%. o B0%
""""""""""""""""""""""""""""""""""""""""""""""""""" HE-LHC HE-LHC
g m e e
HE-LHC FcC-eetenh [T]Foc-eeretinh
5% 25%

------------------------------------------------------------------------------------------------ LE-FCC & LE-FCC

FCC-eh FCC-eh
FCC-ee/eh/hh e e

FCCee‘"P """"
\ 24% 365
under HH threshold FCC-ee,,

FCC-ee 33%

FCC-eem

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 49% ..

10%

ILC N ILC
500 500
......................................................................... 27% & 38%

under HH threshold ILC s

CEPC |\ — o e 49% ...

ILC

CLIC ~ CLIC
3000 3000

CLIC
Y i b o™
0 10 20 30 40 50 oot ™

68% CL bounds on K, [%]  aituture collicers combined with HL-LHC
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2 P 5_‘ 7

\% O Crdewr Kleores

e Number of pp collisions per second is called luminosity.

e The LHC performance in Run 2 was amazing, with lots of luminosity
delivered to the experiments (N, = [ Ldt - o}).

e Size of Run 2 dataset is 139 fo=! (o, =~ 55 pb~! — 8- 10° Higgs bosons).

e |Instantaneous luminosity well above design value of 11034 cm?/s.

o

1‘—'_' 8 N | | | | | | ] ".__‘ ‘L g
2 - ATLAS Online Luminosity E c\‘,” " ATLAS Online Luminosity {s=13TeV i
= 70; _ig:;gz Ef;:z B 5 25/~ e LHC Stable Beams -
) C = . - _
2 60 :g:ggg E: :g:z 3 So T Peak Lumi: 21.0 x 10¥ cm? s ]
= C ——2017pp Vs=13TeV ] - 20 ‘.‘ o —
=) ~ = — —_ - @ '. @ (J .
3 50 =—2018pp fs=13Tev = = - “ &. .
© c ] ‘- C S ot ° . :..ﬁ :AO o ‘fré ]
S 40F = S 150 ¢ _. “ -
= o ] > ° .
@ — — ‘B - ° * esign value ]
o %0 E g 10— : —

205 EF Eop e Tee

- 18 S @ o —E

- 1 g X - [ ] ° g

10 R S F . ’ 18
o S E—— R o Ol L ool . . oo oo % Ll o ]

Yot p\p‘ ‘3\)\ Oo\ 29/03 01/05 03/06 05/07 07/08 09/09 12/10 14/11

Month in Year Day in 2018

e But a very challenging experimental environment.
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TS Ocank ‘ Operational challenges

LS00 L B B I B I I
- ATLAS Online, 13TeV  [Ldt=146.9 b

500~ 2015: <u> = 13.4
L 2016: <p>
Bl 2017: <p>
BN 2018:<pu>=36.1 ]
Bl Total: <u>

e Large insfantaneous luminosity means
many (up to 70) simultaneous pp collisions
INn the same bunch crossing.

b=

400
300F

200F

e eqds to: 1005

Recorded Luminosity [pb/0.1]

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

- contamination of parficles from
addifional (pileup) interactions to

EXPERIMENT

measurement of hard-scatter _ ATLAS

Process.

- degraded detector performance
(e.g. from large occupancy).

- Increased pressure on frigger and
data acquisition systems.

e |Lofs of sucessful work done to refain
good detector performance.
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R Top and Higgs masses

T [ T T T T [ T T T [ T T T T [ T T T T [ T T T T [ T T1T
ATLAS ~-Total [ ]Stat. only
Run 1: Vs =7-8 TeV, 25 fb™", Run 2: {s = 13 TeV, 36.1 fo”' Total  (Stat. only)
1
- - Run 1 H—4!] | —— 124.51+£0.52 ( £ 0.52) GeV
ATLAS Preliminar my,, summary - September 2017, L =35 pb™ - 20.3 fb’
y > int Run 1H-yy H———e——11 126.02 £0.51 (+0.43) GeV
I+jets™ ATLAS-CONF-2011-022 ; 1655 £ (G0 TR
s 5 7 e T 1785 £ 24 (05208 2209 Run 2 H—4/ .—.I—. 124.79 £ 0.37 (£ 0.36) GeV
all jots* ATLAS CONF-2012:030 L 1749 + 43 (21 +38)
all jets ft'i%} ©75 (2015) 158 R e 1751 + 1.8 (14 t12) | '_:{_l{r_\_z_ _Ijl___)_}t’}_/ ________________ ‘I ________________________ 1_?‘_"_9_3_ :“:9'_4_0_ (_ ?_9'_2_1_)_9_6}/_ o
single top* ATLASCONF-2014-055 T el 1722 21 (o7 120)
et S S w0 et n 1723 518 102 20se0r 210 Run 1+2 H—4l] —— 124.71%0.30 ( £0.30) GeV
dnepmﬁ Eur. P‘";ﬁ{m‘?“‘ﬁ”ﬁ“ [ — 1738 + 14 (o0s 13 )
. dilepton ;De;‘l::m (2016)350 e 173.0 + 0.8 (04 £07 ) | . ﬁlfr_‘_‘l_f_z_ {-{__fz/_y_ ______________________________________ 1_??_3_2_ :_"_9._3_5_(_ :_*'_(_)__1_9_)_9_6}/_ .
alljots 2viTezoTS46 [ — 1737 £ 12 (o6 £10) . | . . + +
. |+jets'ig‘gn'cgé;%”m* [ 1721 £ 0.9 (01 +01:03 +08) Run 1Combined 125.38 £0.41 (£0.37) GeV
— T - Run 2 Combined —— 124.86 + 0.27 (+0.18) GeV
U(tf) I+jets AIE&W =T - 1664 73 e -I 777777777777777777777777777777777777777777777777777
ot dilepton [ Tz 7 0t 1eE —— 1729 x5 Run 1+2 Combined —— 124.97 +£0.24 (+0.16) GeV
Differential oftt+1-jet) it:;“;%"‘s“z‘ .—Ia_. 1737 £33l i _I ___________________________________________________
Differential ofti) dilepton (8 dist.) {45 CoN™ 2017044 —— 1732 + 1.6 ATLAS + CMS Run 1 — 125.09 + 0.24 ( +£0.21) GeV
ATLAS Comb. September 2017* e Word Gomb & 10 - '
Wl {7 %150%”’2:: (’ . A:MSCONF'ZWW o ! :::: E”j;gaé"gJSF uncertainty o e e ey e e b e
Comb. Mar. v 1405.4427) . :
Togn o7, O | BE.- T i e auasem 123 124 125 126 127 128

|
160 165 170 175 180 185

m,, [GeV]

190
Migp [GeV]
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S Pl e Observation of {tH production
o ATLAS recently announced evidence for
ttH production. 4.2 ¢ significance.
e Higgs couples to fermions proportionally
tfo their masses. Important fo verify!
e Top quark is the heaviest parficle in the SM
— fop-Higgs coupling expected to be large.
e Cross section sensitive to BSM physics
( .l. .l. .I. ) e r——{tot.) (stat. . syst.)
€.9. eXOlC T0p pariners). ATLAS Preliminary {s=13 TeV, 36.1 fo”
< 10 —— —total stat.
Sow B fiH, Hoto Ko 15 47 (75.70%)
mma- fiH, Hoyy o 0.6 *7 (194,292 )
ATLAS-CONF-2017-076 1:*-‘— ttH, H-.bb et 0.8 ‘0 (23,53 )
ATLAS-CONF-2017-077 i fiH, Ho WV Ko 15 Y08 (94,704 )
- tHoombined| r124,<4>4)>
O ///)f////////%-ﬁ-‘f By R T
8°7f v

, s,  2rsg Oy e s ey 2 best fit for m =125 GeV
¥sg sy ”“’gg 3 c:;: I/yggrr o Ss*,r: ”’ha:f Zem Z\de; *25 70, utTH H
2 g :
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L Planned ATLAS upgrades for HL-LHC

DAQ upgrade Detector characteristics

Muon Detectors Electromagnetic Calorimeters % Width: 44m L CO M pleTely new

New FE electronics Diameter: 22m

New endcap wheel Weight: 7000t . .
Solenoid CERN AC - ATLAS V1997 In ner TrOCkl ng
. Forward Calorimeters

iNng
to |n| < 4.

ATLAS

e Upgrades to
trigger and
computing.

e Possibly new

._ - _ forward timing
i : — = ] L] .

Harrel Toroid Inner Detector J DAQ upgrade . Shielding deTeCTO I

Replace inner tracker Hadronic Calorimeters
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§  Coca fote People in - physics out

e 3000 scientific authors (1200 PhD students)

%2400 Z_ I —noméomoeo:e i M‘embersl: Wom‘en _E
: 2200 - TRl WM Members:Men
fromn 38 countries. P -
geoo; é
' ' P =
e To date 885 submitted papers (853 published) ;=
2 800 é
and 988 conference nofes. B 4
200 £ E
. 0 ! I ! i L
900 - - ATLASSUbn‘“tted‘ Pape‘rs " QL2018 71 As: 885 é 003‘; = 1 — 5215& ) rs(w%:; E
— ATLAS Run 1+2 2 08p -
800f| — ATLAS Run 1 R S
2 0.15 =
— ATLAS Run 2 S 01E o
700F| - - r 0.05E =
ATLAS Full Run 2 e m w e B B w e e
600 Run 1: 601 ATLAS member age
Last update: 15-Oct-2019
500f ATLAS - Type of Paper
4001
300 IR
200
100f
0 Full Run 2: 1(
n
e Even split searches and measurements. ,
/1 s h @ Perf
B Messure = Ambiguous

o Will highlight small fraction of these results today.
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Chkeen Ueu-‘

Standard Model measurements

Standard Model Production Cross Section Measurements

10°
10*
10°
102

10!

Status: July 2019

AQ total (2x) .
OAG ness ATLAS Preliminary
inelastic Theory
o Run 1,2 /s =5,7,8,13 TeV
3 '"A°'° LHC pp Vs =5 TeV E
- Ddijets v Data 0.025 fb™! ]
3 o . 3
E pr>25 GeV LHC pp Vs =7 TeV ]
E O 0 B Date 4549t =
3 A0 3
i LHC pp Vs =8 TeV ]
E- pr > 125 GeV 8210 = &Zé O o -?
F u] topl BBl Data 202-203fb! ]
L pr>100GeV p;>2 (m} ww -
A n t-chan -}
E =1 O Dnjg1° Oa oWZVXVWW 3
= n>3 O o oY LHC pp Vs =13 TeV 3
o A wt wz otal ]
- n>2 “o Dn,zz 2 ﬁAVgA . -
L | s o Qo YA o Bl Data 32-798f0 4
E o » o Ho WW 3
= =3 A o] n>3 ”/64 VH Wy 3
B nj>5 i 205 s-chan Hﬁb o ]
o p4o
nj> nj> H—1t
: fg o Gge NGy 1
C i m] . A wij ]
B n>5 nz VBF -
I l (o] Ho a i A Kg
E nj> VAVl |
2 . y o N o E
- o ]
L n n H-yy Zjj -
n=7 l
? =7 n Hoagz—at - w A EV*W-‘?
[ PN A7
E— I uwz?
PP Jets 7 w z tt t VWV 7Y H WVVyttWttZttH tty ¥y Vij Ww  Wyy  Zyjj

EWK

Exc. Zyy  WWy VVjj

tot. tot. tot. tot. tot. EWK
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k Cre, Sl Higgs as portal to new physics

e Search for models where the Higgs boson Z
mediafes the connections to a dark sector. W éjK
e E.g. new BSM dark vector boson (Z;) Z%<

or a new light pseudoscalar boson (a),
H — Z(d)Zd — 40, H — aa — 44

ATLAS-CONF-2017-042

60L‘V| VVVVVVVV LSS L L L L L L L L

C ATLAé Preliminary ¢ Data %% Total Background |
F H- 2z, 4

50— 13Tev,36.1 10"

W52z Wzz->4
[Jttsv, vwv  []Reducible bkg

Events / 2 GeV

e Search for invisible Higgs decays
(to e.g. dark matter).

e Most recent searchin ZH — ¢ + Er.

15 20 25 30

e Best constraint when combining
with VBF H — jj + Er.

0%k ATLAS
0*36 ;F .

Vs =8TeV, 20.3 10" 3
107°E BF (H — invisible) < 0.23 at 90% Cl
. | . . ] =

1 JHEP 01 (3016) 172 10°
WIMP mass [GeV]
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Beyond SM searches

ATLAS Exotics Searches” - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2019 JLdt=(3.2-139)fb™? Vs=8,13TeV
Model ty Jetst ET'™ [rdti] Limit Reference
T T T T T L | T T
ADD Gkk +g/q Oe,u 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
g ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
9 ADD QBH - 2j - 37.0 M 8.9 TeV n==6 1703.09127
€  ADDBH high ¥ pr >leu >2j - 3.2 Min 8.2 TeV n=6, Mp = 3TeV, rot BH 1606.02265
°E’ ADD BH multijet - >3] - 3.6 M 9.55TeV.  n=6, Mp=3TeV,rot BH 1512.02586
S RS1 Gkk — vy 2y - - 36.7 Gk mass 4.1 TeV k/Mp; =0.1 1707.04147
®  Bulk RS Gkx » WW/2Z multi-channel 36.1 Gk mass 2.3 TeV k/Mp = 1.0 1808.02380
£ Bulk RS Gxk — WW — qqqq Oepu 2J - 139 | Gk mass 1.6 TeV k/Mp =1.0 ATLAS-CONF-2019-003
W Bk RS gii — tt Ten >1b,>1J/2 Yes 361 | exkmass 3.8 TeV r/m=15% 1804.10823
2UED/RPP leu 22b,23j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®D — tt) =1 1803.09678
SSM Z" — &t 2epu - - 139 Z’ mass 5.1 TeV 1903.06248
» SSM Z' - 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
g Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
g Leptophobic Z’ — tt Teu =1b,>1J2] Yes 36.1 Z’' mass 3.0 Tev r/m=1% 1804.10823
Q SSM W’ — ¢v len - Yes 139 W’ mass 6.0 TeV CERN-EP-2019-100
g SSM W’ — v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
% HVT V' - WZ — qqqq model B O e, u 2J - 139 V’ mass 3.6 TeV gv=3 ATLAS-CONF-2019-003
(0] HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv=3 1712.06518
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 Wpg mass 5.0 TevV m(Ng) =0.5TeV, g, = gr 1904.12679
— Cl qqqq - 2j - 37.0 A 21.8TeV 7 1703.09127
O Clttqq 2e,pu - - 36.1 A 40.0TeV 7, 1707.02424
Cl tttt 2lep 21b21j Yes 361 A 2.57 TeV |Catl = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mined 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mped 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q VVxx EFT (Dirac DM) Oe,u 1J,<1j  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y=0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1%t gen 12e >2j Yes 36.1 LQ mass 1.4 TeV p=1 1902.00377
QG ScalarLQ 2" gen 1.2u >2]j Yes  36.1 LQ mass 1.56 TeV p=1 1902.00377
= ScalarLQ 3 gen 27 2b - 36.1 LQ; mass 1.03 TeV B(LQY - br) =1 1902.08103
Scalar LQ 3" gen 0-1epu 2b Yes 36.1 LO‘; mass 970 GeV B(LQY > tr) =0 1902.08103
VLQ TT - Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
>0 VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
© 5 VLQ T5/3T53|Ts;3 = Wt + X 2(SS)/>3eu>1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 = Wit)=1, c(TssWt)=1 1807.11883
:‘,":’ 2 VLAY - Whb+X le,u 21b>1j Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cr(Wb)=1 1812.07343
VLQ B > Hb+ X Oepu,2y 21b,>21j Yes 798 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ —» WqWq Tlen >4j Yes 20.3 1509.04261
S @ Excited quark q* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) ATLAS-CONF-2019-007
2 g Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
) € Excited quark b* — bg - 1b,1]j - 36.1 | b* mass 2.6 TeV 1805.09299
i @3 Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
Type Il Seesaw Tepu >2j Yes 79.8 N® mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2TeV m(Wg) =4.1TeV, g1 = gr 1809.11105
& | Higgs triplet H** — ¢¢ 2346eu(SS) - - 36.1 | HE* mass 870 GeV DY production 1710.09748
£ | Higgs triplet H** — (1 3eut - - 203 DY production, B(H* — () = 1 1411.2021
6 Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
‘/'=13TeV \/':13TeV MR | MR R | L L MR R | L L L
partial data  full data 1 10 Mass scale [TeV]

*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).
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e Search for resonances in many other final states.

e Limits on the mass of these resonances is in many cases several TeV,
e.g. Z'mass (Z' — ¢0) > 4.5 TeV, W' mass (W' — fv) > 5.1 TeV.

” I > 1 05 LA L L L L AL L L +| L L
2 ' T ' [O) 3 Data E
s 10 [ £ ATLAS E
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100 {s=13TeV, 36.1 fo! Y e | o C Z+jets ]
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éﬁw‘%@ﬁé Cre KF ) i
U RS O e Electroweakinos and sleptons

e Limits weaker than for strongly produced SUSY
parficles since cross sections are lower.

e Final state generally confains several lepftons,
and K.
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§ Ol RPV SUSY and long-lived particles

e R-parity conservation is required for SUSY to
provide a dark matter candidate.

o If liffed, the lightest SUSY particle will decay - : ‘,<b
LN
to SM particles — much less Er. > o
! r
e SUSY parficles can have long lifetfimes e.g. in - » : <
case of degenerate mass specitra.

T

1 [] > :w RAARALARAL T
e Signature strongly depend on where in the 3 7o Amas b-tagged Signal Fegion
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© 600 R N\ SM Stat. uncertainty
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@ 500 Multijet (DD) §
S E i ]
L%) 400? —t—>bq(rrL 1OOGeV)
x10° 3000 | —t—>bq(m 200GeV)_
) - Pix scT I A 'jz - E i
5 b —aE 200°
j £ I 163 100 [
2 0.8 a8 g
S [ 3
p g F 1273 2
~0 £ 08 15 ~
X1 § L : ATLAS Simulation Preliminary 3 ) o % %
g-_—’ 0'4__ — Fraction of chargino decays T ()]
& ¢ (EWprod.,m2:=400GeV. ri:=0.2ns) 06 S
~0 B * Pixel tracklet 45
- X1 02 i e
X1 N - . 02 L
p N ok S N . 0
0 400 600 800 1000
7‘(':|: Decay radius [mm]

SARA STRANDBERG 54 QUANTUM CONNECTIONS, 22/6 2021



b e e Beyond SM searches

e |[Nncrease mass reach for resonant states

e c.9. Z' — tt reach increases from 2 TeV (2015) to 4 TeV (HL-LHC).

e Large dataset increase sensitivity to rare processes
e EWK SUSY partners reach extends from few hundreds of GeV to above
1 TeV in standard simplified models.
-FB 10 LI | L I LI I T T 1T T T 17T | LI | LI | T T Y iNO 00 . 0 0
S 10" EATLAS Simulation my =2 TeV (o x 50) _ PpoX, Wi Y, P, bby,
9 = E :
Y 10 m, =3 TeV (c x 50) 8 B 5 o discovery, Reference B 300/
LLI 108 E - 14 TeV @ t (truth m_< 1.1 TeV) = 1400[— 95% CL exclusion, Reference Gbkg = 0’/
B i (ruth m > 1.1 TeV) ™= Sadacovery, Mdds 4
107 j L = 3000 fb‘1 [ W+jets ! E nopgl— wommee 95% CL exclusion, Middle
106 [ single top E 5 ¢ discovery, Low
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10 N
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10 800} RS
- <u>=200 2
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% I i Latest W, t, and H mass measurements

e Impressive myy; measurement using my = 80370 + 19 MeV (0.02%)

low pile-up data at /s =7 TeV. EPJC 78 (2018) 110
my = 172.69 + 0.48 GeV (0.3%)

e Huge amount of work in improved
EPJC 79 (2019) 290

cdlibration of detector response. o — 124.97 + 0.24 GeV (0.2%)
H = . . Lo
e Percent-level precision on m; and mg. PLB 784 (2018) 345
L B L B L B AL L L S B 1 L I ELL AL R
eLem . O, 80.5 B m - 172.84 £0.70 GeV ]
= - .- my, = 125.09 + 0.24 GeV
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; 80.3-
ATLAS W = Stat, Uncertainty | nalll - Fit w/o m,, and m, ]
ATLAS Wi — Full Uncertainty ® 80 25: | | | (Eur. Phys.J.|C74(2014)304|6) 7
M I I N I I R . L L . . L e .
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Evidence for triboson production

e A W boson is produced in every 1/10° pp collisions.

e In every 1/10' pp collisions three W or Z bosons are produced.

Vi

Vi

e Recently observed WVV production with 4¢ significance.

e Sensitivity to friple and quarfic gauge couplings.
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Signal strength measurement (1=SM value)
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5 &0 Top quark production and decay

e Heaviest fundamental parficle known
— strong indirect probe for BSM physics.

a [GeV]

e Cross sections and BRs can be altered

by new particles in production or decay.
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S . .
§  Cotay foled Searches beyond colliders

o Light (keV-GeV) DM allowed if neutral under all SM gauge interactions.

e Non-collider program with intense beams needed.

Pseudo-Dirac Fermion Dark Matter
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Reach for searches with dark photon mediator decaying to light DM parficles
(e is the mixing between the photon mediator and the SM photon, ap is the
mediaftor-DM coupling, m,, is the DM mass and m 4+ Is the mediaftor mass).
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