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~« High energy physics studies the Universe at its smaller distances — the building blocks of matter |
e As a discipline, it started with the study of cosmic rays but today we use particle accelerators
e Our current best tool is the Large Hadron Collider, at CERN in Geneva
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e The LHC is a particle accelerator and collider

p-. Collides protons and heavy ions, up to 13.6TeV

s 2/ Km in circumference, 100 m underground
e Superconducting magnets steer the particles around the ring

e 1.9K (-271.3°C), colder than the 2.7 K (-270.5°C) of outer space
e |t has four collision points and on each on them there is a detector
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S A AS 46 m long, 25 m high, 25 m wide
EXPERIMENT 7000 t of weight
3000 authors, 1200
studetns, 182 institutions, 42 countries

Barrel Inner Tile

- Calorimeter .
Toroid Solenoid Detector Liquid Argon

RPCs

Calorimeter

End-cap
Toroid

‘\\\‘\\\\\\\\\J\\gu (S ’/"
N =) )

CSCs

= ¥
o

Shielding

ATLAS, like CMS, is a general-purpose detector,
built to test the SM and find new physics
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e These are all the
elementary particles
found so far, that cannot be
broken into smaller pieces

e \What we know about them,
including the forces that

act among them, conforms

the standard model of
particle physics

mology Seminar (Sep 2023)



The situation

e After decades, the
standard model has
been thoroughly tested

e |tis robust and
provides extremely
precise predictions

e |t works really great

Rebeca Gonzalez Suarez (Uppsala University) -
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o =96.07+0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)

o =95.35+0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)

0c=190.1+0.2+6.4nb ( dataz]
DYNNLO + CT14NNLO (theory)

o =112.69 + 3.1 nb (data)
DYNNLO + CT14NNLO (theory)

o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)

o =58.43+0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 34.24 + 0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)

o =29.53+0.03+0.77 nb (data)
DYNNLO+CT14 NNLO (theory)

o =826.4+3.6+19.6 pb (data)
top++ NNLO+NNLL (theory)

oc=2429+17+8.6 E gdata
top++ NNLO+NNLL (theory)

oc=1829+31+64 E gdata
top++ NNLO+NNLL (theory)

o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)

oc=289.6+1.7+ 7.2—- 6.4 pb (data)
NLO+NLL (theory)

o =68+ 2+ 8 pb (data)
NLO+NLL (theory)

o =94+ 10+ 28 — 23 pb (data)
NLO+NNLL (theory)

o=23+13+ 3.4-3.7 pb (data)
NLO+NLL (theory)

o =16.8+ 2.9+ 3.9 pb (data)
NLO+NLL (theory)

o =55.5+3.2+2.4-2.2pb (data)
LHC-HXSWG YR4 (theory)

o=27.7+3+2.3-1.9 pb (data)
LHC-HXSWG YR4 (theory)

oc=221+46.7-53+43.3-2.7 pb (data)
LHC-HXSWG YR4 (theory)

o = 130.04 + 1.7 + 10.6 pb (data)
NNLO (theory)

o =68.2+1.2+4.6pb (data)
NNLO (theory)

o =>51.9+2+44pb (data)
NNLO theorys)

oc=51+08+23p b?data)
MATRIX (NNLO) (theory)

oc=243+0.6+0.9pb (datag
MATRIX (NNLO) (theory

oc=19+1.4-1.3+1 pb (data)
MATRIX (NNLO) (theory)

o =17.3+0.6 + 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory)

oc=7.3+04+0.4-0.3pb (data)
NNLO (theory)

oc=6.7+0.7+ 0.5 - 0.4 pb (data)
NNLO (theory)

oc=48+0.8+1.6-1.3pb (data)
NLO+NNL (theory)

oc=870+130+1401b (dataz
Madgraph5 + aMCNLO (theory)

o = 369 + 86 — 79 + 44 fb (data)
MCFM (theory)

o =990 + 50 + 80 fb (data)
Madgraph5 + aMCNLO (theory)

o =176 + 52 — 48 + 24 fb (data)
HELAC-NLO (theory)

o =0.82+0.01 + 0.08 pb (data)
NLO QCD (theory)

o =0.55+0.14 4+ 0.15 - 0.13 pb (data)
Sherpa 2.2.2 (theory)

oc=24+4+5fb data) n
NLO QCD + EW (theory)
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LHC pp Vs =13 TeV

stat @ syst
LHC pp Vs =8 TeV

LHC pp Vs =7 TeV

stat @ syst
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But in the past we
had examples of
predictive,
scientific models
that worked great
while being
inherently wrong.

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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The Aristotelian
Ptolemaic system
was remarkably
plausible and
powerful as a
scientific theory
but it was known
that it had some
“imperfections”
(some of them
required some fine
tuning)



Our model

Does have some “imperfections”

MHiggs boson

* Neutrinos seem to have masses but the SM aSUSY
does not contemplate them O Extra dimensions
1 Dark matter origins
e The masses of the other particles are weird UDark energy origins

0 Compositeness
O Technicolour

e The SM cannot describe some really important ONew gauge bosons

effects O Right-handed
neutrinos
e Dark matter, dark energy, gravitation O Mini black holes

Leon Lederman’s speculative laundry list for the LHC
Nature Review Article: “Beyond the standard model with
the LHC” (2007)

e |t has tuning and hierarchy problems...

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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How do we start?



Let’s pick one question

Dark matter is a good one, %5 of the matter in the Universe

e That dark matter exists is a well-established
experimental fact

e rotation curves of galaxies, dynamical
evidence (e.g. the Bullet cluster and the

variations in the Cosmic Microwave
Background (CMB)), and the large-scale
structure of the universe

e Cannot be explained by Modified
Newtonian Dynamics

e Seems like DM only interacts via gravity (so far!)

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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How to find dark matter?

Three complementary approaches

momentum transfer

* Direct detection experiments:

| MeV [I0MeV I00MeV |1 GeV [10GeV 100 GeV |TeV 10 TeV : :
| ) [ ) T ) scattering between DM and nuclei
direct indirect LHC targets in underground laboratories
detection detection searches
* Indirect detection experiments:
Looking for fluxes of gamma-rays,
cosmic-rays, neutrinos, anti-matter
originated from dark matter
X X X gl q X (L er g
>-< >¢$ %:< annihilation
q q X gl 1 g X
N 4 N * Collider experiments

Range of momenta probed in DD experiments, ID experiments and LHC searches

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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How to find dark matter?

Three complementary approaches

momentum transfer

* Direct detection experiments:

| MeV [I0MeV I00MeV |1 GeV [10GeV 100 GeV |TeV 10 TeV : :
| ) [ ) T ) scattering between DM and nuclei
direct indirect LHC targets in underground laboratories
detection detection searches
* Indirect detection experiments:
Looking for fluxes of gamma-rays,
cosmic-rays, neutrinos, anti-matter
originated from dark matter
X X X gl q X (L er g
>-< >¢$ %:< annihilation
q q X gl 1 g X
N4 R e Collider experiments This talk!

Range of momenta probed in DD experiments, ID experiments and LHC searches

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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At the LHC

There are many options to explore and many different searches

* Three complementary philosophies, increased complexity: SM X
EFT, simplified models, complete models (SUSY, pMSSM)

e Broad general categories:
e MET + X: monojet, mono-Z...

 Higgs to invisible: DM could enhance Higgs boson
decays to invisible (0.1% in the SM)

e Bump hunt for mediator decays to fermions

e Searches for two Higgs doublet models

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023) 14
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/

Time to look for alternatives



Dark sectors

 Hidden sectors that mix almost imperceptibly with the SM and contain new,

iInvisible particles and forces.

e Could explain dark matter and other open questions in the field

e Theoretically well-motivated and supported by effects like the muon g-2 anomaly

arXiv:2308.06230

- A BNL
it ®
Fermilab : 1
result ® ’ | Lf FNAL Run-1
] } FNAL Run-2/3
@ : FNAL Run-1 + Run-2/3
2029 0 Now
e -
o g — Exp. Average
175 180 185 190 195 200 205 210 215 20.0 205 210 215 22 0 22 5

9
,%10" = 1165900 a,%10° - 1165900
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https://arxiv.org/abs/2308.06230

How do they look like

dark leptons?

e Dark sectors typically include:

e a stable particle (fundamental or composite), that could be a DM candidate; one or
more mediator particles coupled to the SM via neutral portal

e The spin of the mediator defines the portal: vector (e.g. dark photon), fermion (e.g.
sterile neutrino), pseudoscalar, or scalar (e.g. Higgs portal)

e Often produce non-mainstream experimental signhatures, challenging to reconstruct
or even detect at colliders! (Which means that their potential is not yet full exploited)

e Long-lived particles, dark showers...

e Or multiple top quarks with boosted jets, like for example...

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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CONF note public (April)
ATLAS-CONF-2023-021

Work in progress in ATLAS

Searches for dark mesons in tttb and ttbb final states

e Higgs portal model of stealth dark matter - arXiv:1809.10184 arXiv:1809.10183

e Dark mesons originating from strongly-coupled, SU(2) dark flavour-conserving
models, decaying gaugephobically to pure SM final states containing top and
bottom quarks

p Uy>) % Uy>)

& &
I\ We s Pb \ ") V)20 /W=
RIANAAA I X N, 4
q g q
_ _

P F .0 D T 0
TpsTpH TpsTpH
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https://arxiv.org/abs/1809.10184
https://arxiv.org/abs/1809.10183
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/

Why did we pick this model?
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https://arxiv.org/abs/2105.08494

It iIs admittedly painful

Challenging final state

e Large ttbb background that is very difficult to
model

e Set of tiny signals with varying kinematics
. across the grid

— "  Extreme phase space with many jets that
-~ depends heavily on b-tagging and jet
o t reconstruction
W

e Affected by top pr modelling issues

b
e A lot can be learn from ttH, H-bb and tttt (SM

and BSM)
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ATLAS

EXPERIMENT

It is also very fun™!

(* for an experimental physicist)

Boosted jets with substructure that give us some information
about the original dark mesons.

e \We recluster regular jets/leptons into bigger ones.

IIIIIIII|IIII|I||I||III|II|I|I|II|IIII|I_
- ATLAS Simulation Preliminary [JR=08jets -

[ 1=0.25,m_=400 GeV DR12]ets__
~ 5= 13 TeV, Preselected e | |IR=1.6jets |

R=2.0 jets |

Nh

i

lI|llI|lII|lIl|Ill||ll|ll||ll|

100 200 300 400 500 600 700 800
Leading reclustered jet mass [GeV]
>O_18 III|IIII|ll|||IIII|IIII|IIII|IIII| IIIII
8 " ATLAS Simulation Preliminary [R=08jets -
o 016 | 1=0.25m_=500 GeV DR 1.2 jets |
S :F=13TVP lected events \R =1.6 jets
0 0-14__ - R=2.0 jets
c -
L 0.12F
O -
g 0.10- I %
£ 0.08[- )
S -
Z 0.06 \ q
- -l"-L =g
0.04H B
- H \_
OIOZ?_J—II \ _LL"I-..H
OOOIE |||||||||| |IIII|IIIIL|_I|_I_‘_‘4M___—
0 100 200 300 400 500 600 700 800
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ATLAS

EXPERIMENT

It is also very fun™!

(* for an experimental physicist)

Boosted jets with substructure that give us some information
about the original dark mesons.

e \We recluster regular jets/leptons into bigger ones.

A place for Machine Learning?
Certainly yes! We are testing/want to do a few
things, from signal extraction to jet taggers

Rebeca Gonzalez Suarez (Uppsala University) -

0.044
0.02(¢

0.00

III||||||IIII|I||||IIII|II|I
- ATLAS Simulation Preliminary [R=08jets -

|:|R 1.2 jets |

n025m =400 GeV
F13TVP selected e

III

II|IIII|I

R=1.6 jets _
R=2.0 jets |

..... S

100 200 300 400 500 600 700 800
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~C ATLAS Simulation Preliminary URr=08iets ]

[ 1=0.25,m_ =500 GeV [R=1.2jets ]
R=1.6 jets _]

R=2.0 jets |

0
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ATLAS

EXPERIMENT

What are we doing with it?

e Full Run 2 data (140 fb-1, 13 TeV) analysis, in all hadronic (CONF note) and 1-lepton
final states (ongoing)

e The agreement in validation regions is very reasonable

9 s 1 | | 1 I 1 1 1 1 l 1 1 | | 1 I 1 1 | | 1 I 1 1 | | 1 I 1 1 | | 1 I 1 I —_
§ e ATLAS Preliminary [ Muitijet ttbar [ other MC —
L 10 Er fs=13 TeV, J L dt=140 fb-1 &\ Uncert. ’ Data = = 1n=0.25, m_ =500 GeV =E
© — ° —
o) _ ] ) ] ] ] i ] ] —
-g 103 SR300_250 1 SR300_300 1 SR300_350 1 SR325 250 1 SR325 300 1 SR325_350 1 SR400_250 1 SR400_300 1 SR400_350
— - 1 ] 1 . ] | 1 1 1 B
2 — ' ' ' ' i ' =—
: AN | [ | . |
__ 1 '
10° B2 \ ' . . - . ‘ ! | .
o ; 5Tl = Il. H =t
x@ 1.5 F— | N | 1 | 1 | 1 —
a0 . 1 1 i
D 1
Regions defined by 0.5 b— i S " i i I I -
number of jets, jet — : H A N S S SR

masses, angular
variables and other
kinematics

1 'l 1 l 1 1 1 'l 1
L K N MsL K N ML K N MsL K N MsL K N ML K N MsL K N MsL K N ML K N M
Validation regions
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Number of Events

Data/Bkg.

ATLAS

EXPERIMENT

And we see no excess in the signal regions so far

100:----|--'-|-'--|'"'|""|""|'"'|""|"": 4@100_""|""|""|""I""I'"'I""I""I"' -
905_ [T Multijet it ATLAS Preliminary —f S 905_ ] Multijet fi ATLAS Preliminary _E
805— [l other MC  Uncert. is =13 Tev,_[Ldt 140 fb" = 21 E [Bother mC  Uncert. (s =13 TeV,ILdt=14O ! =
— ¢ Data Pre-Ft = © 805_ ¢ Data Post-Fit _E
70f=— ---- 1=0.25, m,_=500 GeV — g 70F=— -+~ 1=0.25,m, =500 GeV —
60 —= § 60 =
505— \ \_§ 50;_ \_ g
40E- | : NS 40 - A
30~ — 30— ERPPRITE AN S
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Bins are named by their region in the 2D leading and sub-leading large-R jet mass [GeV] phase space
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Results

A nice chunk excluded

— 0.38
0.36
0.34
0.32
0.30
0.28
0.26
0.24
0.22

0.20

250 300 350 400 450 500 550 600 650 700 750

IIIIlII|IIII|IIII|IIII|IIII|IIII

Limits at 95% CL.:

Phys.Rev.D 105
(2022) 1
Excluded region

---- Expected 1o

— Observed

—

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

ATLAS Preliminary -

Vs=13 TeV, J Ldt=140fo" =
SU(2)L gaugephobic _

Mass of dark pions [GeV]

ATLAS

EXPERIMENT

e \We scan the two dimensional signal space of dark
pion masses (mqp) and dark rho masses (myp)

e The dark pion mass range 280 GeV < myp <
522 GeV is excluded for signals with n = mup/
mpD — 025

e Forn=0.35dark pions in 280 GeV < myp <
434 GeV are excluded

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)

26



ATLAS

EXPERIMENT

Results

A nice chunk excluded

:' O.38_I T Tl T DT s T IlII|IIII|IIII|IIII|IIII|IIII_ . . .

0368 | ATLAS Preliminary - e \We scan the two dimensional signal space of dark
TF (E-13TeV, | Lat- 140" - pion masses (mmp) and dark rho masses (Mpp)
0.34:— SU(2)L gaugephobic —:
0.32] it Bt O O — * The dark pion mass range 280 GeV < mpp <
0,30k AT 522 GeV is excluded for signals with n = mxp/
OU [ xcluded region — -

C - Expected t16 | mpD =0.25
0.28— _

B — Observed ] . .
0.26 ] - e Forn =0.35 dark pions in 280 GeV < myp <
0.24F- E 434 GeV are excluded
0.22F -
020 W - Stay tuned for the

_I I | L1 11 | I | | L1 11 | L1 11 | I | | L1 11 | L1 11 | I | | L1 1 1

250 300 350 400 450 500 550 600 650 700 750 paper!

Mass of dark pions [GeV]
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Back to the LHC in general



The LHC Run-3

Started last year

]
S

I I I I I I I I I

ATLAS Online Luminosity
2011 pp {s=7TeV
—— 2012 pp Ys=8TeV
e 2015 pp (s =13 TeV
— 2016 pp Vs =13 TeV
— 2017 pp Ys=13TeV
— 2018 pp s =
e 2022 pp Vs =13.6 TeV
w2023 pp s = 13.6 TeV

—
pE—

~—
1

e Run-1 pp dataset: 5tb-1at 7TeV / 20fb-1at 8TeV

~J
o

e Run-2 pp dataset: 140fb-1at 13TeV

o))
o

e Run-3 target: 250fb-1 (2022-2025)

Delivered Luminosity [fb
O
-

W o
o -
(T T[T T T T [T T T T [T T T T[T T T T[T T T T [ TTTT [T TTI]

20 S

10 ©  « Small increase of collision energy: 13.6TeV
o I I I I
yal e (Close to 70fb-1 recorded

Month in Year
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But the the Run-3 is the LHC’s last

The High-Luminosity upgrade will follow

2021 2022 2023 2024 2025 2027 202 2029
AMD[I[AS AMD[3[AS AMI[3[A]S AMD[[AS AMD[[AS AMD[3[AS AMI[[AS

O[N[D{J|FM AM|][{J|A[S|ON|D{]|FIM OIN|D[J[FIMAM 3| |AlS|ONID| J|FM

|

Run3 | L Long Shutdown 3 (LS3) '

|

203 203 203 203 2034 203 203 203 2038
JIA|S J[J|AIS

FiIMAM| 1| 3]Als|o|N[D[ 3| FIM|AM| 3| 3|Als|OINID| 3| FiM|AM| 3| 3|Als|OINID| 3| FiM|AM| 3| 3{Als|OINID| 3| FiM|AM 3 ON|D| 3[FIM[AM| 3| 3|AlS|ON|D| 3|FIM|AM| 3| 3|A[S|OINID{ 3| FIM[AIM| 3| 3|AlS|O|N|D] 3 [ FIMAM

https://hilumilhc.web.cern.ch/

Run4-J ‘L54-\ Run 5 \
2039 2040 2041 HL-LHC PROJECT
FIMAM|J|J|A[S|ONID| 3| FIM|AIM| 3|3 |AlS|O|N|D| 3| FIMIAM[ 3| J|A[S|ONID Shutdown/Technical stop |
.. J | | Protons physics
LS5 Run 6 ’ . Ions
. | Commissioning with beam
Qu 'te th e Hardware commissioning

timescale
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https://hilumilhc.web.cern.ch/
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mriLp

Thinking outside the LHC detectors

e \We can supplement them with external detectors

’
4

(E ',' Centrally produced LLPs from the
° ' ' C decays of heavy states (Exotic Higgs,
Accesg to longer .decay lengths, less background (shielding), S - T L Sty o e g,
easy trigger (or trigger-less) O/ off axis
QO K Wide mass range: from ~ GeV to ~TeV
e Dark sectors a prime target from most of them 5

heavier (2 10 GeV) —

+ lighter (< 10 MeV)

s

LHC coverage @ B P AR W e :
(ATLAS, CMS, LHCb) i th e beam \\ﬂe
\‘6'(96 N Ong
«(aozo?j‘g:g"* a
R, %«,\P“ LLPs from weakly coupled
(B Wy < light particles, with high
436‘ ro N\a
Ny ® Sk, statistics (higher forward
B production for lower
7 SCHEMATIC masses), along the beam
'.' axis
<—near ~m far— "'
CT y
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There are many experiments

Proposed or running

 And they tend to either directly target dark sectors or have at least sensitivity to some of them:

e dark photons, dark Higgs, HNLs, ALPs.....
AV
MESia Yy

(k- ——
— o ilysics il
MoEDAL

AL3X  ANUBIS «J!m

VAILLIQAN
Gﬁ. N\ QAN -

Running PrOPOSed Your experiment here

Scattering and Neutrino Detector
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And then?



And then? Then we don’t know



We need to decide what we want to build

First: what do we have?

e A relatively new particle that is quite special, our newest exploration tool

e Decades of collider expertise to build on top of

e The largest community we ever had

e A few options on the table: linear/circular, hadron/lepton(ee/uu)

* Priorities
2020 European Strategy Update Snowmass 2021
“An electron-positron Higgs factory is the highest- “The intermediate future is an et+e- Higgs factory, either based
priority next collider. . on a linear (ILC, C3) or circular collider (FCC-ee, CepC).

For the longer term, the European particle physics In the long term EF envision a collider that probes the multi-

community has the ambition to operate a proton- TeV scale, up or above 10 TeV parton center-of-mass energy
proton collider at the highest achievable energy.” (FCC-hh, SppC, Muon Coll.)”

(European Strategy Update brochure) (Energy Frontier Plenary by Alessandro Tricoli)

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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https://indico.fnal.gov/event/22303/contributions/246310/attachments/157981/207001/Tricoli_EF_CSS_ColloqiumIntro_22July2022.pptx.pdf
https://cds.cern.ch/record/2721370/

N

-—

“I believe FCC is the best project for CERN’s future, we need to work together
to make it happen® - Fabiola Gianotti, FCC Week London, 5th June 2023
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https://indico.cern.ch/event/1202105/timetable/?view=standard#426-introductory-remarks

FUTURE
CIRCULAR
COLLIDER

What is FCC?

Future Circular Collider at CERN

e Linked to the LHC
accelerator chain

* |Implemented in stages,
one e+e- precision
machine, followed by a

high-energy hadron
collider
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FUTURE
CIRCULAR
COLLIDER

The FCC program covers two frontiers

e INTENSITY FRONTIER Precision (electron-positron)
e 1st stage collider, FCC-ee: electron-positron collisions 90-360 GeV
e Construction: 2033-2045 / Physics operation: 2048-2063
o Stress-test the SM limits — Indirect / low mass BSM sensitivity
e ENERGY FRONTIER Discovery (hadron-hadron)
e 2nd stage collider, FCC-hh: proton-proton collisions at = 100 TeV
e Construction: 2058-2070 / Physics operation: ~ 2070-2095

 Maximizing potential for BSM discovery — Direct / high mass BSM sensitivity
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R FCC Tunnels

LHC s Experimental points
I Access points
| Sae Service caverns
/ 1 s Connection tunnels
SPS e Electrical alcoves

Klystron galleries
SR Tunnel widening
e Injection tunnels
' ! SPS/LHC

Injection Tunnel
/

Strength

In shared infrastructure LA

L area

Collider SRF system

Beam Dump

* Making use of the current acceleration chain LI, -

J

Small Experimental
area

e Using one tunnel (and one set of caverns) for
both stages

F

Technical Access

H

Booster RF system

e Following LEP-LHC model

3
G 560\0

e 90.7 km ring, 8 surface points

[ Not to scale ]

. * 4 Experimental areas 2 large (> ATLAS) & 2 small
|| . (~CMS)
| : —
: » Deepest shaft: 400m
FoC ATLAS NS  Average shaft depth: 243m
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Strength

Surprise!

In size and timescale

Conceptual Design

HL-LHC
Feasibility Study Project approval by
Study ology. R&D on accelerator

approval by Construction of ends
CERN Council

2045
2048

2014
2018
] O O a

Operation of FCC-hh
(~ 20 years of physics explotation)

e FCC-ee technology is mature — construction in parallel to HL-LHC operation
e Physics a few years after the HL-LHC (2045-2048)

e Continuity for multiple generations of high energy physicists guaranteed

e Only proposed facility that can accommodate the size of the CERN community

e [Two-stage approach

e Allows to spread the cost of the (more expensive) FCC-hh over more years

e 20 years of R&D work towards affordable magnets

e Optimization of overall investment by reusing civil engineering and large part of the

technical infrastructure
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Strength

In physics potential

FUTURE
CIRCULAR
COLLIDER

O

= LI em?s") | UtPry (e | Comments e FCC-ee: highest luminosities atZ, W,
oo 0oV z[ 18210 | 2 74 oxperimens NN ZH of ?II p.rorl)oselelggs and EVY
FeCee | a0 Y o Total - 15 vears of Baselnenow41ps  factories; indirect discovery potential up
~365  tp | 133 0.1 operation to ~70 TeV, options for direct BSM
pp 100 TeV 5-30 x 1034 2+2 experiments . . .
FCChh 30 20-30 Total ~ 25 years of searches for feebly interacting particles
operation
PbPb  |Vsw=39TeV | 3x10% 100 nb"/run | 1 run =1 month DARK SECTORS!
FCC-hh operation
3.5 TeV 1.5 1034 2 ab-! 60 GeV e- from ERL
scg:-eh 2 Concurrent operation o FCC-h h i
with pp for ~ 20 years
e-Pb  [Vsw=22TeV| 0510% | 1o 60 GeV e- from ERL ana
Fec-eh e papy T on unparalleled measurements of low-rate
E. Gianotti and “heavy” Higgs couplings (ttH, HH)
Z pole (90) |H pole (125)? | WW (160) ZH (240) tt (365) _ o _
Years 8 5 > 3 5 e heavy-ion collisions and, possibly, ep/e-
Events 8T 8k 300M 2 M 2 M Ion CO”ISIO”S
M. Selvaggi
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My favourite BSM options at FCC-ee



1- Heavy Neutral Leptons (HNLSs)

Right-handed, sterile, heavy neutrinos

1-l ‘
- Pdg: Dirac or Majorana fermions with QW/\ N g i Co- 4P
. . 10 2 - SNt
sterile neutrino quantum numbers, that \\V/\WF
are heavy enough to not disrupt the L e\
simplest Big Bang Nucleosynthesis - Borexina .\ "l /B
bounds and/or unstable on cosmological % 10 N |
timescales — VA
108} \\\ NAG62
- Typical masses ~MeV and above WU
1019} “-.\BBN
- Searches generically set bounds on the . Sooman
mixing between the HNL and active = = T I —
neutrinos and the HNL mass oy my [GeV] Ty
- Low mixing = |Ong_|ived Current constraints on the electron neutrino-sterile neutrino mixing |Ven|?

as a function of the sterile neutrino mass my [Ref]
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http://www.hep.ucl.ac.uk/~pbolton/plots.html

Solves three questions for the price of one

 The simplest way for the SM to incorporate neutrino masses |
‘Neutrino Portal

e To introduce new “right-handed” neutrinos - new HNL

e |f these neutrinos follow the see-saw mechanism — neutrinos will be their own
antiparticle

e Bonus solution: matter-antimatter unbalance of the Universe

e |nthe "VMSM?", the extension of the Minimal SM (SMS) in the neutrino sector, adding
three right-handed neutrinos

 The lightest sterile neutrino with mass the keV range —» dark matter!
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Flagship of BSM at FCC-ee

e The FCC-ee will offer an unbeatable reach at the Z-Pole run

 \Working towards a complete sensitivity analysis implemented
in FCC software - Displaced and prompt

s e S fnrc
1074 4 ‘\Ei;%:i/ \\\\\\ ? 4/’///

DELPHI
10—6 JCHARM

e [arge Snowmass effort:

o arXiv:2203.05502, arXiv:2203.08039,

arXiv:2209.13128

e [nternal note for midterm report:

Seesanw
10-12 —

10! 102
my

e https://new-cds.cern.ch/records/wnd38t-1k526
Reference
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https://indico.cern.ch/event/966266/#3-long-lived-landscape-at-the
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FUTURE
CIRCULAR
COLLIDER

O

Experimental sensitivity studies

107
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~
10 64— \\\ FCC —ee
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- BBN e . oeesaw
10" . .
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Master theses: Sissel Bay Nielsen, Rohini
Sengupta, Lovisa Rygaard, Tanishq

Sharma, Dimitri Moulin
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e HNL discovery possible over a mass range
beyond the reach of specialised LLP
detectors being developed, and for much
smaller couplings than the ones to be
covered at the HL-LHC

e A large part of the area favoured by the
seesaw model would be covered for masses
below 60-70 GeV

FCC-ee Simulation (Delphes)
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https://arxiv.org/abs/2203.05502
https://nbi.ku.dk/english/theses/masters-theses/sissel-bay-nielsen/SisselBayNielsen_MastersThesis.pdf
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-444997
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2. ALPs Nz

Axion-like particles

et Y Z et Y, VA e’ h

e Pseudo-scalar particles predicted by BSM models with a spontaneously broken
global symmetry (notably string theory), versatile in terms of mass and SM couplings

e they could be dark matter candidates in certain regions

e |n others: dark sector mediators

e Feeble interaction - long-lived

do-scalar
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FUTURE
CIRCULAR
COLLIDER

FCC-ee for ALPs

e Specially sensitive final states at FCC-ee of ALPs produced with photons

e Calorimetry crucial to study this signature

o First generation studies with FCC software available P e muaon (Deoipnes)
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3. The Higgs boson

To be more precise, its decays

* We are still getting to know the Higgs boson, the LHC is the only place to study it (for now)

« So far it looks SM-like but it still could be exotic and provide us with indications of what lies
beyond the SM

* EXxotic Higgs decays to long-lived particles are possible and present in many models:

« SM extensions with scalars/fermions/vectors, MSSM, NMSSM, Hidden Valleys, Twin
Higgs (arXiv:1312.4992, arXiv:1812.05588, arXiv:1712.07135)

Z XsMm

Higgs Portal
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We are also working on that!

 Experimental studies ongoing with a SM + S model (arXiv:1312.4992, arXiv:1412.0018)

e | ong-lived scalars for sufficiently small mixing between the Higgs and the scalar

e Note for midterm report: https://doi.org/10.17181/xgyvv-xfd/2

FCCAnalyses: FCC-ee Simulation (Delphes)
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Extra detectors
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Following the example of the LHC we can also
propose additional experiments for future colliders

FCC-ee will have much bigger detector caverns
than needed (to use them further for FCC-hh)

We could install extra instrumentation at the
cavern walls

HECATE: A long lived particle detector concept
for the FCC-ee or CEPC: arXiv:2011.01005

What about a Forward Physics Facility at FCC?

Far Detectors
arXiv:1911.06576
for ALPs at FCC-ee, CepC
arXiv:2201.08960 )
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FUTURE
SATLAS () ehicitar

EXPERIMENT

Summary

e Dark sectors: powerful alternative and complement to searches for dark matter at colliders

e Can address the lack of obvious BSM signals — providing accessible new areas for BSM
to hide

* Are connected to other interesting physics questions such as neutrino masses

 Display unconventional experimental signatures that offer us the opportunity to think
outside the box

e In ovatio :In methods and experimental setups

e Searches ongoing at the LHC experiments + variety of ongoing/
proposed to complement them at collision points, or using beam dumps

e At future Higgs factories (FCC-ee) dark sector searches could hold the key to new physics:
HNLs, ALPs, exotic decays of the Higgs boson
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ATLAS is the biggest of the LHC

experiments
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https://twitter.com/PKoppenburg

Number of papers for topic vs. time
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https://benty-fields.com/trending Idea from Caterina Doglioni
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How did the relic density come to be?

From Caterina Doglioni

DM density
SM «— DM SM — DM creation processes decrease
thermal Freeze-out until a new SM «— DM equilibrium is reached
equilibrium
Relic density
Qh* = 0.12
Couplings too small SM — DM creation processes increase
for Sl\/:b<—> DM Freeze-in until equilibrium is reached
equilibrium
M ot
20 T

Universe expands and cools down

Isabelle John's thesis

Note: simplified picture, for a more complete one see https://arxiv.org/abs/1706.07442

Vr A (M med )

X O q
o q

O q

X S q

Examples of DM «— SM processes
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T, production cross section [pb]
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Branching fraction

I IIIIIII|

ATLAS Simulation Preliminary

\s=13 TeV, gaugephobic —1i —bb
MadGraph5 aMC@NLO
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Branching fraction

ATLAS Simulation Preliminary

\s=13 TeV, gaugephobic —tb —cS
MadGraph5 aMC@NLO
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Mass Charged Current Neutral Current
. My, S 150 GeV bbTv T T VD
% 150 GeV < my,, <200 GeV bbtb ttbb
%’; 200 GeV < m,y, < 450 GeV Z htb £7bb
My, > 450 GeV hhZW+ hhW+W =
o My, S 150 GeV bbTv TTTTVD
S | 150 GeV S ma, S 220 Gev bhtE {Eb)
%’ 220 GeV < my, < 350 GeV Z htb ttbb
a My, 2 350 GeV ttth ttbb

Table 2: Phenomenological regions for collider signatures. The charged and neutral current
columns show the SM particles for the dominant branching ratios.

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)



~
-
-

o
-
-

SR300_350 SR325_350 SR400_350

N
-
-

I I I I I I I I I | I I I | I

Sub-leading large-R jet mass [GeV]
S
-

SR300_300 = SR325_300 SR400_300
SR300_250 = SR325_250 SR400_250

_ ATLAS Simulation Preliminary
200 Vs =13 TeV —

'I'IIIIIIIIIIIIIIIIIIIIIIIII—

200 300 400 500 600 700
Leading large-R jet mass [GeV]

300




Tag Variable Tag selection Anti-tag selection Leading |arg e-R Je‘t
Both large-R jets Mpb/ Db > 0.25 o
Leading large-R jet bb, AR (7,bs) < 1.0 > 1.0 c 4(1—)'
Sub-leading large-R jet | bbs AR (j,bs) < 1.0 > 1.0 O E
300 — 325 GeV, g i
Leading large-R jet Tp1 | Mjet. R=1.2 325 — 400 GeV, < 300 GeV - 8-)
> 400 GeV] -g =
250 — 300 GeV, D —
Sub-leading large-R jet | mpo | Miepr=12 | 300 —350GeV, < 250 GeV
> 350 GeV]
SR300_250 | SR300_300 | SR300_350
Non-closure uncertainty 40% 45% 1.4%
Stat. uncert. on k-factors 37% 35% 39%
Total Multijet Uncertainty 55% 57 % 39%
SR325.250 | SR325.300 | SR325_350
Non-closure uncertainty 16% 28% 28%
Stat. uncert. on k-factors 29% 29% 29%
Total Multijet Uncertainty 33% 40% 41%
SR400_250 | SR400_300 | SR400_350
Non-closure uncertainty 34% 3.2% 29%
Stat. uncert. on k-factors 37% 38% 38%
Total Multijet Uncertainty 51% 38% 48%
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Post-fit event yields in all
nine signal mass bins. The
quoted uncertainties
contain statistical and
systematic components.

Rebec

SR300_250 | SR300_300 | SR300_.350
V+jets 0.00=2=0.00 2.0x=0.9 0.28+0.06
Single top || 0.12+0.07 0.0040.03 0.0040.00
tt + X 0.30=+0.04 0.2140.09 0.17£0.04
tt 312 1.6x1.1 1.8£0.8
Multijet 164 104 1143
Total SM 204 14+3 13+3
Data 20 14 16
SR325.250 | SR325_.300 | SR325_350
V+jets 0.7£0.6 0.1210.18 | 0.19=0.16
Single top 0.4+0.1 0.12+0.13 | 0.27%0.15
tt+ X 0.4+0.1 0.4+0.1 0.50£0.07
tt 0+4 442 442
Multijet 337 231E0 1845
Total SM 4146 28+5 23+5
Data 41 28 23
SR400.250 | SR400_300 | SR400_350
V+jets 0.7£0.6 0.00=0.00 1.2+0.3
Single top || 0.00%0.00 0.0=£0.1 0.1140.02
tt+ X 0.34+0.07 0.40+0.07 0.7%0.1
tt 442 3.1£2.5 014
Multijet 20L5 1545 2812
Total SM 20+ 19+4 36+t11
Data 27 20 45 2023)
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https://hilumilhc.web.cern.ch/

2 CIVIL ENGINEERING “CRAB"” CAVITIES
2 new 300-metre service tunnels and 16 superconducting ,crab”
2 shafts near to ATLAS and CMS, cavities for each of the ATLAS
and CMS experiments to tilt the

beams before collisions.

FOCUSING MAGNETS N

12 more powerful quadrupole magnets
for each of the ATLAS and CMS
expenments, designed to increase the
concentration of the beams before

colksions.

SUPERCONDUCTING LINKS BENDING MAGNETS
Electncal transmission lines based on a COLLIMATORS 4 pairs of shorter and more
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets
current to the magnets from the new service collimators to reinforce machine protection, to free up space for the new
tunnels near ATLAS and CMS. collimators.

CERN Novembee 2015
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The value of the Higgs mass of 125GeV is
very interesting.

When combined with the masses of the top

quark and the W boson, it hints at
something beyond the standard model.
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Top pole mass M; in GeV

The value of the Higgs mass of 125GeV is

very interesting.

When combined with the masses of the top
quark and the W boson, it hints at
something beyond the standard model.
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M,, [GeV]
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The value of the Higgs mass of 125GeV is

very interesting.

When combined with the masses of the top
quark and the W boson, it hints at

something beyond the standard model.

Higgs pole mass M}, in GeV
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M,, [GeV]
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When combined with the masses of the top
quark and the W boson, it hints at
something beyond the standard model.
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only thing we know about dark matter (one
of the biggest questions in physics today) is

that it has mass.

So it is natural to believe that there could be
a connection with dark matter.

And these are just two of many open

options...
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The value of the Higgs mass of 125GeV is
very interesting.

When combined with the masses of the top

quark and the W boson, it hints at

something beyond the standard model.
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very interesting.

When combined with the masses of the top
quark and the W boson, it hints at
something beyond the standard model.
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And these are just two of many open
options...
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It took us 60 years to find it, but we will be
learning from it for at least 60 years more!
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1,000

-@- FCC-ee (2 collision points)

* Great energy range for the heavy particles of the
Standard Model

.  Complementarity with hadron (LHC, FCC-hh) and

§ A~ ILC
T 10- @ MAP-MC
)
= -1 ~1
5, ssonoMwnl RN
o 0
=
o 0.1-
=
=+
~ 0.01-
O
0.001 1 1
0.01 0.1 1 10
\/s (TeV)
Phase Run duration | Center-of-mass Integrated Event
(years) Energies (GeV) | Luminosity (ab™ ") Statistics
FCC-ee-Z - 88-95 150 3 x 10" visible Z decays
FCC-ee-W 2 158-162 12 10° WW events
FCC-ee-H 3 240 5 10° ZH events
FCC-ee-tt 5 345-365 1.5 10° tT events

linear colliders

LEP x 105
LEP x2-103

Never done
Never done

e combining successful ingredients of several recent
colliders — highest luminosities & energies

The FCC-ee will be implemented
In stages as an electroweak,
flavour, and Higgs factory to study
with unprecedented precision the
Higgs boson, the Z and W bosons,
the top quark, and other particles
of the Standard Model
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Detector requirements

from physics - M. Selvaggi

Detector concepts

-

CLD

alcoul

Si Tracker

12m

v

10.6 m -

Based on CLIC detector design,

arXiv:1911.12230

Full silicon vertex detector and

tracker
3D-imaging highly-granular
calorimeter system

Coil outside calorimeter system

IDEA

Instrumented return yoke

Double Readout Calorimeter

27 coil

Ultra-light Tracker

\ LumiCal

Pre-shower counters

MAPS

11 m

" 13 m -

Innovative, possibly cheaper than
CLD

https://pos.sissa.it/390/819
Baseline in many ongoing studies

Silicon vertex detector
Short-drift, ultra-light wire chamber
Dual-readout calorimeter
Thin and light solenoid coil inside
calorimeter system

;i M v AReRse T -

Muon Tagger

HCAL Barrel

5
b
-
m
=
o
o)
1)
°

1388e] uonpy

New! Still unnamed!
GranuLAr WS, IJCLab 2022 — Martin

Aleksa

Highly granular noble-liquid
calorimeter
Thin 2T solenoid in the calorimeter
cryostat.

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)

More complementary options possible (4 IP!) = Can we optimize detector
designs for the complete physics program? Yes! opportunities to contribute
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https://arxiv.org/abs/1911.12230
https://pos.sissa.it/390/819
https://indico.ijclab.in2p3.fr/event/7664/contributions/25744/attachments/18583/24909/FCC-ee-Experiment-Layouts-20220406.pdf
https://indico.cern.ch/event/1202105/timetable/?view=standard#373-detector-requirements-from
https://indico.cern.ch/event/1202105/timetable/?view=standard#373-detector-requirements-from

FCC-ee Physics Programme

'mz, 'z, N, « o s(mz) with per-mil accuracy
‘R, Arg *Quark and gluon fragmentation
‘mw, 'w -Clean non-perturbative QCD studies
EW & QCD
detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID

direct searches
of light new physics

(;.__—

e Axion-like particles, dark photons,
Heavy Neutral Leptons
¢ long lifetimes - LLPs

flavour factory
(10'2bb/cc; 1.7x10M 77)

elept. univ. violation tests
momentum resol.

tracker

Christorhe (7roean

7 physics B physics
eFlavour EWPOs (Rp, AFgP©)
er-based EWPOs ¢CKM matrix,

¢CP violation in neutral B mesons

eFlavour anomalies in, e.g., b = s7r vertexing, tagging

energy resolution
hadron identification

7
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2,

MHiggs, I_Higgs
Higgs couplings
self-coupling

3,

Mitop, rtop
EW top couplings

detector req.

FCC cweeky, May 30, 2022



https://indico.cern.ch/event/1064327/timetable/#175-fcc-physics-case-the-once

HET factory physics Py ——

H is for Higgs

. . . . Origin of EWSB?
e FCC-ee is primarily a Higgs
Universe to Hidden Sectors?
factory
e The Higgs is connected to @

central questions in HEP

. . . or Composite? Baryogenesis
e BSM scenarios dealing with > -
these questions typically
. . . . Is it unique? Origin of masses?
introduce modifications in the -

. . Origin of Flavor?
Higgs properties

Stability of Universe

e |ndirect tests of new physics arXiv:2209.07510
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https://indico.cern.ch/event/1202105/timetable/?view=standard#349-higgs-physics
https://arxiv.org/abs/2209.07510

Giant step forward in precision

e X10 precision

e Recoil mass method for ZH production

e Measurement of o7y = Absolute measurement of HZZ interaction

e Precise Higgs mass O(MeV) and width determination <1%

Total Higgs production @ FCC-ee (baseline — 4 IP)

Threshold ZH production VBF production
240 GeV / 10 ab™ 2 M 50 k
365 GeV / 3 ab™ 0.4 M 0.1 M

20

15

HL-LHC
FCC-ee
" oLe2so/C’
M n125

Events

Wednesday session in the FCC week 2023

FCC-ee simulation Vs = 240 GeV, 19 ]
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https://indico.cern.ch/event/1202105/timetable/?view=standard#b-502906-ped-detector-requirem

Per-mil level in couplings

 Thorough determination of couplings with high precision
e fermions/gluons: O(51%)
e |nvisible O(30%)

e Access to interactions not easy/impossible at HL-LHC:
e C guaranteed

e s, e (unique challenge, using s-channel and beam
monochromatization at vs = 125 GeV) within reach

e |Indirect determination of self-coupling

VBF processes
Both CC/NC diagrams

ZH Higgsstrahlung 7

C} _

€ B € B
e’ Z et Z
: W+ e h W+ 5 2 Sig
'I =~ - ” _____ \
T e \ ; W~ y W= Sao”
\ ~ L e

€

Gee—> H(S) (fb)

0.5

0.4

Energy spread:
—938=0

--- 8=4.1MeV
—-0=7 MeV
----- d =15 MeV
-~ 8=30 MeV
----- 0 =100 MeV

tld\'llIIII|IIII|III||IIII|IIII

v
'
Vol
\.\|
'
AN

mrall R R M N I
124.99 124.995 125 125.005 125.01

s (GeV)

e V\fv Z7 v

6+ Wa Z, 8
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Profound test of the SM

O(10°) larger statistics than LEP
at the Z peak and O(103) at WW
threshold

Re-measurement 3 orders of
magnitude more precisely: mz,

GQED(mz),

Severe constraints from pseudo
observables

Limiting factors to tackle now:
Lumi, Energy calibration of the
beam, experimental uncertainties
(but mostly theory), fitting
methods for pseudo observables

Precision electroweak - Christoph Paus

Observable Present FCC-ee FCC-ee Comment and dominant exp. error

value * error Stat. Syst.
myz (keV) 91,186,700 £ 2200 4 100 From Z lineshape scan; beam energy calibration
'z (keV) 2,495,200 £ 2300 4 25 From Z lineshape scan; beam energy calibration
RZ (x10%) 20,767 & 25 0.06 0.2 — 1.0 Ratio of hadrons to leptons; acceptance for leptons
ag(m?) (x10%) 1,196 + 30 0.1 0.4—1.6 From RZ above
Ry (x10°) 216,290 £ 660 0.3 < 60 Ratio of bb to hadrons; stat. extrapol. from SLD
o 4 (x10%) (nb) 41,541 + 37 0.1 4 Peak hadronic cross section; luminosity measurement
N, (x10%) 2,996 £ 7 0.005 1 Z peak cross sections; luminosity measurement
sin? 9‘\3{; (x10°) 231,480 £ 160 1.4 1.4 From A’lffé at Z peak; beam energy calibration
1/aqep(ms) (x10°%) 128,952 + 14 3.8 1.2 From ALY off peak
A%’g (x10%) 992 + 16 0.02 1.3 b-quark asymmetry at Z pole; from jet charge
A, (x10%) 1,498 + 49 0.07 0.2 from AE%I’T; systematics from non-7 backgrounds
mw (MeV) 80,350 = 15 0.25 0.3 From WW threshold scan; beam energy calibration
I'w (MeV) 2,085 + 42 1.2 0.3 From WW threshold scan; beam energy calibration
N, (x10%) 2,920 £ 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns
as(my) (x10%) 1,170 4420 3 Small From R)”
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https://indico.cern.ch/event/1202105/timetable/?view=standard#378-precision-electroweak

Flavour

FCC-ee could be a powerful and competitive
probe of flavour physics beyond current

experimental programs &;‘:120 I | = IF;;(;_ =
8 100 | 22
Tera-Z run of the FCC-ee 15x Belle’s stats (more «
with 41Ps) - covering the full program of LHCb & £ *
Belle Il and compete favorably everywhere £ 60 —
All b-hadron species available, potential for i _

excellent secondary vertex reconstruction

. . 2 1 1 1 - bl & ST e Y 5
Large tau production, boost m ., GeV/c?

d

Flavour physics - Jernej] F. Kamenik
Wednesday session in the FCC week 2023
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https://indico.cern.ch/event/1202105/timetable/?view=standard#382-flavour-physics
https://indico.cern.ch/event/1202105/timetable/?view=standard#b-502907-ped-detector-requirem

Top

Less explored, opportunities

e | ess explored areas in scope of Bl FCC-ce/ech/hh  HEEE CLIC300 NN ILCio00 LHeC [xy[ <1

. . FCC-eesq5 CLIC500 ILC509 B HE-LHC |Kv| <1
FCC-ee,-hh include flavour studies FCC-een CLIC330 ILCas0 HL-LHC [xy| < 1

using top decays, spectroscopy, CEPC
quarkonium physics & flavor

conversion at high-pr T Atreshoud 1S mass17aGev | K
g 4 o[ —TOPPIKNNLO ~ — CLIC 350 LS+ISR N {
= . —ILC 350 LS+ISR — FCCee 350 LS+ISR i
e FCC-ee: Threshold region allows 3 1F -
most precise measurements of top So8 |

mass, width, and estimate of Yukawa  os'
coupling 041"

based on CLIC/ILC Top Study -

EPJ C73, 2540 (2013)
l 1 1 1 l L 1 1 l

» FCC-hh: Incredible potential with very ~— (= "=
challenging reconstruction s [GeV]
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Complementarity

Across stages

arXiv:1612,02728 FCC-ee
4 Indirect constrains from precision SM measurements

Direct search: single HNL production in Z decays
Sensitive to 10-11 for M below the W mass

FCC-hh
Direct search: single HNL production in W/Z decays
Lepton Number Violation, Lepton Flavor Violation
can test heavy neutrinos with masses up to ~2 TeV

FCC-eh
Can extend the reach of the FCC-hh up to ~2.7 TeV

Best reach above W mass
Sensitive to LFV and Lepton-Number-violation signatures

50 100 5001000
M [GeV]

Complementarity is the key word, also in
Higgs physics, top physics, and other new
Z,W physics searches

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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https://arxiv.org/abs/1612.02728

All this comes at a cost

More important than money

Energy and sustainability issues - Jean-Paul Burnet

shutdown 30 33 34 41

 While in some metrics, like energy consumption or carbon Technical stop 67 78 81 108
footprint per Higgs boson, FCC-ee is the most effective collider Downtime 67 78 81 108
(due to the large luminosity) arXiv:2208.10466, FCC is a very Commissioning 144 | 163 | 177 | 233
large machine that will have an important environmental Machine Development 96 121 147 | 231
impact Beam operation 222 247 273 357

e Sustainability is a key aspect of project

e All designs and R&D are focused on energy savings to
reduce the power demand and the energy consumption

e Accelerator technologies (cavities, magnets...) will be
designed with a focus on energy savings.

e Other focus: reduction of water intake and treatment or
reuse of excavated materials

e FCC includes renewable energy supply

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)
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----- neutral
= Charged
any charge

HSCP

disappearing
track

displaced
dijet

vertex

displaced

What is a long-lived particle?

displaced B BSM
dilepton M lepton
M quark
photon
B anything
displaced
lepton
‘:, $’ ".. displaced
: 7 %, photon
A
o v not pictured:
% displaced out-of-time decays

conversion

- Long-lived particles is an umbrella term
to cover new particles that we have not
discovered yet, with lifetimes long
enough to travel measurable distances
inside the detectors before decaying,
long enough to have non-standard
experimental signatures

Theoretically, their
presence Is strongly .
motivated natura™

Neutrino )
Masses BaNOQG“es‘s
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Detecting particles
At high-energy colliders

e As we reach higher and higher

energies, we gain access to
more massive particles

e Thatin turn are shorter and
shorter-lived

Our detectors, trigger, and
reconstruction are
optimized for that!

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023
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Detecting Long-lived partue

non-pointiﬁg
..... (converted) photons

.‘
“
-

_ emerging jets
| | lepton-jets, or
e Long-lived particle searches probe lepton pairs

unconventional signatures
e Displaced, disappearing,
emerging, slow, stopped...

 This is a curse and a blessing

e |t makes them clearly different

from other processes multitrack vertices in the
muon spectrometer

trackless,
low-EMF jets

guasi-stable
charged Qarticles

e |t also could make them
potentially invisible to current
data-acquisition methods

 Hard to spot! We may be
throwing them away!

Long-lived particles

(Also slowed-down, out of time, stopped)
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Are we working on this?

° . since the start of the LHC, at LEP, and the
Tevatron...

e They make up less than 10% of our exotic
searches

e Starting to pick up a lot of interest

e LHC Long-lived Particles Working Group (LHC
LLP WG)

e https://Ipcc.web.cern.ch/lhc-lip-wg

e LHC Long-lived particle community workshops

e https://longlivedparticles.web.cern.ch/

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: May 2020 [£dt = (18.4—136) b V5 =8,13TeV
Model Signature  [Ldt[fb™] Lifetime limit Reference
RPVt — uq displaced vtx + muon 136 Elifetirlne s l e e 0'.003:-6.;);"I k o .m(li)l:l;.; ITeV S 2003.11956
RPV 8 — eev/euv/uuv  displaced lepton pair ~ 32.8 | x] lifetime 0.003-1.0 m m(g)= 1.6 TeV, m(y)= 13 TeV 1907.10037
GGM ) — ZG displaced dimuon 32.9 ,\/‘1’ lifetime 0.029-18.0 m m(g)=1.1TeV, m(x9)=1.0 TeV 1808.03057
GMSB non-pointing or delayedy 20.3 ,\/2 lifetime _ SPS8 with A= 200 TeV 1409.5542
AMSB pp — vix0,xix;  disappearingtrack  20.3 | x¥ lifetime  02230m m(xt)= 450 GeV 1310.3675
<§ AMSB pp — xix9. x{x;  disappearingtrack  36.1 [ x7 lifetime 0.057-1.53 m m(xy)= 450 GeV 1712.02118
@ AMSB pp — xix? x 1 x7 large pixel dE/dx 18.4 | x7 lifetime _ m(x7)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 | § lifetime 0.1-519 m B(g — 5g)= 0.1, m(g)= 500 GeV 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >0.9m m(g)= 1.8 TeV, m(x%)= 100 GeV 1808.04095
Split SUSY displaced vtx + Ess 328 | g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(x{)= 100 GeV 1710.04901
Split SUSY 06,2-6jets +EM= 361 | §lifetime 0.0-2.1 m m(g)= 1.8 TeV, m(x?)= 100 GeV | ATLAS-CONF-2018-003
H-—ss ID/MS vtx, low EMF/trk jets 36.1 s lifetime 0.12-116 m m(s)=25GeV 1911.12575
S FRVZ H > 2y4 + X 2 e—, pu—jets 203 | alielifg| o0-3mm m(ya)= 400 MeV 1511.05542
‘; FRVZH — 2yq + X 2 u—jets 36.1 v4 lifetime 1.5-307 mm m(yq)= 400 MeV 1909.01246
% FRVZH — 4yq + X 2 u—jets 36.1 4 lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
§ H—- Z4Zy4 displaced dimuon 32.9 Z4 lifetime 0.009-24.0 m m(Z4)= 40 GeV 1808.03057
H—- ZZ, 2 e, u + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2m m(Zy4)= 10 GeV 1811.02542
VH with H — ss — bbbb ~ 1-2(+multi-bjets  36.1 |slifetime 0-3mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
5 ®(200 GeV) — s s low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o x 8= 1pb, m(s)=50 GeV 1902.03094
§ ®(600 GeV) — s s low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
®(1TeV) - ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV 1902.03094
N— Wt displaced vtx (uu or ue) + u 36.1 N lifetime 0.44-37 mm m(N)=5 GeV, LNC 1905.09787
:,E:' N — W¢e displaced vix (uu or ue) + u 36.1 N Iifetime o ?16:1;22 mml o ] ] o .m(.N.):. ISIGIeV, LNV. L 1905.09787
0.01 0.1 1 10 100 cT [m
Vs =13 TeV Vs =13 TeV
- partial data full data e el sl el el EEE—
*Only a selection of the available lifetime limits is shown. 0.01 1 10 100 T [nS]

Rebeca Gonzalez Suarez (Uppsala University) - HIP Cosmology Seminar (Sep 2023)

89


https://lpcc.web.cern.ch/lhc-llp-wg
https://longlivedparticles.web.cern.ch/

Are we working on this?

ATLAS Long-lived Particle Searches™ - 95% CL Exclusion ATLAS Preliminary
Status: May 2020 [£dt =(18.4—136) fb~ V5 =8,13 TeV

¢ y SlnCe the Start Of the LHC, at LEP, and the Model Signature  [£dt [fb™'] Lifetime limit Reference

L] L] L] L I L] L L] 7 rrri I L] L] T T rrri I T L] L] mrrrri I L] L] T L LI I L] 1 ] L] LI
Tevat ro n RPV t — uq displaced vix + muon 136 t lifetime 0.003-6.0 m m()=1.4 TeV 2003.11956
RPV 9 — eev/euv/upv  displaced lepton pair  32.8 ,\/‘1) lifetime 0.003-1.0 m m(§)=1.6TeV, m(x7)= 1.3 TeV 1907.10037
GGM? - ZG displaced dimuon 32.9 ,\/‘1) lifetime 0.029-18.0 m m(&)=1.1TeV, m(y°)=1.0 TeV 1808.03057
o) GMSB non-pointing or delayedy 20.3 | x° lifetime _ SPS8 with A= 200 TeV 1409.5542
e They make up less than 10% of our exotic :
h AMSB pp — xix0,xty;  disappearingtrack  20.3 | x* lifetime  02230m m(x})= 450 GeV 1310.3675
> L
S e a rC eS %) AMSB pp — XTX?,XTXI disappearing track 36.1 ,\/1—“ lifetime 0.057-1.53 m m(y7)= 450 GeV 1712.02118
2] o
AMSB pp — x:x%,xix7  large pixel dE/dx 18.4 | x7] lifetime . 13190m m(x;)= 450 GeV 1506.05332
S . . k I f . Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(g — Sg)= 0.1, m()= 500 GeV| 1811.07370
o Starting to pick up a lot of interest | | - ~ o
Split SUSY large pixel dE/dx 36.1 g lifetime >0.9m m(g)= 1.8 TeV, m(y;)= 100 GeV 1808.04095
Split SUSY displaced vtx + E}“iss 32.8 g lifetime 0.03-13.2 m m(g)= 1.8 TeV, m(x?)= 100 GeV 1710.04901
L H C L I . P " I W k- G L H C Split SUSY 0¢,2-6jets +E$1iss 36.1 g lifetime 0.0-2.1 m m(g)= 1.8 TeV, m(x?)= 100 GeV | ATLAS-CONF-2018-003
. ong-lived Particles Working Group (
H-ss ID/MS vtx, low EMF/trkjets 36.1 | s lifetime 0.12-116m m(s)= 25GeV 1911.12575
L L P WG ) %o FRVZ H — 2y4 + X 2 e—, u—jets 20.3 - 0-3mm m(yq)= 400 MeV 1511.05542
I FRVZH o2y, +X 2 j—jets 36.1 | 74 lifetime 1.5-307 mm m(yq)= 400 MeV 1909.01246
s
ﬁ FRVZ H — 4y4 + X 2 u-jets 36.1 | ya lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
e https://Ip b h/lhc-llp- g
i S - i CC - We - Ce rn - C C i W '39:’ H— Z4Z4 displaced dimuon 32.9 | Z4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— 72, 2 e, i + low-EMF trackless jet36.1 | Zg lifetime 0.21-5.2m m(Zy)= 10 GeV 1811.02542
1 1 1 VH with H — ss — bbbb ~ 1—2¢ + multi-bjets  36.1 | slifetime 0-3mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
e LHC Long-lived particle community workshops
5 $(200 GeV) — ss low-EMF trk-less jets, MS vitx 36.1 s lifetime 0.41-51.5m o xB=1pb, m(s)=50 GeV 1902.03094
©
8 $(600 GeV) - ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)=50 GeV 1902.03094
. " I (1 TeV) > ss low-EMF trk-less jets, MS vtx36.1 | s lifetime 0.06-52.4 m o x B= 1 pb, m(s)= 150 GeV 1902.03094
e https://longlivedparticles.web.cern.ch/
N— Wt displaced vtx (uu or ue) + u 36.1 N lifetime 0.44-37 mm m(N)=5GeV, LNC 1905.09787
.|
£ Nowe displaced vix (uu or pue) + 1 36.1 | N lifetime 0.64-22 mm m(N)= 5 GeV, LNV 1905.09787
L L L Ll LLlJl I L L L LL L Ll I L L L LL L Ll I L L L LL L Ll l L L L L L L Ll l L L 1 Ll
0.01 0.1 1 10 100
ct [m
Vs=13TeV  V5=13TeV
partial data full data L L_L Ll II 1 L L Ll 11l ll L L 1 L1 11l II 1 L 1 L_L L1 II L L L Ll L1 Il L 1 L L1 1l
0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.

T [ns]
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Paradigm shift

e Looking for this kind of signatures STILL represents a paradigm shift from the usual

e |mplies exploiting the detectors in ways they were not designed for

Some of the roadblocks:
o (Custom identification/reconstruction algorithms needed

o Especially clear in the Tracker (less utilized subdetector for LLP so far)
o Very low background searches, but affected by instrumental effects

o not well-modelled in the simulation

o QOur “Trigger’” may be biased against them (we may be throwing them away!)

o Dedicated trigger paths
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This won’t be different at future colliders

arXiv:1604.02420
y e At this point we have two ways to go:
E | O\ . : [ system
g x>m | Lo XS e HCAL * Design the future detectors as usual and then try to
fé) T - : ECAL make the best out of them for LLPs
? 100 events UEREEEL __\___WEER | E Tracker
R UV A W Vertex detector e which can be done but won’t be easy as we know
. JUTSTA 5 VR W W G0 W - Inner region from the experience at the LHC -and before-
heavy neutrino mass ® Design the future detectors with LLP in mind,
o . prioritising for example displaced tracking and timing,
Sensitivity of different and budgeting for unexpected signals
detector components to HNL
as a function of the mixing e which can bring up not only a boost for these
parameter and mass searches but also innovation
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Just a precision tool?
We hope not!

| convene this group

 The added value of an e+e- Higgs factory for Beyond the Standard Model is the business of the FCC BSM Physics .
Performance group And also this one

 And broadly for the ECFA Higgs Factory Study “Direct discovery potential” working group (WG1-SRCH)

e Broad exploration of the new physics discovery potential of the future Higgs and top/EW factory, including the search for
Feebly Interacting Particles also in connection with “Physics Beyond Colliders” activities.

e Work in both areas is starting to be officially coordinated now

e Ramping up on top of previous work

* Simulation of long-lived Heavy Neutral Leptons and
Axion-Like Particles at the FCC-ee - Lovisa Ryagaard
and Nils Eriksson, Uppsala University, January 2022

* Towards Vertexing Studies of Heavy Neutral Leptons
with the Future Circular Collider at CERN - Rohini
Sengupta, Uppsala University, June 2021.

European Strategy, Snowmass and other work!

LOI for Snowmass, arXiv:2106.15459 - Long-Lived Particles at the FCC-ee - Rohini Sengupta,
_ _ _ _ Uppsala University, January 2021.
Multiple snowmass white papers in preparation * Prospects of Sterile Neutrino Search with the FCC-ee -
Sissel Bay Nielsen, University of Copenhagen, December
Multiple master theses 2017.
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https://nbi.ku.dk/english/theses/masters-theses/sissel-bay-nielsen/SisselBayNielsen_MastersThesis.pdf
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Motivation

Top-down Theory IR LLP Scenario
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Dark Matter

Baryogenesis

Neutrino
Masses

RPV SUSY
GMSB

mini-split SUSY B
Stealth SUSY BSM=/—LLP

: (direct production of BSM state at
AX1inos LHC that is or decays to LLP)

Sgoldstinos

Neutral Naturalness
Composite Higgs
Relaxion

Hidden Valley

confining
sectors

. N

SM+V (+S)

Asymmetric DM
Freeze-In DM
SIMP/ELDER
Co-Decay
Co-Annihilation
Dynamical DM

WIMP Baryogenesis
Exotic Baryon Oscillations

Leptogenesis

N B N
A e

Minimal RH Neutrino
with U(1)s-L Z°
with SU(2)R Wr
long-lived scalars
with Higgs portal
from ERS- - fresomisionmd,

Discrete Symmetries

HNL

=

exotic Z
decays

exotic Higgs
decays

exotic Hadron
decays
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FASER

e ForwArd Search ExpeRiment, ~1 m3 480 m downstream from the ATLAS
interaction point (on-axis)

e https://faser.web.cern.ch/

Sk Approved in 2019, Installed during the Long Shutdown 2 - Taking data!
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NS

e For highly collimated and extremely weakly coupled particles

LLP — charged tracks + X

e Designed to detect LLPs produced at the ATLAS Interaction Point in the forward
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SND@LHC

 Neutrino experiment approved in 2021, installed,
commissioned and taking data since the start of Run-3

e https://snd-Ihc.web.cern.ch/

e 480 m from the ATLAS collision point (on the other side), W
| -

100 m of rock shielding

* Diverse neutrino physics program, can also probe LLPs in

Hidden Sector models

YA

LHC

Scattering and Neutrino Detector
at the LHC

SND@LHC

{4y,
C
Q”?/?@ Charged
/ particles

Neutrinos
SCATTERING AND PR N
NEUTRINO DETECTOR === =mau=

~ Residual hadrons

100 m rock

magnets

pp collisions
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FPF

e FASER and SND@LHC: highly constrained by 1980’s infrastructure that was never intended to support
experiments

e Proposed dedicated Forward Physics Facility (FPF) for the HL-LHC
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HL-LHC: Dedicated experiments

e MATHUSLA: (proposed) large-scale surface detector instrumenting ~8x10°m3 above ATLAS or

CMS arxiv:2009.01693 website -l e -
e (Constructing a 64-channel, 4-layer prototype at University of Victoria
e CODEX-b: (proposed) ~103m3 detector in the LHCDb cavern arXiv:2203.07316 qit
CODEX-b
e Building of CODEX-f3 demonstrator unit ongoing. —_—
* AL3X: (proposed) cylindrical~900 m? detector inside the L3 magnet and the time-projertinn chamhar
of the ALICE experiment (on-axis) arXiv:1810.03636 ANUBIS !m
e ANUBIS: (proposed) 1x1 m2 units on top of ATLAS/CMS arxXiv:1909.13022 twiki

e The proANUBIS prototype just been installed in the ATLAS experimental cavern

. (proposed) ~100m in front of CMIS (on-axis). Large decay volume (50 m) arXiv:2201.00019
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ANUBIS )

ANUBIS improves the LHC sensitivity by 2-3 orders of
magnitude at large decay lengths > 10 m for electrically
neutral LLPs with masses > 1 GeV for relatively low cost
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More LLP experiments at the LHC

e Beam dump using the SPS proton beam line in the North area

NAG2 {

. (running) fixed-target experiment, kaon and beam-dump physics program with sensitivity to hidden
AV sector (dark photon/Higgs, ALPs, HNLs..)

\V - (proposed) Intensity-frontier wide-spectrum (~GeV-scale) FIP search, zero-background reachable
SHIP,
T (proposed) competitive to CODEX-b and FASER?2 for FIPs from charm/beauty
e Experiments for exotic electromagnetic charge: f//

e MilliQan: (demonstrator taking data) searching for dark-sector millicharged particles with feeble coupling strength
in the drainage gallery of CMS

e MoEDAL-MAPP: (running) First LHC dedicated search experiment! looking for highly ionizing particles like
ik magnetic monopoles at LHCDb, upgrade with sensitivity to millicharged particles, SUSY LLP states, and even HNLs

MoEDAL
e FORMOSA: (proposed) millicharged particles in the 10 MeV to 100 GeV mass range using the FPF

e Many other experiments can also search for LLPs, e.g. Neutrino experiments, B-factories or dark matter
experiments.
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NAG2,

Kaon and beam dump
modes, beam-dump
mode sensitive to LLP
signatures (HNL, dark
photons/scalars, ALPs)
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Figure: Final result with upper limit @90% CL.
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FCC-hh

MuC 3 TeV

MuC 10 TeV

" No collider

. 2o, disappearing track
B 5o, disappearing track
- kinematic limit v/s/2
~ 20, indirect limit

10 | () [TeV]
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Higgsino

FCC-hh

MuC 3 TeV

MuC 10 TeV

~ No collider

. 20, disappearing track
B 5o, disappearing track
- kinematic limit /s/2
W 20, indirect limit

o ‘ m(x;) [TeV]
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Beam dump experiments at linear colliders

arxiv:2105.13768
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https://arxiv.org/abs/2105.13768
https://agenda.linearcollider.org/event/9211/contributions/49438/
https://arxiv.org/abs/2009.13790

Beam dump experiments at linear colliders

e General scheme of an experiment searching for axion-like particles, new scalars or dark photons

ldump lsh ldec
<€ > € . > € >
Muon shield Decay volume Detector
Beam dump —
e ~ | A T > — - Irdet
""""""" -)—k ->
—’

e One can look for visible products of LLPs decays (like a —»yy, S—¢¢) or for secondary interactions of

invisible decay products in dedicated far detector (like in direct DM detection experiments;
approach used in SLAC Beam Dump Experiment E137: arXiv:1406.2698)
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https://arxiv.org/abs/1406.2698

Ryu Sawada

Linear e*e- Colliders

e CLIC: (https://agenda.linearcollider.org/event/8217/
contributions/44770/)

Neutralino

. s . Soft [Pign Chargino
e Hidden valley searches in Higgs boson decays with

displaced vertices (https://cds.cern.ch/record/2625054)

e Degenerate Higgsino Dark Matter —» chargino pair
production (disappearing tracks) (arXiv:1812.02093,
arxiv:1812.06018)

https://clic.cern/ l'll::

infernafional linear collider

W e h
o
v -

ILC@Japan [250 GeV]

ﬂb Compact Linear Collider
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Circular e*e- Colliders

FUTURE
CIRCULAR
OLLIDER

CEPC@China [90-240-(350) GeV]

https://fcc-ee.web.cern.ch/

FCC-6@CERN [90-365 GeV]

A
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http://cepc.ihep.ac.cn/
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Electron coupling dominance: U*: UZ: U2 =1:0:0

~ 1072
a
o -4
® 10
10
107
1077
1078 ——
107 ¢ e,
107"} T
10—11 s FCC-ee, mono Higgs
10712°
107" 1 10 102

my, (GeV)

90% CL exclusion limits for a HNL mixed with the electron neutrino, from the Physics Briefing Book : Input for
the European Strategy for Particle Physics Update 2020 (https://cds.cern.ch/record/2691414/)
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Future constraints on the
electron neutrino-sterile
neutrino mixing |U.n|2 as a

function of the sterile
neutrino mass my
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www.hep.ucl.ac.uk/
~pbolton/plots.html
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