Direct Searches at Colliders Status and Perspectives
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The Large Hadron Collider (LHC)

Unrivalled at Energy Frontier Outstanding at Intensity Frontier
13.6 TeV (COM energy) Record Luminosity* 2.26 X 10°* cm?s~!

*Close to SuperKEKB at 5.1 x 10°* cm?s~!

So far the LHC has delivered:

- 15 Million Higgs bosons produced

- 600 Million top quarks produced

- 15 Billion Z bosons with 300 Million per lepton flavour
- 60 Billion W bosons (3 billion per lepton flavour)

- 300 Trillion b quarks
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Still 10 times more statistics expected at HL-LHC!

In comparison Future ee up to ~1-4 M Higgs, much cleaner and « usable » events
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Extraordinary performance of the LHC accelerator complex
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2024 - Best year ever! We are here! {é} New Schedule (LS3 from Q3 2026 to Q2 2029)
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- Approximately x10 Luminosity to be delivered at HL-LHC (in terms of results x20) in
the same amount of time... Major upgrades leading to the High Luminosity during Even with the record luminosity in
the third long shutdown now on the horizon! (See backup for more details). 2024 need more than 20 running

years to achieve HL-LHC luminosity!



A Special Moment for LHC Physics Program

- The Run 1 dataset with only of ~30 fb~! at 7-8 TeV led to Discovery (and first measurements) of the Higgs boson!

- The Run 2 dataset surpassed the initial goal (in luminosity) of the LHC project and is a clean and well calibrated
dataset of ~140 fb~! at 13 TeV

- The Run 3 aims at close to ~0.5 ab~! at 13.6 TeV essential benchmark on the road to HL-LHC.

LHC Publications profile

- ATLAS and CMS have published approximately 1350 papers (each) since the start of operations.

- Almost exclusively all papers have been published with data of up to Run 2 (only handful published with
Run 3 data).

- Approximately 50% of the ATLAS results are direct searches for new physics, 40% are measurements and
10% performance.

- Among search papers 40% on SUSY and 60% on other BSM searches.

Each of these results would deserve an entire talk! Focus on the results and the guidelines (typically
simplified models) used to identify the most interesting event topologies to investigate.



A Special Moment for the LHC Physics Program

PHYSICS REPORTS

ATLAS Outline
ATLAS Phys. Rep. Link

Forward to the collection
Climbing to the Top

Electroweak, QCD and flavour
physics

Characterising the Hihggs boson

Exotic Jungle Beyond the Standard
Model

Additional scalars and exotic decays

The quest o discover
supersymmetry

CMS Outline
CMS Phys. Rep. Link

The Stairway to heaven

Stairway to discovery: cross
section measurements

Review of top quark mass
measurements

High density QCD

Searches for Higgs decays of
neavy resonances

Dark sector searches

Vector like quarks, leptons and
heavy neutral leptons

Searches through data scouting

A collection of 14 Physics Reports - an overview of the LHC Run 2 results


https://www.sciencedirect.com/journal/physics-reports/vol/1116/suppl/C
https://www.sciencedirect.com/journal/physics-reports/vol/1115/suppl/C

Genesis of the LHC

First mention of the LHC in 1977 by sir John Adams (former CERN director) as an option of a superconducting
hadron collider to be hosted in the LEP tunnel (requesting that the LEP be made large enough to host a proton

collider of at least 3 TeV beam energy).

15 years preparation -
period of the concept and
project -

15 years of construction -
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1984: CERN and ECFA workshop in Lausanne.

1988: LEP tunnel completed (Europe’s largest civil engineering project prior
to the channel tunnel).

1992: ATLAS and CMS letters of intent.

1994: Approval of the LHC (1993 cancellation of 40 TeV SSC).
1995: LHC CDR published.

1997-98: ATLAS, CMS, LHCb and ALICE experiments approved.
2003-2005: Caverns completed installation started.

2007: LHC dipoles installed in LHC (after having been all individually
checked at SM18).

2008: Experiments installed.

2008 September 10: Start of the LHC.

2008 September 19: Incident occurs between dipole and quadrupole.
2009 November: Beams are back in the LHC!

Since 2009: 16 years of successful operations and landmark results!



Strategy (Decision) Process

European Strategy Process well underway!
The principal goal of this strategy is to decide on
the next flagship CERN project.

European Strateq
P Update gy

vAY

We are here! <« »

DVA

Council appointment . d* - Deadline for the Ongoing feasibility study for the FCC
ofthe members of the eadlinejorine submission of final Submission of the draft : ; . : :
PPGanddecision  Submissionof S Opel nationalinputinadvance  strategy documentto including costing and funding scenarios.
onthe venue forthe main input from ymp of the ESG Strategy the Council
Open Symposium the community Drafting Session . . _
Community and national inputs
End September 2024 31 March 2025 23-27 June 2025 14 November 2025 EndJanuary 2026 Submitted on Monday avai|ab|e Since

yesterday evening!

@ @ @ @ @ @ @ @ @ @ Strategy Documents Link

- - ‘ ’ d Crucial moment for particle physics:
December 2024 26 May 2025 End September 2025 1-5 December 2025 March and June 2026
Councildecisionon  Deadline for the S iscsSonotine duat A strategic decision on the next flagship
the venue forthe ESG  submission of additional o9 ESG Strategy strategy documen -
Strategy Drafting national inputin the "Briefing Drafting by the Council and project by the end of the year!
Session advance of the Open Book™tothe ESG Session updating
Symposium of the Strategy

Aim at an approval by Council in 2028



https://indico.cern.ch/event/1439855/contributions/

A Scientific Mission for the 21st Century

HL-LHC (Runs 4-6)

LHC Run 2 2029-2041 13.6 - 14 TeV and 2x
2014-2018 13 TeV Nominal Luminosity, PU 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fb-1

Int. Lumi. 190 fb-1
di-Higgs boson production

Higgs couplings to and Higgs self coupling and
Fermions of the third precision Higgs physics!
generation (top, bottom

d |
e LS2 CLIC 380 GeV- 3 TeV

2018-2022

Experiments Phase-| ILC 250 GeV - 1 TeV

and accelerator
upgrades

2010 2020 2030 2040 2030 2060 2070

> > o > > > > > o > > D 4

LS1 LS3
5012-204 2026-2029 HL-LHC FCC-ee 90 - 265 GeV
Consolidation of LHC installation and major exp.

SppC

FCC-hh 100 TeV

interconnections Hpgrades CepC 90 - 240 GeV

LHC Run 1

2009-2012 7-8 TeV LHC Run 3

75% Nom. Lumi, PU 30-40 2022-2026 13.6 TeV
Int. Lumi. 30 fb-1 2x Nom. Lumi., PU 60
Discovery of the Higgs Higgs couplings to
Boson, measurements of Fermions of the second
Higgs Boson couplings to generation (Muons) and
bosons (gluons, photons, more rare decays

W and 2)

LHC Ultimate Precision e e~ Ultimate Energy (pp, ,u+,u )



Future Collider Projects




Stairway to Discoveries

Very Broad Physics Program!
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Broad view of cross section
measurements compared to at
least NLO in QCD predictions!

Impressive EXP/TH agreement over
more than 9 orders of magnitude!

2 \Without these precise predictions,
a huge fraction of new physics
searches would be impossible!



LHC Precision Measurements Highlights ()

From precise Drell Yan (Z and W) measurements

CMS W Mass precision at 10 MeV
(experimental puzzle - CDF measurement
with outstanding 9 MeV precision but

tension of 40 with other experiments)

a¢ from Sudakov Z peak at low transverse

momentum, best measurement so far and
precision at 0.9%

sin” @y, measured at 0.13%

almost on par with best LEP
and SLC measurements!!

| | | |
-@- Hadron Colliders
ATLAS -@- Calegory Averages PDG 2022
Preliminary -®- Lattice Average FLAG 2021
-@- World Average PDG 2022
CMS T ®-ATLAS Zp_8 TeV
| | | | 0.23155 = 0.00004
. My in MeV _ LEP Al ' ' 0.23099 = 0.00053 2 0.1185 + 0.0021
Electroweak fit . 80383 28 —= EWfit S - RILAS FIEES :
Phys. Rev. D 11¢, 030001 * LEP P, 0.23159 = 0.00041 CMS jets & 0.1170 +0.0019
LEP combination N S — p A% B | 0.23221+ 0.00029 : : _
Phys. Rep 532 (2013) 113 80376 £33 EPAs ] _| 0-28221=0. W, Z inclusive . 0.1188 + 0.0016
DO 80375 & 23 (S SLD AL R S, _| 0:23098 = 0.00026 ttinclusive | T .« 0.1177 £0.0034
éﬁg&m CDF 1.96 TeV 0.23221 + 0.00046 < decays 0.1178 + 0.0019
804335+ 9.4 — . — -
LHCo i pot9sTey [ e _| 028005 = 0.00040 QG bound states 0.1181 £ 0.0037
e 80354 + 32 ATLAS7TeV | 0.23080 = 0.00120 SO fite 0.1162 + 0.0020
f\'l'thA§ e 80366.5 + 15.9 ' | LHCb 748 TeV| 0.23142 = 0.00106 o*6 jats and shapes ° 0.1171 + 0.0031
ur.Phys. J.C 84 (2023) 130 CMS 8 TeV 0.23101+ 0.00053
CMS ; S S . - Electroweak fit | e 0.1208 £0.0028
- 60360.2 £ 9.9 . mam CMS13 TeV 0.23157 + 0.00031 ‘
arxX(v:2412,13872, subm. to Nature e ) ) . . x . Latilce .% 0.1184 + 0.0008
1 J | 1 1 | 0.229 0.23 0.233 024 02020 = cemeeccmeeeeaaa- ] - - 03775 00009
80300 80350 80400 80450 Worldaverage . _ _ _ _ ____ | _______ [ ___________= paggishpnpipayinggi
mw (MeV) ATLAS Zp_8 TeV 1 ﬂ} 1 0.1183 + 0.0009

The tension between LHC and CDF W

mass larger than 4o

Significant evidence of
measurement systematic bias!

0.12 0.125 0.13
a(m,)

Precision on par with lattice QCD
and world average!



LHC Measurements Highlights (ll)

Di-Higgs production and Higgs (trilinear) self-coupling! Both experiments have ~16 sensitivity to a signal (Obs. ATLAS
More channels and more performant analyses! 0.40 and CMS ~106) with Run 2!!
ICI:!VIS Preliminary : 138 fp“ (13 ITIe|V)
K =K =1 —o— Observed @ ----- Median expected _ o _
Ky =Koy =1 B 689% expected Naive comb. ATLAS-CMS sensitivity with Run 3 close 2.5 ¢
----- 95% expected _ _ . )
u - with improvements (and as much data as possible) aim at 3o
WW
ExpethcI 52 . } CMS-PAS-HIG-21-014
Observed: 97 a T T T T T T
B n = ATLAS + CMS projections ESPPU 2026
bb WW S _ i .
Expected: 18 CMS-PAS-HIG-21-005 Zl >0k vs =14TeV, 53, 3ab ! per experiment
Opserved: 14 ~ All other couplings fixed to SM
bb ZZ % | 68% CL k3 €[0.74, 1.29]
Expected: 40 Acc. by JHEP (2206.10657)
Observed: 32 15 |
Multileoton & B N —— Combination
Expected:p19 Acc. by JHEP (2206.10268) —— bbtt*T"
Observed: 21 a L bBVV
b yy & 107 —— bbbb
Expected: 5.5 JHEP 03 (2021) 257 ~ Multilepton
Observed: 8.4 B b E) Il
bb T * Acc. by PLB (2206.09401 5 E\ ——————————————————————————————————— Q_ :ﬁ/;—(‘\‘ "-
Cooont =2 P st AN
bb bb & N i S\ N Lt el L — i,
Expected: 4.2 ature 607 (2022) -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-------------------------------------------------------------------------------------------------- —] K3
Comb. of & N . _ o
Obsorved: 3.4 e o €0 Both experiments should reach ~5¢ sensitivity at HL-LHC
Lol ! Lol
100 1000 4299
9% L imiton ofpp = HEVom o, A combined measurements precision of k; of 5/
- 0



|A Improvements at the LHC

Flavour tagging progress with Deep Learning Techniques

Al in HEP reconstruction has a significant impact! New ideas also have to be concerned with

robustness and interpretability

Array of ML opportunities beyond
classification and regression, in simulation,
unfolding, anomaly detection, etc.

LOVES ML/AI

Year

- CMS Simulation Preliminary 13.6 TeV
70 | | | | | | | 120
- : : . . c —71 % % % | ¢ & % %5 % I 1 | ' :
= ATLAS Simulation Preliminary GN2 42500 S | fevents, pr > 20 GeV, [n] < 2.4, £=70% I
60 |- \/__ =13 TeV ] -:,—’100'_- C jet rejection l &
- ttjets, £, = 70% 12000 % L 0 udsg jet rejection 410 _
50 : g m [ Run 1 Run 2 Run 3 ] ]
5 , 1 5 80| I I Still more
S ank ' Run 3 reco 11500 -2 : = e i
@ 40F | 71500 % 119 : Improvements
ot i GN1 — = 60f- 8. .
= 3oL | : 2 -3 , expected in
D, O¥E : DL1d 1000 = 22 10 -
¥ ok DL1r | : = a0 B flavour tagging
- DLA1 | Z 1 j : |
i i 1500 ool X3.2 410’ teChnlqueS'
s I I : x1.0
[ N A _ i | M |
"7 2017 2018 2019 2020 2021 2022 2023 0=Csw CSWv2 DeepCSV Deepdet PNET — UPam 10



LHC Measurements Highlights (lll)

Yukawa Coupling to Charm at the LHC

Use of state-of-the-art ML techniques Particle Net uses
Dynamic Graph CNN

Refined analysis of Run 2 data with now Graph NN
charm tagging!

138 1o (13 TeV)
p— 4 5 I ] 1 | I I | | | | I | | L 1 1 I | '.‘L, - ‘AMes =L LU -
- " IATLAIS Prelin'llinary | | : § 1000 __CMS ;:::w E m:::a T
D 4 (s =13 TeV, 140 fb” - o [ Mergedet e Bl singletop -
o - VH, H— bb/ct - @ goo|— All categories [Jvvicthe) [ vZ(Z—co) _
<1 35 ~— Observed, 95% Cl: [-4.2, 4.2] = = - S/S+B)weighted  [vziz-bb) [ VH(H-bE)
= - - Expected, 95% Cl: [-4.1, 4.1] . 2 - 4 o B uncerainy
3 — " _ o 600 B -
- o - 3 - —— i
2.5 | Kc | < 4 . 2 95% CL | = S 400, [T -
- m -4 o i
2E95%. 0L Yo s s "!ij:._.*-_++ -
1 5E- = - - 51 ——=
o | B —
: - e —————
1 E_ _E 100 . B subtracted _
0.5 B8%. Gl N = 50 + -
B 7 O o T e ——
OT | ' ] | |_J,_| | L 1 B o . o S —+— . ‘ 7
-8 -6 -4 -2 0 2 4 6 3 060 80 100 120 140 160 180 200
. | Higgs boson candidate mass [GeV]
kKc < 8.5 in previous results Ke

Constraints on charm Yukawa 1.1 < k. < 5.5

CC. +5.4 _ +4.0 +3.6
HvHa = 1‘0—5.2 R 1'0—3.9 (Stat‘)—B.S (SySt‘) : Yields a precision on k. of ~40% per experiment at HL-LHC

Improvement by a factor of 2 w.r.t. previous result New perspective at the LHC!


https://arxiv.org/pdf/1902.08570.pdf

Improving Reconstruction Techniques

Jet substructure reconstruction improvements reconstructing Searches for diboson in two boosted jets signatures
a vector boson, a Higgs boson or a top quark.

R} 138 10" (13 Tew Di-boson full hadronic event
0 E CMS Preliminary e Data [71Bkg. Unc.
= 3000— DDB Pass []QCD [|W |
g 2 - ggF category [Z(qq) MZibd) " AT L AS
¢ > - it W Single t
| @ 2s00p . W Tkt EXPERIMENT
— ---ggF —VBF
2000
_ 1500(—
1000 —
W 500 —
7; }\\ ,, ",  ) . :
M & :
W L2 cF
N 2  1E
\ - =
Noom 0fF
J -
Q-1

120 140 1€0 180 200

mgp [GeV]

Search for intermediate mass resonance as
a single jet investigating its substructure Di boson candidate event in a fully hadronic search, each

(including b-tagging). jet has a mass compatible with a vector boson (W or 2).



Supersymmetry




Constraining Strong Natural SUSY

Stop searches (main channels)
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Constraining Strong Natural SUSY

Squarks and gluinos searches (main channels)

Vs=13TeV, 36.1-140 fb March 2023
;‘ B | | ~I | ~I0 | | | | | | | | | | | I | | | | | | I | . | . I | | I_
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Constraining EW Natural SUSY

July 2024 ATLAS Preliminary Vs=123 TeV, 36.1-140 Ib B All limits at 95% CL
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Searches for Charginos and Neutralinos (Examples)

Weak production Of Charglnos and ~ MU B S B _ CMS Phase-2 Simulation Preliminary 3 ab’ (14 TeV) 1
.t I' . d . 8 50 - === Expected limit l-.-ln'elp] - % pp — 720).(3 +pp — Zﬁ‘; Zo—) ZZ‘;' 'ii — VV"Z? !q o)
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Unconventional Signatures at Colliders

Another example of reconstruction improvements implemented ool Laver.2 ~
for a Run 3 search! GMSB scenarios with low mass gravitino —~—— \\\G
¢ Pixel Layer-1
f’,,éz‘ G Long lifetime due to the \
S small coupling to the low Pixel B-Layer
i ‘T’ G mass gravitino! =N\ \ Track — ~~
P .
IBL ~
7\
Improving reconstruction techniques e.g. ATLAS Large Radius / )

Tracking at Run 3 and reprocessed Run 2!
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https://arxiv.org/abs/2304.12867

When SUSY Comes Without MET

R-Parity violating SUSY

Resulting in topologies without LSP in
the final state and therefore no MET.

1 _
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RPV components of superpotential
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Stealth SUSY

R-Parity is preserved but “hidden” in the quasi degeneracy of
Singlet and Singling with a nearly massless gravitino LSP.
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Searches e.g. in di-photon event topologies.

Some signatures are
common to RPV andStealth
scenarios!
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Very Large Number of SUSY Searches

In large variety of topologies and models

. 1
[ |
* i {95% CLexdusion] : : i
ATLAS SUSY Searches* - 95% CL Lower Limits : ATLAS Preliminary HL/HE-LHC SUSY Searches Simulation Preliminary
July 2024 1 Vs=13TeV HE-LHC, |Lar = lst":&rihmmy {95% CLexdusion) Vs =14,27 TeV
Model Signature  [Lat (7] Mass limit ' Reference Mode! LU T Y Jots Mas s limit ' Section
L] L] Ll L] L] T T L] I - L] T T T A L - Ll - L L\ L Ll - Ll LJ Ll L
Gi. g’ Oe,u 2-6jets EMsS 140 1.85 1 m(¥))<400 GeV 2010.14293 2 2 raat! 0 djois 2.9 (2.2) TeV nif) =0 2.1.1
3 e monojet  1-3jets ER* 140 [g [8xDegen] 0.9 1 m@)m(E})=5 GeV 2102.10874 e . ’ [ <‘I']
S %, g_)qqx/(l) Oep 2.6 jets E;’iss 140 P 323 m(7)=0 GeV 2010.14293 BE, B—agy, 0 q)eis ] 5.2 {5.7] 1eV] n{y,)=0 211
P z Forbidden 1.15-1.95I m(¥})=1000 GeV 2010.14293 g . MuMDle ] 2.3 (2.5 Teui 213
B 2 goaaWE lew  26jets 140 |2 2 m(¥})<600 GeV 2101.01629 S BRI 0 uip . 3 1(2.5) nix})=0 2.
oz g—qa(tOX) ee, upt 2jets  EF™ 140 |2 l.2 m(:i(’)?)<7OOGeV 2204.13072 S i, Bk 0 Mulfplo 1 2.4 (2.6) ToV m{¥1}-500 GeV 2.1.2
D 33, 5oqqWZH) Oeu  7-1jets EMS 140 |z 1.97 m(¥}) <600 GeV 2008.06032 2
3 SSe,u 6 jets 140 |2 1.15 1 m(g)-m(X1)=200 GeV 2307.01094 NJHMZ, §—1 0 Nulfipla'2% 'y 5.5 (5.9) TeV 24.2
S g gt 0-1ep 3b  Ef™ 140 |z 1245 m(¥})<500 GeV 2211.08028 1
SSeu  Biets 140 |2 125 1 m(z)-m(¥1)=300 GeV 1909.08457 v 0 Mestipln 25 : 14(17) TaM] n(i’)=0 2122113
By Oeu 2b  EMS 140 | 1.255 1 m(E0)<400 GeV 2101.12527 TR MR Zh 0.6 (0.85 TeV . 2 1.2
’ by 0.68 1 10 GeV<Am(b; X1)<20 GeV 2101.12527 % I, =i 0 e 1 (0.85) Am{fy, Xy}~ m(f)
A 0 0 miss 7 : 0 3 o |
< byby, by—>bXy — bhX Oe,u 6b ET" 140 b Forbidden 0.23-1.35 I Am(®,1Y)=130 GeV, m(¥})=100 GeV 1908.03122 =2 3 e ¥ MutioeZh 3.16 (3.55) TeVl 24.2
% S R 1 27 2p  EPS 140 |5 0.13-0.85 y AmE@.E)=130 GV, m(T})=0GeV 2103.08189 T, St o X v ve : 1 (359
23 if b 0-1e >1ljet EMs 140 |7 1.25 m(td)=1 GeV 2004.14060, 2012.03799 P - p - i c0
S iy, 1 —X M J T 1 1 X1)=1Ge T R we . 1 jats 0.56 (0.84) TaV| ;
: § L. il—>Wb/\7(1) 1e,u 3jets/1 b E;nss 140 7 Forbidden 1.05 2 m(/ﬁ))=500 GeV 2012.03799, 2401.13430 . XX 0—Wyy FE Y 0- Pt ] ( ) .1[‘ I)=o 221
8, 5 fif, h—>F1by, T1516 121 2jets/1 b E;“fss 140 h Forbidden 1.4 ' m(7)=800 GeV 2108.07665 g é 5 |f':| va Wz Sep 0-1 jals 1 0.92 (1.15) TV ll[-\";):o 222
= .g i| f] ’ ;] —)C/?(]) / EZ‘, E—)o?? 0 e, 2c¢ . Ei‘gg 36.1 ? 0.85 m(/§0)=0 GeV 1805.01649 »e' e I
[Sele) Oe,u mono-jet  ES 140 f 0.55 1 m(7,,&)-m(X;)=5GeV 2102.10874 2 § f;,i’; via Wi, Wi fuisb le.u 2.3 jats/Zh ' 1 NR (1 28) TaV .-,(\".')_o 223
ea =0 =0 =0 _ _ miss > X 1 )= 2006.05880
i, h _)IXZ:XZ_)Z/MI 1 23,/1 1-4b ETA 140 t 0.067-1.18 m(X,)=500 GeV Qe -, =) pa ol ars Gl - ~ el
hih, hoti +Z 3eu 15 EM 140 |& Forbidden 0.86 B m(@)=360GeV, m()-m(¥})= 40 GeV 2006.05880 XX—=We Wen cep o : DS TeV mi¥ =150, 25C GeV 224
ot . ) i e — [] =0 N
P viawz Multiple ¢/jets Emiss 140 | Xi%) 0.96 m(¥1)=0, wino-bino 2106.01676, 2108.07586 sepll el o) ol ca 50 s . 13 =)y
172 ee, > 1 jet Eﬁ“ss 140 |t 0.205 ] m@@?)-m(Z3)=5 GeV, wino-bino 1911.12606 E YiXa+ 00 G780 Y= W ce.u ®l 1 0.25(0.36] TeV| m¥ =15 GaV 2251
XiX| viaww 2e,u EP™ 140 | H 0.42 1 m(¥?)=0, wino-bino 1908.08215 g X+ 04 =t i —wi| 2epu T ,ﬁ /,t; : 0.42 (0.55) TaV mif| =15 GavV 2.25.1
X1 X3 via Wh Multiple ¢/jets EMiss 440 | ¥{/ky  Forbidden 1.06 ] m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586 =
172 ~ r. 102 - - ~0 “led ~a- casl o 0.21 {0.25) TV AU >
o XX vialZ, /v 2e,u EP™ 140 | X} 1.0 ] m(Z,7)=0.5(m(¥)+m(X})) 1908.08215 X XA OALAN p =t ] 21 {0.33) Te Ami:, X )=5GeV 2252
=8 oo 2r s a0 |ERGOI0Es 05 . mit)-0 2402.00603 . 1
WS 7 rig, I—et 2epu Ojets  EPss 140 |7 0.7 m(¥})=0 1908.08215 i Peb et 3 W Ze, 0 ] 0.86 (1.08] 1aV] 24.2
] “LRLR ! ce >Tjet EMs 140 |7 0.26 ! m(@)-m(E)=10 GeV 1911.12606 § X:X4 via same-sga WW " .
U . ; - 1 =0 ~
HH, H-hG/ZG Oe,u >3b EP® 140 | & 0.94 BR({} — hG)=1 2401.14922 -u - U .
! 4ep 0 jets ngss 140 | & 0.55 1 BR(Y! — ZG)-1 2103.11684 fiptie 1o 21 ! 0.53{0.73) TeV niii=0 231
Oeu >2large jets EF™° 140 i 0.45-0.93 1 BR(Y; — ZG)=1 2108.07586 - R 1 0 I
2eu  22jets EMS 140 | @1 0.77 . BRI — ZG)=BR(¥ — hG)=0.5 2204.13072 g n 2r, 7 ' 0.47 (0.65) TeV| n({;)=0 m(?)=m(ig) 232
: 74 2r, (e, 1) - 1 0.81 (1.15) TeV| n(#)=0 m(#)=m(is) 2.34
Direct ¥} %7 prod., long-lived ¥} Disapp. ttk  1jet  Eps 140 | %} 0.66 1 Pure Wino 2201.02472 .
'8 X 0.21 1 Pure higgsino 2201.02472 P - - ) ~a
2 8 stable z R-hadron pixel dE/dx EMs 140 |z 2.08 2205.06013 A VAT, XA, long-ivec X Cigy- Uh . . 0.5 (1.1) TeV Wino-ike £ 4.1.1
c',,% Metastable g R-hadron, g—>qq,\7? pixel dE/dx E?‘fs 140 g [7(® =10ns] g2 m(¥%)=100 GeV 2205.06013 X, .-’;'.'v-f'. longdivec ¥ Cisapg. tk. 1 jet 1 0.6 (0.75) TeM| Higgeino-like f’,‘ 4.1
S 8 &6 Displ. lep EPs 140 | &Q 0.74 1 w(?)=0.1ns ATLAS-CONF-2024-011 1
3 _ 7 0.36 () =0.1ns ATLAS-CONF-2024-011 iszoc. k. 1i 0.88 (0.9) Te\/ °
pixel dE/dx EMs 140 |7 0.36 1 (D) =10ns 2205.06013 MSSM, Blzctrowesk DM Cisape. 1 e : (0.9) Winodka CM 4.1.3
| MEEM, El>ctrowodk DM Cizapr. té. 1jst 2.0 (2.1) TeV Wino ke CM 4.1.2
° .
teor 0 - - [ |
T WS ze—eet Se,u _ 140 ] Pure Wino 2011.10543 2 ) ) o )
YiXT RS — wwjzeeeeyy dep  Ojets  EPS 140 1 m(¥})=200 GeV 2103.11684 %15_ MSSM, Elzctrowesk DM Ciszpr. 1k he 1 0.28 (0.3) Te| Higgsinodika CM 4.3
o 20 20 i Large A, 2401.16333 H
22, 2—qq¥1, X1 = qqq >8 jets 140 -34 ge A 8 MussMm CisepE. 1K. 1)a 1 0.55 (0.6) TeV Hig3sho K2 CM a..3
S T it B S abs Multiple 36.1 :2 m(¥7)=200 GeV, bino-like ATLAS-CONF-2018-003 9a M  Eldowesk DM oF ! ] . 93
Q7 iobVl, KT — bbs > 4b 140 Forbidden m(¥)=500 GeV 2010.01015 ~ ) o0 M . a0 .
S , v H-hadr ultiple g =01-3 1 Aal miY, =100 GeV 4.2.1
& ih fobs 2jets +2b 36.7 1 1710.07171 & H-adron, "_‘W‘_' 0 l‘ L o : A ey Wil
nf, i—ql 2eu 2b 140 0.4-1.85 1 BR(7, —be/bu)>20% 2406.18367 # R-hadron. F—qql, 0 Mulfple 2.8 Te\ 4.2.1
1p DV 136 1.6 ] BR(f; —qu)=100%, cosf,=1 2003.11956 1
X 1SR, 0, —tbs, X1 —bbs 1-2e,u  26jets 140 | X 0.2-0.32 1 Pure higgsino 2106.09609 GMSB i—uG displ u - 1 DZ TeV cr =1000 mm 4.22
: 1
[ |
Only a selection of the available mass limi 10-1 ' — . —_ e arXiv:1812.07831
*Only a selection of the available mass limits on new states or - Mass scale [TeV
phenomena is shown. Many of the limits are based on 1 [TeV] IMass scale [TeV]
simplified models, c.f. refs. for the assumptions made. 1 1
[ |

2 TeV 3 TeV

Example from ATLAS (similar for CMS) :'2'3'1' '52?8;'?



Very Large Number of SUSY Searches

In large variety of topologies and models

2 1
* . {95% CLexdusion) : H i
ATLAS SUSY Searches* - 95% CL Lower Limits : ATLAS Preliminary HL/HE-LHC SUSY Searches Simulation Preliminary
July 2024 ' Vs =13TeV HE-LHC, Lt = lst":&rihomy {95% CLexdusian) Ji=14,27TeV
Model Signature  [£dr (7] Mass limit ' Reference Mode! aUTY Jots Mas s limit Section
L 1
L] L] Ll L] L] T T L] I - L] T T T Ll A L L - Ll - L\ L\ L L - Ll LJ Ll L
Go. Gk Oe,u 2-6jets EMS 140 1.85 1 m(¥})<400 GeV 2010.14293 2 2 rqat? 0 Ajols 2.9 (2.2) ToV n(f))=0 2.1.1
3 h e mono-jet  1-3 jets Eﬁ“ss 140 § [8x Degen.] 0.9 1 m@)—mlo??):s GeV 210210874 e .I. l ( "I'] 1
R den  26is B 10 |3 o miE)-ocey 201014203 i, =g\, 0 aets 1 5.2 (5.7] 18V n{¥})=0 2.1.1
S z Forbidden 1.15-1.95I m(¥1)=1000 GeV 2010.14293 g L p Multole ] 2.3 (2.5) TeV 0 213
B a5 aoggWil teu  26jets 140 |z i.z m(})<600 GeV 2101.01629 S HE v w 1 e n{h)=0 o
O 37 3-qaOY) ee, up 2jets  EP™ 140 |2 -2 m(¥})<700 GeV 2204.13072 O 21, B—vicki 0 Mulfple ] 2.4 (2.6) TeV m{¥1}-500 GeV 2.1.3
B 3 5oqqWZt Qe 7Aljets EPS 140 |2 1.97" m(¥}) <600 GeV 2008.06032 .
2 SSe,u 6 jets A 140 |z 1.15 1 m(z)-m(¥})=200 GeV 2307.01094 ALILMS G o . 5.5 (5.9) TeV 24.2
S g5 5ot 0-1e,p 3b  EP™ 140 |2
biby Oe,u 2b Emiss 140 gl 1 0.6 (0.85) TeV Am{iy, X} )}~ mif) 2.2
1
95 bbb —b¥> — bh¥) Oeu 6b  EP® 140 | B, Forbidden - = - ' ! 3.16 (3.65) TeV 24.2
+ S R L [ oom 10r viscoveries. :
S3 ;. - ~0 01e > 1jet [Emiss 140 i | | -0
o i, h—-tX S H J T 1 0.56 (0.84) TeV| n{y, =0 2.21
: § i, > WhEs Tew  Bjetsib EFS 140 |7 1 (0.84) ()
o} fify, 1—>t1bv, 111G 127 2jets/1 b EF™ 140 | & 1 0.92 (1.15) TeV| nii)=0 222
S5 A i)
s L jf, o)/ e, eoet) Oe,u 2¢ Eafss 36.1 ¢ . ‘
oS Oe,u mono-jet Ef 140 |7 . . . ' 1 NA (1 28) Ta\l n{f})-0 223
-~~~ =0 =0 =0 miss oy
e e Be e [h Discover otential of gluinos up to O(2-3 Te 2
Do, iy + Z 3e.pu 15 EM 140 |5 : DS TeV mi¥ }=150, 25C GeV 224
P viawz Multiple ¢/jets EMs 140 | ¥EED =)y _
X, via o o 1jet Eﬁﬂss to | R 0.205 ] 0.25 {0.36) TeV| m(¥,)=15GaV 2251
XiX| viaww 2e,p Eps 40 | R : 0.42 (0.55) TeV| mif| =15 GavV 2.25.1
TR0 via wh Multiple ¢/jets EMiss 440 | ¥{/ky  Forbidden ] ] - o
g i ZE Discovery potential of stops up to O(1.5 Te | omemT]  sedtiiow e
S § i 27 EP' 140 . :
w -.‘g T rlLR, I~ Y 2e,u 0 jets EE!SS 140 I 1 0.86 (1.08] 1aV] 24.2
ee, up >1jet EP™ 140 :
18, H—hG/ZG Qen 23 i I 0.53 (0.73) TeV nif|)=0 2.3
’ H E)iss =
Oe,u > 2large jets E 140 i " " | o R
SR Discovery potential of EW SUSY up to O(1 Te L omum  miamoets 254
| 1 0.81 (1.15] TeV| n(7})=0 m(?)=mig) 2.34
Direct ¥1X] prod., long-lived X7 Disapp. tk  1jet  EP™ 140 |X} 021 1
b5 ! v
.§ 8 Stable g R-hadron pixel dE/dx Eps 140 | g ' 0.8 (1) TV i, At
&E  Metastable  Rhadron, gt} pixel dE/dx Ers a0 | (@ =10ns] ' 0.6{0.75) TeV/ Hiagsino-iike {1 4.1.1
S s 77, 1—G Displ. lep EMss 140 | &k 0)=0. ATLAS-CONF-2024-011 1
i ) 7 7(f)=0.1ns ATLAS-CONF-2024-011 . ; ik 1i (.88 (0.9) TeV! 5
pixel dE/dx Evs a0 |z I «(t) = 10ns 2205.06013 SIS, ESMSR Ciszpr. th e ' .8 FpRm RS 4.3
1 o MESEM, Eloctrowock DM Cisspg. ti. 1jet 1 2.0 (2.1) TV Wino ks CM 4.1.3
kT o0 o~k X 1
T WS ze—eet Seu _ 140 1 Pure Wino 2011.10543 e8 ) ) o )
/ﬁ/\’f//\?(z) — WW/Zeettvy depn 0 jets E?lss 140 1 m(/g(l’)=200 GeV 2103.11684 %E MSSM. Elactrowazk DM Etsﬂ. 1. ‘]a _ 1 0.28 [(‘.3] TeV Hg;sm&e CM 4.°.3
=0 =0 ; " -
28, 8—qqX1, X1 — qqq >8 jets 140 .34 Large 47}, 2401.16333 c 9 . Cis 1% 11a 1 0.55 (0.6 TeVi H noaKa OM 4.3
S T it B S abs Multiple 36.1 :2 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003 B MSSM, Elcrowek DM ¥ ! E—— I (0.6 99
Q7 iobVl, KT — bbs > 4b 140 Forbidden m(¥7)=500 GeV 2010.01015 - . o Multiple =01-3 I 341 mig’ =1 . 4.2.1
x fify, [ —bs 2jets+2b 36.7 1 1710.07171 £ R-hadron, K_"-I‘I‘-l 0 u i [ng =0 ns] - 34 lev 10} |=100 GeV —
fif1, i—qt 2e,u 2b 140 0.4-1.85 1 BR(7; —be/bu)>20% 2406.18367 # R-hadron. F—ggl, 0 Mulfple 28 TaV 4.2
1u DV 136 1.6 ] BR(7; —qp)=100%, cosf,=1 2003.11956 1
f?/ig/i?:f?;—*tbs, X1 —obbs 1-2e,pu >6 jets 140 )?(1' 0.2-0.32 1 Pure higgsino 2106.09609 GMSB i—uG displ u - ] D2 TeV cr =1000 mm 4.22
: :
: —_— A — S arXiv:1812.07831
*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 1 IMass scale [TeV]
simplified models, c.f. refs. for the assumptions made. 1 1
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Example from ATLAS (similar for CMS) :'2'3'1' ;2?8;'?



Prjections at a Future Hadron Collider

All Colliders: Top squark projections

f \

- - Eurcpean Strategy,
(R-parity conserving SUSY, prompt searches) . . paa
Model [L£ drab™"] A& [TeV] Mass limit (95I% CL exclusion) : Candlitions
o Bl 3 12 - ' ' ' : 1.7 TeV m{F)-0
§ hi,h k%3 cody 3 12 : 0.85 TeV am(T:, #1)~ mit)
* fE. f—ed body 3 14 : 095 TeV Am(r'l.'i’?,l" 5 GeV. monajet ()
o Ak N e S [ 27 : 3.65 TeV m{F)=0
= N 1

i’ WG oudlidbooy 1527 g BTV Ami7,, Y11~ mig ()
hi. f—edia-pody 15 27 : 20TeV | Amif, )~ 5 GeV. monajet {*)
. i 15 a7s : 4.6 TeV mFi-0 ()
:_‘3 L7 T, wili3-booy 15 37.5 : 4.1 TaV mi&) upto 3.5 TeV (*)
EI fi.f—etM-body 15 375 : 22TaV | Aamiiy. ¥))- 5 GeV. monojel (™)
: A B 25 15 : : 0.75 TeV m{#)-0
g ff. - i 25 15 : : 075 TeV Amii, £y~ mit)
°© B 6y 2BV 17 2.5 1.5 : : (075 - 1) TeV Am(i;, ©1)~ 50 GeV
g i fi— k™ ] 5 3.0 : 1.5 TaV m{¥ -850 GeV
g fif =i [ 5 3.0 : 15TV Ami7,, ¥y~ mit)
LE 6 2BV [0y 5 3.0 : (1.5 TeV Amli;, £1)~ 50 GeV
£ AL i 30 100 10.8 TeV mF)=0
g LT uii3-body 30 10D 10.0 TaV mi{t}) up to 4 TeV
fif, i—cli-oody 30 10D Lt s0Tav | Amii, #7)- 5 GeV, monajet (°)

10

(*) indicates projection of existing experimental searches
() extrapaolated fram FCC-hh prospects

¢ indicates a possible nan-evaluaied loss in sensilivity

CLIC - LHC

Mass:scale [TeV]

ILC 500: discovery Iri all scenarlos up to kinematic limit +/s/2

10 TeV

HL-LHC

HE-LHC

FCC-hh

LE-FCC

Hadron Colliders: gluino projections

{ \

(R-parity conserving SUSY, prompt searches) : TP o0y
Model JL£diMab™] V5 [TeV] Mass Iimi} (95‘?6 CL' exc:usio'n) ' ' ' Conditions
& B oat 3 14 : 3.2 TeV m(E’1=0
3B, B—aits 3 14 : 1.5 TeV mig) - m(¥y)-10 GaV
2k, gl 3 14 : 25TeV mi’1=0
AP, p—tink) 3 14 E 2.6 ToV miE] =500 GaV
82, B—+ait’s 15 27 . 5.7 TeV m(#’)=0
3% Fradts 15 27 : 26 ToV m(3) ~ miE])-10 GeV
1
NUHMZ, 3 ot 15 27 : 5.9 TeV m{F’ -0
38 Ba3%: 30 100 17.0 TeV miE?’)=0
28, 8—a7 30 100 : 7.5 TeV mig) -~ m{E|}+10 GeV {*)
1
2k, B il 30 100 . 1.0 TeV mi’1=0
3B B et 15 37.5 : 7.4 TaV mix")=0 {**)
3 g_.qq,x".' 15 375 E 3.6 TeV mig) ~ m(f{mo GeV ™)
3}, psiik) 15 375 ! . L, 76TV -0 1)
["): extrapolaled Irom HL- or HE-LHC studies 10 : Mass scale [TeV]
(**): extrapolated from FCC-hh prospects ]
1

15 TeV

To go above the 10 TeV scale SUSY will require a future hadron collider (100 TeV)
or a 10 TeV Parton COM energy machine.
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Reaching SUSY from its extended Higgs sector

The MSSM Higgs sector at tree level is governed by

only two parameters (mA and tan /).
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hMSSM, 95% CL limits
Run 2, Vs =13 TeV

— Observed
--- Expected

ATLAS Preliminary -

1000

m, [GeV]

[ gg/bb H/A, HA — T
139 fb™
Phys. Rev. Lett. 125 (2020) 051801
[ tb)H', H — 1v,36.1 b
JHEP 09 (2018) 139
[ b(b) H/A, H/A — bb
27.8 fb”
Phys. Rev. D 102 (2020) 032004
[ H - ZZ - 4livy, 139 fb’!
Eur. Phys. J. C 81 (2021) 332
[ ] A—>2Zh h—bb, 139 fb"
JHEP 06 (2023) 016
t(o) H', H - tb, 139 fb™!
JHEP 06 (2021) 145
0 H— WW — Iviv, 139 fbo”
ATLAS-CONF-2022-066

I H — hh — 4b/bbyy/bbtr

126 - 139 fo
arXiv:2311.15956

=== h couplings [k, &, k4]
36.1-139 fb™
arXiv:2402.05742

[ ttH/A, H/A — tt, 139 fb
ATLAS-CONF-2024-002

[ gg H/A, H/A — tt, 140 fb
arxiv:2404.18986

2000

hMSSM: trade the value Mh = 125 GeV against the radiative corrections where
the Higgs mass is used as proxy for the leading stop sector corrections.

[Maiani, Polosa, Djouadi et al. link]

SUSY could modify the couplings of the Higgs
From the combination of all Higgs coupling measurements
channels presented, mostly from constraints on up versus
down Yukawa and coupling to vector bosons.

Direct searches for additional Higgs bosons
(neutral and charged) have been performed:

- Neutral heavy Higgs to tau tau
- Charged Higgs to tau neutrino
- Heavy neutral Higgs to ZZ

- Charged Higgs to tb

- Heavy neutral Higgs to ZH

- Heavy Higgs boson to HH


https://arxiv.org/pdf/1307.5205

Search for a Top Quark Pair “Resonance”

Search in three main channels di-lepton and single
lepton channels!

g% t gm/t
T

CMS preliminary 7] 138 fb~1, Run 2 (13 TeV)
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Intricate search:

- |
= { |
- look at peak-dip structure in the top pair mass spectrum :% } \ H ‘ * ’ o } } i
- Angular variable to distinguish spin-0 as well as scalar [ 1.0H . Sy AL A e A —
o 0 . |
pseudo-scalar nature. o ’ ‘ .
o
o I L . . . . N
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@ pmana o, Totl _ nalcevi Mg (GeV)
: Interesting feature appears at threshold (challenging for reconstruction)
: The behaviour of the feature w.r.t. angular distributions is strikingly in
ol | agreement with the production of a toponium state (also in rate).
0.000 ";’,_‘,,.,.;IH ] — — By
oozl /V E A similar, less detailed (in angular distributions) analysis in ATLAS does not
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Top Entanglement Measured

In top pair production at the LHC, top
quarks are not produced polarised,
however a spin correlation exists.

From the measurement of the spin density

matrice we can probe whether this

correlation is of quantum nature or not!

Initially measured near threshold where it is

I/l POIWHEGVZ +'HE.R\’\'IG+++r,'t ! He

W/W MG5_aMC@NLO(PxIx) + PYTHIAS + 7, / !
/' POWHEGv2 + PYTHIAS —n, / 3,

[/ MC SiaL

/I/ MC Stat. @ Syst.

— Entanglement ooundary
K+  Data extr. with PH+P8

CMS 36.3fb (13 TeV)

mitt) < 400 GeV
3,(tt) < 0.9

easier! CMS went beyond with:

v Data extr. with PH+P8+1),

At threshold the gg — 7 production is
dominated by the “singlet” spin
configuration, which is a pure,
superposed and maximally entangled
Bell state:

1
$(|H>—|H>)

- At production threshold in 1t — b Vbl v
events

- At high mw with 11 — bZvbqgq events,
(phase space dominated 90% by space-

-0.4915 28

-0.480-3%%

—t

o|qeledes

—

|

like events)

CMS Preliminary

138 fb (13 TeV)

¢ Data

— Powheg+P8
---- Powheg+H7
- MG5+P8

- MINNLO+P8

aT ll] l]]|llll]llll|ll

b

o f
TR
Q04 6.1(5.5)c 4.0(3.6)c
0.3 | Separable states |
m(tt) > 800 GeV m(tt) > 1000 GeV
lcos(8)l < 0.4 lcos(B)| < 0.4
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Interesting new observables in order
to be sensitive to new physics
scenarios, and further understand
top production.



Dark Matter




Generic Searches for Dark Matter

_LV ¥ ' ATLAS

- ' y ! f EXPERIMENT

Jet with pT of 1707 GeV.
The ETmiss of 1735
GeV is shown as the
: white dashed line. No
Run: 302393 additional jets with pT

Event: 738941529 above 30 GeV is found.
2016-06-20 07:26:47 CEST




Generic Searches for Dark Matter

At the LHC an EFT approach is limited to very heavy mediator masses, above O(few TeV)

: 0 : ! e X DM EFT valid in the
Med % Rd Heavy Mediator limit:
) \ gpMmY
~ X q2 < Mpgeq ~ N2 !
q . A \ X q N N X >k
i9D19, 1
q2 - M]%4ed ME

Simplified model approach: Overall assumption Dark matter part. is a Dirac fermion and s-channel production
of DM particles.

Model parameters:

- Couplings gom gq
- Masses of DM and the mediator
- Nature of mediator

DM Forum benchmarks (LHC Exp. & TH) link


http://arxiv.org/pdf/1507.00966.pdf

Generic Searches for Dark Matter

A wealth searches for DM at the LHC: L - S fb~", 2016-2018 (13 TeV)
- Mono-jet, mono-V (leptonic and hadronic), R CMS Background only fit -

_ _ ~ 104_ B Z+jet E
Mono-Higgs (various modes), Mono-photon, 2 | = W et f
Mono-top 2 10°) ) Other .

- VBF-like signatures ol .-
- Associated production-like signatures
- Invisible Higgs searches 10°E
100;
In all these channels, the background 10-' — H(inv), BR = 25%
control as well as the resolution on the N ieiinlan S
measurement of the MET are key! »
gl T T T
fE‘IOO;F01HPO‘ﬂr4h‘:&:t:!:l:j:][:tijiz;::I: ? +’ +} ~
4] E i
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Generic Searches for Dark Matter

A wealth searches for DM at the LHC:

- Mono-jet, mono-V (leptonic and hadronic),
Mono-Higgs (various modes), Mono-photon,
Mono-top

- VBF-like signatures

- Associated production-like signatures

- Invisible Higgs searches

In all these channels, the background
control as well as the resolution on the
measurement of the MET are key!

Example interpretation in Axial Vector Mediator

—ZL (epm XY ¥5X +gf'Zf'qu75f)

Interesting scenario limits impact of collider searches as the

iInteraction in the non-relativistic limit is purely spin-dependent.

>
&
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Generic Searches for Dark Matter

A wealth searches for DM at the LHC:

- Mono-jet, mono-V (leptonic and hadronic),
Mono-Higgs (various modes), Mono-photon,

Mono-top
- VBF-like signatures
- Associated production-like signatures oy AL R ALY B AL
- Invisible Higgs searches N e )
1 ,;_ : — 95% CL upper limits
— - Moy =Mz/ 3,9, =1.0
In all these channels, the background » 1 = ovenes
control as well as the resolution on the - - honmabasla dansky {0, 1#3.0.12)
IR AAL Akl TN £ X A o ¥ LN TR 46 A Wy SR ARN o NN SN At \) I,/ m,.<~10%
measurement of the MET are key! Soosd Dt 3501370
_______ Boosted Dijet, 77.0 b (13 TeV)
107 = ot (57e)
Example interpretation in Axial Vector Mediator - 1 el e
- e s e
JHEP 11 (2021) 153 *
/ — e B n I,/ m, <~50%
—Zu (gDM x’}}t },Sx —l—gf. Zf. f’yll ’}/Sf) — p— ?3;;:)2;7(;%'28%;:V)
I,/ m, <~100%
Interesting scenario limits impact of collider searches as the 1072 Lot L] A L Dt anguir, 359 ' (13T
interaction in the non-relativistic limit is purely spin-dependent. 710 20 100 200 10002000

m,. [GeV]



Generic Searches for Dark Matter

A wealth searches for DM at the LHC:

- Mono-jet, mono-V (leptonic and hadronic),
Mono-Higgs (various modes), Mono-photon,
Mono-top

- VBF-like signatures CMS

- Associated production-like signatures &E T -] S S N I S LIS B S L
- Invisible Higgs searches = 10
8 107
§ 10°°% ’ A
In all these channels, the background Fg,_? (g% = LR,

control as well as the resolution on the 0% F=—" h — B
—41 ______ b-tagged dijet (19.7 fb
measurement of the MET are key! EN o e e o e
1074 s
TR s eyt
Example interpretation in Axial Vector Mediator 10744 G55 e s e s

DD observed exclusion 90% CL

10°%
_____ CRESST-ll
Phys. Rev. D 100 (2019) 102002

~Z, (eom XV 15X + 8, Lp FY 1) o — EE e

47 Phys. Rev. Lett. 130 (2023) 021802
10 XENONNT

Phys. Rev. Lell. 131 (2023) 041003
Interesting scenario limits impact of collider searches as the 10748 IS S S S S Y BN M S W AT

%’Eys. Rev. Lett. 131 {2023) 041002
. . g f i . 1 10 10° 10°
interaction in the non-relativistic limit is purely spin-dependent. Dark matter mass m,, [GeV]




Generic Searches for Dark Matter

36

Scalar and Pseudo-Scalar scenarios more favourable and complementary to direct and indirect searches for DM!

. _ .0 _
Pseudo-scalar  —i9DMEX X ~ 90 /5 > yedvsq

qg=u,d,s.c,b,1l

Scalar ¢(gpmIX —8&rLsysff/V2)

For a pseudo-scalar mediator, the DD rate is suppressed it is not worth to compare w/
LHC results. Instead, can be compared against the limits from ID experiments in
terms of annihilation XS.

o 1077 Al ] — ] ~——CRESST Il -20 — Fermi (bb onl
& i arXiv.1304,00498 1 0 : & ! J 834,201-y) 2 10
O, 10—39 1 4 XENON1T 21 | stroprys. J. 4 7)o 2,
< PAL 121 i201€) 111202 C') 1 O- E HESS (bb anly, proj.)
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L Mme R o s 10 == CTA GC (bb only, proj.)
3 4o = gfgﬁlggg& — 23 arXiv:1605.06128 B
& CRESST Il — ~ 10 ~ Fermi+LSST (bb only, proj.)
= 1 0-42 i PAL 116 (2017) 021303 B -24 arXiv:1902.01055
o) Si = Argo-3000 (pro).) o 1 O ..+ 4 TTHL-LHC, 14 TeV, 3 ab'
107 | ., DarkSide-50 DacSidn Ary FPPS.) submissicn o5 . T HLHE LHC Report: arkiv:i02.10229
y J — %ﬁﬁ':f?o (proi.) 10 . AL == HE-LHC, 27 TeV, 15 ab”
10 V) 3'ab’ ndaX LR —HL-LHC. 14 TeV, 3ab™ 1 0'26 “.“.“ﬂ'“',,w"-/ ............ aamann® Beus s HLUHE-LHC Report. arXiv.902.10229
10" 45 \ P MLME-LHC Regart: arXiv:1902.10223 CTA GC (projection) 1 =—FCC-hh, 100 TeV, 100 ab
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3 10 10° 10° European Strategy 10 10 10 10 European Strategy
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Nice Collider, DD and ID complementarity. Essential to understand nature of DM if discovered!



The Higgs portal and Invisible Higgs Decays

Searches for invisible decays of the Higgs boson in several channels!

To be precise: upper limit on the H—invisible
branching of 0.107 (0.077) at the 95% CL

0.2
0.1

i

In the SM the H—invisible branching of 0.1%
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95% CL upper limiton B, ..,

The Higgs portal and Invisible Higgs Decays

Searches for invisible decays of the Higgs boson in several channels!

To be precise: upper limit on the H—invisible
branching of 0.107 (0.077) at the 95% CL

1E | | | | | |
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In the SM the H—invisible branching of 0.1%
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Should reach 2% level at HL-LHC!



95% CL upper limiton B, ..,

The Higgs portal and Invisible Higgs Decays

Searches for invisible decays of the Higgs boson in several channels!

To be precise: upper limit on the H—invisible
branching of 0.107 (0.077) at the 95% CL

1E | | | | | |
0.9F ATLAS — Observed
08 2 Vs=7TeV,4.7f6"  ..... Expected
T E Vs =8TeV, 20.3 fiy [+
0.7 Vs =13TeV, 139 fi5’ + 26
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In the SM the H—invisible branching of 0.1%

g, (x-nucleon) [cm?]
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Should reach 0.3% level at FCC-ee and 0.02% with FCC-hh!



Searches Bellow the EW Scale
Into Dark Sectors

Portals are new dark-sector states (vector, scalar, pseudo-scalar and fermion) with the
lowest dimension operators that mix with gauge-invariant combinations of SM fields.




Scouting, Parking and Trigger Improvements

CMS 37 fb~' (13 TeV)
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https://arxiv.org/abs/2403.16134

The Dark Photon Portal

Searches for new light vector particles (Dark Photons) which
mixes with the hypercharge field.

Also used in search for 2cos GW

pseudo scalar case.
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Scalar and HNL Portals

43

Searches for new neutral fermions (Heavy Neutral Leptons or
Sterile Neutrinos) which mix with left handed SM fermions.

(1S + AysS*)H'H yvLHN

The scalar portal
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LHC covering higher mass range - FCC-ee high statistics
covers lower masses.



A Spectacular Heavy lon Event

ATLAS

EXPERIMENT

Run: 366994
Event: 4537656063

2018-11-26 18:32:

| |

03 CEST

Observation of Light-by-light scattering (Central
Exclusive Production)
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Axion Like Particles

45

Searches for a light pseudo-scalar particle (Axion or Axion a ~UV g ~Uv dya_
like particle) through Dimension-5 operators FNVF > Ja iaIJVGi > f, ll/yu);w
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A Sleuth of Searches in Unconventional Signatures

Many extensions of the Standard Model predict new particles that are long lived heavy
(neutral and charged) and can decay after several cm or even meters.
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lepton pairs
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kinked tracks
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(converted) photons
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ATLAS Long-lived Particle Searches” - 95% CL Exclusion
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Sample for ATLAS (same for CMS)

Difficult signatures requiring specific complex reconstruction and trigger!



“Conventional” Searches at

the Energy Frontier




Panorama of Searches for Conventional Signatures

Searches for Vector Like Fermions

Simple additional chiral fermions are essentially ruled out by
Higgs data.

Fermions that are not Chiral

- The L and R components transform the same way under SM
symmetries.

- Interact with SM through mixing with SM quarks.

- Present in models where the Higgs is a pseudo Goldstone
boson (e.g. in Composite Higgs and little Higgs models).

- Present in Warped Extra dimension models.

Large variety of possible states and complex channels

- Heavy quark partners with charges -1/3, 2/3, 4/3 and 5/8.

- Complex channels looking for T(2/3), B(1/3): Ht+X, Wt+X,
Wb+X, Zb+X, Zt+X (Performed at Run 2) so far and T(5/3)
4tops final state.

And still many more !!

Searches for W’and 2’

High mass states motivated in many theories e.g. Grand
Unified and additional gauge symmetries.

- electrons, muons, taus, jets, b-jets and tops.

- di-bosons including vector bosons and Higgs bosons

Searches for high mass states of spin 0 and 2

Motivated in Randall Sundrum models (Graviton and radion)
Searches in various channels dijet, diphoton and di-leptons

Any many more

Quark compositness

Leptoquarks: predicted in grand unified theories and interest raised
by lepton flavor universality anomalies

Heavy neutrinos: produced in theories for neutrino masses (e.qg.
Seesaw)

High mass and high activity events: strong gravity (from extra
dimension theories), mini black holes, quantum black holes...
Searches for low mass states.



Searches for High Mass Resonances
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Transverse mass
(in lepton-MET search)
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LHC Measurements Highlights (1V)

ATLAS and CMS observe
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Very Large Number of Searches

(in large variety of topologies and models)
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Very Large Number of Searches

(in large variety of topologies and models)
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Very Large Number of Searches

(in large variety of topologies and models)
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Outlook and Conclusions




Still Room for Discoveries?

At HL-LHC still a factor of 10 (effectively 20) in luminosity

9 - Still nearly up to 2 TeV of Exploration (exclusion)!!
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system mass [TeV] for 13.00 TeV, 140.00 fb! Performance can be improved!

- New ideas and developments (e.g. ML techniques).

- Improving precision and ancillary measurement!



Conclusions

This was just a limited overview focussing on searches, the LHC physics program is extremely rich and

The LHC has surpassed its initial design luminosity and in all areas of its program has delivered way more
than the original expectations!

Now is a pivotal moment for the future of High Energy Collider Physics, all invited to come to Venice
in June at the open symposium to decide on the next flagship project at CERN!

¢ OPEN SYMPOSIUM A
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Open Symposium on the European Strategy for Particle Physicé ‘







High energy phenomena with taus and b’s
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Probing (g-2) and flavour Anomalies at High energy

Eur. Phys. J. C 80 (2020) 123
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Muon (g-2) anomaly motivates searches for smuons
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Searching with Precision and High energy Phenomena

Measurement of SM processes in the high energy domain
Higher energy phenomena

Effective field theory and Higgs couplings at low energies (e.g. VV scattering)
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LHC Machine Towards Major LS3 Upgrades

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC CERN site

Front page of the
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LS3 installation
fully on track!

Nb3Sn series magnets manufactured at
Fermilab arrived at CERN! See CERN News.

FOCUSING MAGNETS

12 mora powerful quadrupole magnets &

for the ATLAS and CMS experiments,
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SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and Nevs crystal collimators in the
temperature superconductor ¢ carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency dunng
powering systems installed in the new service machine protection, operation with ion beams.

tunnels near ATLAS and CMS.


https://home.cern/science/accelerators/high-luminosity-lhc/technologies
https://home.web.cern.ch/news/news/accelerators/hi-lumi-news-first-magnet-us-accelerator-upgrade-project-shipped-cern

ATLAS Towards Major LS3 Upgrades

A new ATLAS for the high-luminosity era Feature link

18 January 2023 | By Stetan Guincon. Christian Onm, Caterina Vernieri
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Globdll igder prototype

i

improved muon coverage new and upgraded forward

and luminosity detectors ,
trigger and DAQ

increased readout rates

LArALFEV2

| A4S
> Thiy '
A o Al
"y ’
T .
-—

ITk — the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)



https://atlas.cern/Updates/Feature/High-Luminosity-ATLAS

ATLAS Towards Major LS3 Upgrades

6 APXF [VU13P) 6x APdA (VUSP)
5 » ! F

ACCELERATORS | FEATURE -
| ’ h CERN Courier
CMS prepares for Phase Il article link
9 January 2023
: * Replace FE/BE electronics ‘ A - . & ) o " e B | L

Trigger/HLT/DAQ Py opm‘:ﬁg temp. (8 °C) , %z -' | " Module assem@’w &
 Track information in L1-Trigger ' — H b= : ' : ' < ".-*F‘
¢ L1-Trigger: 12.5 ms latency — output 750 kHz '
¢ HLT ougput 7.5 kHz Muon Systems

» Replace DT & CSC FE/BE Electronics

» Complete RPC coverage in ragion 1.5<h<2.4
New 'Endcap e Mucn tagging 2.4<h<3
Calorimeters --
¢ Rad. tolerant - high granularity
¢ 3D capable
/ w3 R J
New Tracker W e -

* Rad. tolerant - high granularity -
significant less material

¢ 40 MHz selective readout (pT>Z GeV)
in Outer Tracker for L1 -Trigger

¢ Extended coverage to h=4

MIP Precision Timing Detector

¢ Barrel: Crystal +SiPM
¢ Endcap: Low Gain Avalanche Diades

From CLASSE (Cornell)



https://cerncourier.com/a/cms-prepares-for-phase-ii/
https://www.classe.cornell.edu/NewsAndEvents/CLASSENewsCMS180129Ryan.html

ete- Collider Projects - Linear

Project ILC CLIC FCC-ee CepC c3 CLIC
Compact Linear Collider
Location Kitakami - JP CERN CERN China TBD Japan - US? &
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
0.38, 1.5, 3 - -
COM energy 250 GeV Tev 90-365 GeV 90 -250 GeV | 250-550 GeV ,J ﬁJ ' «) ‘{ O Y
* ﬁﬂ(f <<<<<<<««<«§!(f<g¢/ A<<«§ﬁf< LR
] DETECTOR “)
Luml (1 034 Cm-28-1) 1 .35 1 _2 7 4 1 .3_2.4 electrons main acceleratar electrons\ /'/’pOSItI'OI:S posltro:r;ln accelerator
MAIN BEAMS
_ 0.5,1.5,3 3 TeV
Int. Lumi 2 ab- -1 2x 5 ab-1 2x 3 ab-1 ~2 ab
C3
ILC International .
. . Cool Copper Collider
Linear Collider s bunch
Damping Rings IR & detectors compressor s0ca o
:': . ) /, ) e - -~
s 4 Main Linac » Vaeorm
~ St?urce " \ U5 Gav / S
. 'P Beam R
RTML ———__ —Delivery e
e- bunch e+ source - T '
COmpressor positron 2km
main linac -~
11 km
central region Polarized (" Damoing Ri L (O
5 km . Damping Ring |
A — | Electron Sour:';:“ >- ---------------- L\PriDamping Ring
main linac -~ oo
| 11 km = 3 Gy
~2km . . Y e L

Positron Source  sce

- uxiem - -~



ete- Collider Projects - Circular

Project ILC CLIC FCC-ee CepC c3
Location Kitakami - JP CERN CERN China TBD Japan - US?
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
0.38, 1.5, 3
COM energy 250 GeV TV 90-365 GeV 90 -250 GeV | 250-550 GeV
Lumi (1034 cm2s1) 1.35 1-2 7 4 1.3-2.4
_ 0.5,1.5,3
Int. Lumi 2 ab™1 -1 2x 5 ab" 2x 3 ab" ~2 ab™1
FCC-ee

Modern two-ring design (to reach amper currents): benchmark
at KEK-B and Super KEK-B with double-ring e+e— collider

with multi-ampere stored currents with over than 71000

bunches, small 3+ of down to 0.8mm, top-up injection as well

as a 22 mrad crossing angle at the IP with crab crossing!

FCC-ee Future Circular Collider are CERN

~91 km Design with 4 interaction points

Injection

into booster RA(Experiment site) _—» Azimuth = -10.2°

Injection into collider

ISSS = 1400 m

N Beam dum
Technical site Lss=2160m B TeBchnical site P
400 MHz RF \
booster
- N — — — — — — — — — 50 Sl RD
(Optional ! 7 N\ SSS =1400m ¥ (gptional
Experiment , 7N N Experiment
/ | \
/ | \
/ \
/ | \
/ I N
o / | o Betatron &
Technical '.Is;tﬁ Y LSS = 2160 m LSS = 2160 m ¥~ Technical site
| PF momentum
800 MHz RF SSS = 1400 m ' collimation

PG (Experiment site)

CepC similar design (in China)



ete- Collider Projects - Circular

Project ILC CLIC FCC-ce CepC 3 FCC-ee Future Circular Collider are CERN
Location Kitakami - JP CERN CERN ChinaTBD | Japan - US? ~91 km Design with 4 interaction points
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
038, 15, 3 !njection
COM energy 250 GeV TeV 90-365 GeV 90 -250 GeV 250-550 GeV into booster PALExperiment site) > Azimuth = -10.2°

Injection into collider

Lumi (1034 cm2s71) 1.35 1-2 7 4 1.3-2.4 Technical site Technical ste | D€2M dump
PL/C PB ste
400 MHz RF
_ 0.5,1.5,3
Int. Lumi 2 ab™1 -1 2x 5 ab" 2x 3 ab" ~2 ab™1

booster

- 100 000 Z / second

Lar mount of extremel ful
arge amount of extremely usefu . 10000 W / hour |,

data in a very clean environment!

————————— PD

-1 500 Higgs bosons / day (Ebp:i:;a;nt (Ecib:i:i::znt
-1 500 top quarks / day sitZ) sitZ)
Event statistics
(41P) E.\ errors
— t,— 5
Z peak Eom = 91 GeV dyrs  6.1012  ee = 2 <100keV' LEPx3.10 Technical sitéNoy | 55 = 2160 m Lss = 2160 m Jof/Technical site Betatron &
WW threshold E__ > 157-161 2yrs 2,108 eTe” > WW <300keV LEPx2.103 o 7 PF momentum
. + — 800 MHz RF SSS = 1400 m collimation
ZH maximum  E__ =240 GeV 3yrs 15106 eYe” —» ZH 1MeV  Never done
s-channel H E. 6 =m, (Byrs?) O(5000) ,pte— — H << 1 MeV Never done PG Experiment site)
Top production E__ =340-365GeV 5yrs 2.106 e'e” —1f 2MeV  Never done
“From A. Blondel One LEP produced every 3 minutes!!

Precision on my of ~3 MeV CepC similar design (in China)



ete- Collider Projects

Outstanding issues

- Timescales:
- Projects outside CERN: ILC (2038) and CepC (2035) 1,000
-@- FCC-ee (2 collisi int
- Projects at CERN: FCC-ee and CLIC (2048) 00 o1 Gov ° CLICee( collision peints)
A |LC

- Sustainability, Energy and Power consumption are key 240 Gev ~E- MAP-MC

2
S
parameters ‘o 107 o =
§ | ssombmMwh' —t o A
> tt A
Challenging ideas to the FCC-ee = 350-365 GeV '
= 0.1-
2
- An upgrade of e+e— collisions to higher energies, %
~600 GeV or beyond, has been proposed through 0.01 -
converting the FCC-ee into a few-pass ERL (Physics N
Letters B 804 (2020) 135394). P00 ) ; n!

\/s (TeV)
- Monochromatisation could give access to the s-

channel Higgs production and thus the electron Large uncertainties see Snowmass white paper
Yukawa! Understudy.



https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://arxiv.org/pdf/2208.06030.pdf

Feasibility Studies

ACCELERATORS | NEWS

FCC-ee designers turn up the heat

7 November 2022

Innovative The magnefic flux density of a nested main sextupole—quadrupole system for FCC-ee,
looking along the direction of the electron beam. Credit: M Koratzinos/RAT GUI

individual meeting

individual meeting

scheduled - Power consumption

Soeere meeTs - 240 GeV the instantaneous power is 291 MW
(compared to 140 MW for ILC and 110 MW for CLIC
for less luminosity)

- Choice of baseline layout (90.7 km) - discussions with local
authorities, environmental investigations and civil engineering designs
well under way. - Replace 5800 quadrupole and 4672 sextuple normal

- In particular studies of possible injection schemes article conducting magnets by HTS CCT magnets! article



https://cerncourier.com/a/fcc-ee-designers-turn-up-the-heat/
https://pos.sissa.it/449/001/pdf

Machine Parameters

Running mode Z W ZH tt
Number of IPs 2 4 4 4 4
Beam energy (GeV) 45.6 80 120 182.5
Bunches/beam 12000 15880 688 260 40
Beam current [mA] 1270 1270 134 26.7 4.94
Luminosity /IP [10°* cm™2 s~ 1] 180 140 21.4 6.9 15,
Energy loss / turn [GeV] 0.039 0.039 0.37 1.89 10.1
Synchr. Rad. Power [MW] 100
RF Voltage 400/800 MHz [GV] 0.08/0 0.08/0 1.0/0 2.1/0 2.1/9.4
Rms bunch length (SR) [mm)] 5.60 5.60 3.55 2.50 1.67
Rms bunch length (+BS) [mm] 13.1 127 7.02 4.45 2.54
Rms hor. emittance €, , [nm)] 0.71 0.71 2.16 0.67 1.55
Rms vert. emittance €, , [pm)] 1.42 1.42 4.32 1.34 3.10
Longit. damping time [turns] 1158 1158 215 64 18
Horizontal IP beta 7 [mm] 110 110 200 300 1000
Vertical IP beta 3, [mm] 0.7 0.7 1.0 1.0 1.6
Beam lifetime (q+BS+lattice) [min.] 50 250 — <28 <70
Beam lifetime (lum.) [min.] 35 22 16 10 13
4 years 2 yrs 3 yrs S yrs




Higgs Physics at ete- Colliders

250
1.5M per IP very clean ZH events produced at threshold

200

Cross scction (fb)

Approximately 1/3 of the number of ZH events at HL-LHC but in a
much cleaner environment!

150

o b

All final states can be very cleanly reconstructed.

100

Illlllllllllllllllllll

Additional 200k events at 350-365 GeV with approximately 30%
from WW fusion which is interesting for the width measurement

50

I

1 l L | 1 l 1 1 L l 1 1 1 l 1 1 1 l ; L 1 l 1 1 1
280 300 320 340 360 380 400

Vs (GeV)

;.!111_!'111111
BOO 220 240 260

Fundamental difference with the LHC (and

- Measure o(erte- = HZ) x Br(H — bb, cc, gg, WW, T, vy, pj, other hadron colliders): the width can be
Zy, ...) from each individual final state.

measured from the total HZ cross section!

- Can also measure invisible decays from the reconstructed Z Coupling measurements are less model
boson. dependent!



Higgs Physics at ete- Collider

Threshold production of HZ provides a unique opportunity to - 30000 -
. . () n ---ZH Signal -

measure the total HZ cross section through the recoil method O] - [D)zH Hinv S
< 25000}~ nvSM-

o - Ozz -

¢ ; , ,  ©20000f Bw -

Myecoil = (\/g _ EM) o ‘p%‘ o - -

1) 15000 -

o+ From conservation of energy and - E

) momentum, the energy and momentum of 10000 —

the Higgs is known from the Z without - }

measuring the Higgs boson! 5000 ; _:

B

olete” = HZ) x ki %0 90 100 110 120 130 140 150 160
Missing Mass [GeV]
Measurement of the cross section at 240 GeV at 0.5% e VA

precision (0.9% at 365 GeV).

H VA

5
The total width of the Higgs can be measured at ~2.5%

level with FCC-ee (240) alone. |
olete” = HZ) x B(H = Z7*) x F—Z
H

Then using the measurement of HZ with the Higgs to ZZ":



Higgs Physics at ete- Collider

Further measurements of the width can be obtained using the WW fusion process as follows:

~sqrt(s) = 350 GeV T I\_}/_W'F USil(l)ln

mH= 120GeV i 7777 1ggsstranlung '

_ e It oo The WW fusion can be

___________ 7 Background disentangled from the HZ process

from the missing mass (which will
not be peaked at the Z, but in this
case at sqgrt(s)-mH.

! P S L P L PR ! L PR ST T NS T ST S S T
50 100 {150 200 250
missing mass (GeV)

0(ZH) x B(H — WW)| x [0(ZH) x B(H — bb)]
o(vvH) x B(H — bb)

Then from the ratio of the following three
measurements:

| | Ko Key  Kyhks 'y K,
Use different energy scale assumptions! X X X —5—5 = =5
FH FH Ry Ry, FH

Substantial gain in sensitivity to the total width, using P o . of 1.1%
higher COM energies and adding FCC-ee (365)! recision on 1 ot 1.1%



Precision Higgs Couplings Measurements

ATLAS - CMS Run1  Current ) .
o bination orecision  HL-LHC  FCC-ee (only) Of course not competitive on rare decays.
K}, 13% 6% 1.8% 3.9%" Far more stringent constraint on the
KW 119% 6% 1.7% 0.4% size of the Higgs boson!
K7 11% 6% 1.5% 0.2% "
Kg 14% 7% 2.5% 1%
Kt 30% 11% 3.4% -
1 1
K o v
b 26% 11% 3.7% 0.7% - (H) I 25m,
K _ _ 0 0
, 40% 1.3% ~ 0.06 am
K, 15% 8% 1.9%  0.7% |
K - 20% 4.3% 8.9%* ~ 1.6am
KZ}/ - 30% 9.8% - V2
cy— < 0.002
B. 11% 25%  0.2% A2
Iny

Taking c; = 1 leads to A > 5.5 TeV



s-Channel Higgs production and e-Yukawa

Extremely challenging for several reasons:

S. Jadach, R.A. Kycia

: (2): with ISR
arXiVv:1509.02406

(2): 8v/s = 4 MeV
(3): 6v/s = 8 MeV

1.- The production cross sectionis  o(ee — H) = 1.6 fb will require
extremely large luminosities

)
2.- Given the Higgs width of 4.2 MeV, and extremely small energy spread is &
necessary - require monochromatization. ’ 0.6

- Default beam spread has delta ~ 100 MeV (no visible resonance) 0.4

IlllllIllllll'llllllllllllllll

3)

- Requires beam monochromatisation

1 1 I

0 lllll l | 1 1 l l 1
125.1

125.08 125.085 125.09 125.095

- Requires a prior knowledge of the Higgs boson mass of ~couple of

MeV at most! First studies indicate a sensitivity of 0.4¢ per

- Would require huge luminosity and therefore 41Ps. year and per detector (spread of ~6 MeV)

Monochromatization already considered but never used

Monochromatization uses opposite correlation between spatial
position and energy.



Model Dependent Measurements through Loops

Top pair cross section at threshold and above
(.04

5ab™! at 240 GeV

t t +0.2 ab i at 350 GeV
0.02/ L +1.5ab™" at 350 GeV
Z77 | Z7’Y e "t . | "
- H (g  Precision on alphaS S L T—
| at FCC-ee will be = B SR\ N N T
important B i i e
t t ~0.02 ~ )

Top Yukawa coupling precision from top pair cross section —0.04 ! 1 | . .
measurements <10% 8k,

Higgs self coupling precision ~30% - reduced

Higgs cross section at 240, 350, at 365 GeV to ~20% with kappaZ = 1 from SM
e’ Z et Z
\ \ Similar precisions are obtained with double Higgs
“S ) production at CLIC (Js = 1.4 and 3 TeV)
€ ‘h e "~ h
v, v,
et~ " e~ e
W= h W= RN h
Do - - b----
W- W '~
e =T — e =T — Y



https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf

Precision Higgs Couplings Measurements

ATLAS - CMS Run1  Current . s
combination orecision  HL-LHC  FCC-ee (only) Of course not competitive on rare decays.
K}, 13% 6% 1.8% 3.9% Far more stringent constraint on the
KW 119% 6% 1.7% 0.4% size of the Higgs boson!
K7 11% 6% 1.5% 0.2% "
Kg 14% 7% 2.5% 1%
Kt 30% 11% 3.4% 100%™
1 1
K o v
b 26% 11% 3.7% 0.7% - (H) I 251y,
K - _ 0 0
, 40% 1.3% ~ 0.06 am
K, 15% 8% 1.9% 0.7% |
K - 20% 4.3% 8.9% ~ 1.6 am
K - 30% 9.8% . Ve
Ly - g < 0.002
B. - 11% 25%  0.2%
Iny Taking c¢;; = | leads to A > 5.5 TeV

K/I - - 50% 217%™



ete- Ultimate Precision Machine!!

Observable present FCC-ee |FCC-ee Comment and Observable present FCC-ee |FCC-ee Comment and

value + error Stat. Syst. leading exp. error value + error Stat. Syst. leading exp. error

my (keV) 91186700 + 2200 4 100 From Z line shape scan| |AR%'" (x10%) 1498 + 49 0.15 <2 7 polarization asymmetry

Beam energy calibration T decay physics

I'; (keV) 2495200 + 2300 4 25 From Z line shape scan| |7 lifetime (fs) 290.3 + 0.5 0.001 0.04 radial alignment

Beam energy calibration| |7 mass (MeV) 1776.86 £+ 0.12 0.004 0.04 momentum scale

sin“@%y (x10°) 231480 + 160 2 2.4 from AL at Z peak| |7 leptonic (uv,v,) B.R. (%)| 17.38 £0.04 | 0.0001 | 0.003 e/p/hadron separation

Beam energy calibration| |my (MeV) 80350 = 15 0.25 0.3 From WW threshold scan

1/aqep(mz)(x107) 128952 + 14 3 small from ALR off peak Beam energy calibration

QED&EW errors dominate F'w (MeV) 2085 + 42 1.2 0.3 From WW threshold scan

Ry (X 103) 20767 = 25 0.06 0.2-1 ratio of hadrons to leptons . . Beam energy cahbratuzg
acceptance for leptons o (myy ) (x107) 1170 + 420 3 small from R,

a,(myz) (x10%) 1196 + 30 0.1 0.4-1.6 from R; above N, (x10%) 2920 + 50 0.8 small ratio of invis. to leptonic

Ohaq (X107) (nb) 41541 + 37 0.1 4 peak hadronic cross section n rad_latlve Z returns

luminosity measurement| |Mop (MeV /c?) 172740 £ 500 1 by § small From tt threshold scan

N, (x10%) 2996 + 7 0.005 1 Z peak cross sections QCD errors dominate

Luminosity measurement| |Iop (MeV /c”) 1410 + 190 45 small From tt threshold scan

Ry, (x10°) 216290 + 660 0.3 < 60 ratio of bb to hadrons QCD errors dominate

stat. extrapol. from SLD| |Aop/ Atsx, 1.2 + 0.3 0.10 small From tt threshold scan

Apg,0 (x10%) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole QCD errors dominate

from jet charge ttZ couplings + 30% (0.5 — 1.5 %| small From \/§ = 365 GeV run

EW Precision

Key measurements:

- mZ i 10_6, mW i 10_5,

—4
Myop ~ 10

- Sil’l(gzw i 3.10_6,0(QED(WL§) ~ 10_55

FCC-ee is much, much more

than a Higgs factory!

Superb precision achieved and

uncertainties are dominated by

systematic uncertainties!

- Xx10-50 Improvement on all EW observables
- Up to x10 improvement on Higgs observables

- Indirect discovery potential up to 70 TeV




ete- Ultimate Precision Machine!!

Ultimate precision machine requires ultimate precision detectors!

Analysis work is now strongly oriented towards detector
requirements to achieve the design precision

Drift chamber

Several detector
concepts: CLD, IDEA
and ALLEGRO (Nobel

Liquid concept)

Key aspects are very small amount of material in the inner
detector region for precision track measurements and
precise and highly granular calorimeter (humerous concepts)

See talk by Magnus Mager on MAPS!

The FCC-ee interaction region and final
focus!

- Critical to reach highest possible luminosities

- Quadrupole magnets and final focus almost
entirely inside the detector (at 8.4 m) - very
strong requirements to reach nano beams!

B(detector)=2T

Screening solenoid

Compensation \

solenoid

QC1L3

Cooling

Central

chamber Bellow 1

\Trapezoidal J

g P chamber |



Hadron Collider Projects - Exploring the Multi-TeV scale

FCC-hh the second phase of the FCC program

Project HL-LHC FCC-hh SppC
Location CERN CERN China TBD
Circ. 27 km 90 km 55 - 100 km
COM energy 14 (157) TeV 100 TeV 70 -140 TeV
Lum. (ab-1) 3 20-30 TBD
PU 200 1000 TBS
Field 8T 18T 20T

Key technological challenges

- High field magnets, need 16T to reach 50 TeV/beam - Nb3Sn (FCC-hh) or Nb3Sn

with HTS inserts (SppC) - exploration of HTS magnets

transfer lines proposed to be
installed inside FCG-hh ring tunnel

_______

Injection Injection

Technical site \ Technical site

= ]

4

PI@) — — — — — = = = - PD
(Secondary (Secondary
experment experiment

site) site)

Technical site

ol LSS = 21680 m ¥ Technical site

PF

Momentum Betatron collimation

collimation

PG (Experiment site)

SppC similar design

- Machine protection 30 W/m synchrotron radiation and 8GJ per beam (equivalent to
Boing 747 at cruising speed)



Hadron Collider Projects - Exploring the Multi-TeV scale

Essential complementarity with FCC-ee
FCC-hh program ! P o

- FCC-hh is a very intricate environment (up to 1000 PU events),

- Primary goal is to explore the Multi-TeV scale with direct o ot raconstruction at its limits and large TH uncertainites

searches for new phenomena.
- Precision foreseen to be reached through ratios of cross

- Guaranteed deliverables: completion of the missing key sections.

leces In Higgs precision K and K
P 995 P H t - Key precision deliverables: top Yukawa coupling and Higgs

trilinear coupling! FCC-ee and FCC-hh together are 2-3 times
better than FCC-hh alone.

68% and 95% prob. regions
o "lm Tty

"""""" ""'}'\""""""""H[orttee"léﬁo]\h""""
g HLLHC (50%)

N

Ingredients

- FCC-ee measurement of the ttZ coupling
(eTe™ — tfyields g,

- Measure the ratio ttH to ttZ at percent level!

- Then measure ratio HH to ttH

-02 -0.1 0.0 01 02 -0.10 -0.05 0.00 0.05 0.10
6/ Tt 5 W

Kt ~1% K,I ~5%



Hadron Collider Projects - Exploring the Multi-TeV scale

Dimensions commensurate (slightly larger) with current LHC experiments FCC-hh key detector design challenges

- High luminosity - Extremely large PU, high occupancy and
data rates, high trigger rates

- At FCC-hh Higgs produced up to rapidity of ~6.5 (up to
2.5 at LHO)

- Very high rates for triggering Granularity will be very
important: decay product of a Z at 10 TeV separated by

AR ~ 0.01!

Explore to improve on the resolution at high rapidity

Forward dipole magnet for high pseudo rapidity particles
Drawback: breaks the rotationally symmetric system...
Would be similar to a central CMS and two LHCDbs in the
forward directions!

Baseline Alternative



Muon Collider Project - Exploring the Multi-TeV scale

Initial targets for the integrated luminosities have been defined,
namely 1, 10 and 20 ab-1 for 3, 10 and 14 TeV, respectively.
High energies, high luminosities with excellent lumi per S

Best of all worlds?

MW ratio, (relatively) clean lepton collision events! 7 e

Mostly aimed at new physics searches in the Multi-TeV N

scale reach! oo if
S coras |

... Incredibly challenging! e 10 ToV cove ot massanery | Acouersorting

NN

4 GaV Target, x decay u cooling Low-energy \ _ :x_: o .
m and 1 b:‘mn:\ing channel p acceleration N8 . i

MAP (Muon Accelerator Program) QSR 1 B

Proton driven scheme

oroton driver [fontend cooling acceleration collider ring

Reduction of the
longitudinal and
transverse emittance
with a sequence of
absorbers and RF
cavities in a high
magnetic field.

bunch

SC linac
accumulator .
buncher .
combiner )))
MW-cless target
capture sol
decay channel I
buncher |
phase rotator
intial 6D cooling
charge separator
6D cooling
merge e e
6D cooling
final cooling
& DD
N/

accelerators:
linacs, RLA or FFAG, RCS




Muon Collider Project - Exploring the Multi-TeV scale

Muon collider as a Higgs Factory? Muon Collider at 3 TeV -~ "o
In principle could do everything as an e*e™ collider with a much Notable result reach on trilinear : \”,?Z/T %
smaller ring! However the luminosity is estimated to be 2 orders coupling from di-Higgs production - -
of magnitude smaller at 240 GeV. Ay~ 20% . b

o i

However at 125 GeV the s-channel production is 40,000 times

larger (and a beam spread ~width). Muon Collider at 14 TeV

Quartic couplings studies show (see paper)

Collider uColllzs FCC-86240_>355
Lumi (ab~") | 0.005 | 5+ 0.2+ 1.5
Years 6 to 10 3+1+14
guzz (%) SM 0.17
guww (%) 3.9 0.43
gubb (%) 3.8 0.61

guce (%) SM 1.21
gurr (%) 6.2 0.74
gr (%) 3.6 9.0

G~y (%) SM 3.9

'y (%) 6.1 1.3

mu (MéV) 0.1 10.

BR; M 1
ng;o( (@0) SM 01.09 Assuming A; = 1 and 33 ab™! could reach 50%

precision of the Higgs boson quartic coupling.


https://arxiv.org/pdf/2003.13628.pdf

Muon Collider Project - Exploring the Multi-TeV scale

Muon collider as a Higgs Factory? Muon Collider at 3 TeV -~ "o
In principle could do everything as an e e~ collider with a much Notable result reach on trilinear "‘ \Hg | k5
smaller ring! However the luminosity is estimated to be 2 orders coupling from di-Higgs production LS <
of magnitude smaller at 240 GeV. Ay ~20% S ¥

S T i

However at 125 GeV the s-channel production is 40,000 times

larger (and a beam spread ~width). Conceptual and design challenges

- High neutrino flux (requires mitigation above 3 TeV)

Collider pCollias | FCC-eez40-365 _
Lumi (ab ') | 0.005 | 5+02+ 15 - Beam backgrounds challenge to detector design.
Years 6 to 10 34+1+4 - Production, cooling and preservation of the muons!
guzz (%) SM 0.17 Constant muon decays bring beam backgrounds,
gaww (%) 3.9 0.43 and radiation levels similar to LHC!

JHbb (%) 38 061

gtice (V) SM 1.21 u—
Girr (%) 6.2 0.74 =
gHun (%) 3.6 9.0

guyy (%) SM 3.9

' (%) 6.1 1.3

my (MeV) 0.1 10.

BRinv (%) SM 0.19

BRexo (%) SM 1.0




High Energy electron-proton Projects

The eh candidate machines 60 GeV Electron ERL added to LHC

Project LHeC FCC-eh Spreader 38m Recombiner 38 Injector
F Compensation Linacl 1008m RF Compensa
Location CERN CERN + Doglegs + Doglegs
+ Matching 96m + Matching 120m
© energy 60 GeV 60 GeV Arcl,3,5 3142m U(ERL) = 1/3 U(LHC) Arc2,4,6 3142m
P energy 7 TeV 50 TeV Cecombiner 38m Dump
Lumi. 0.8 10° cm™s™ 1.510% cm™s™ . Matc_]hing 20m _ Spreader 38m } Y2252
Linac2 1008m IP Line 196m
. : Ok/Kk [%]
Primary program to measure proton PDFs, but also nice 12
additional potential in Higgs physics e preliminary
Main production process through vector boson fusion 14
. 1 W LHC
€ 9
N B HeC
8
Z, W _— 6 ep+pp
- H — bb, CC, TT, etc... 4 H ep+pp, no thy unc
zZ. W 2
u u,d 0 -
WW ZZ gg vy 2y \cc/ tt bb pp T
Much cleaner environment than pure hadron! Clean enough to make charm Yukawa at good precision and

Good reach in the WW channel. improvement in the b Yukawa as well w.r.t. HL-LHC.



