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https://indico.cern.ch/event/1298458/timetable/
https://indico.cern.ch/event/1298458/timetable/
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Outline

AAccelerators for High Energy Physics exploration
AEuropean Strategy for HEP and CERN future accelerators studies



Discoveries by colliders
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Colliders are powerful instruments in High Energy physics
for particle discoveries and precision measurements



Many open questions remaining

U  Standard model describes known matter, i.e. 5% of the universe!

Known Matter 4,.9%
rk Matter 26.8%

what is dark matter? - M33 rotafion curve
what is dark energy?

why is there more matter than antimatter
why do the masses differ by more than 13 orders of magnitude?

do fundamental forces unify in single field theory?

what about gravity? K. Borras
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FUTURE

cireular - EUropean Strategy for Particle Physics

COLLIDER

2013 Update of European Strategy for Particle Physics:
ACERN should undertake design studies for accelerator projects in a global context, with
emphasis on proton-proton and electron-positron high-energy frontier machines. 0

[HFCC Conceptual Design Reports (2018/19)

Vol 1 Physics, Vol 2 FCC-ee, Vol 3 FCC-hh, Vol 4 HE-LHC

CDRs published in European Physical Journal C (Vol 1)
and ST (Vol 2 T 4)

e —PJC 79,6 (2019) 474 ,EPJ ST 228, 2 (2019) 261-623,
| EPJ ST 228, 4 (2019) 755-1107 , EPJ ST 228, 5 (2019) 1109-1382

2020 Update of European Strategy for Particle Physics:

AEurope, together with its international partners, should investigate technical and financial
feasibility of a future hadron collider at CERN with a centre-of-mass energy of at least 100 TeV
and with an electron-positron Higgs and electroweak factory as a possible first stage. 0


https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900087-0
https://link.springer.com/article/10.1140/epjst/e2019-900088-6

Future Circular Collider Study

GOAL: CDR+ and cost review for the next ESU (2025)

International FCC collaboration (CERN as
host lab) to study:

A Full exploitation of the LHC and HL
A e*e collider (FCC-ee), as first step
Feasibility study and CDR++ by next ESPP 2025

A pp-collider (FCC-hh) A main emphasi,
defining infrastructure requirements and

dev(~16 TY 100 TeV pp in 100 km

Schematic of an
80 - 100 km
g long tunnel

J
|
I
1

A 80-100 km tunnel infrastructuren Geneva area,
site specific

A p-e (FC@he) option, integration one IP, FGth &
ERL



FUTURE

CIRCULAR C// AYUSANI 0USR LINE
comprehensive long-term program maximizing physics opportunities
A stage 1: FCC-ee (Z, W, H, @ as Higgs factory, electroweak & top factory at highest luminosities
A stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
A highly synergetic and complementary programme boosting the physics reach of both colliders

A common civil engineering and technical infrastructures,bui | di ng on and reusing CER
A FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

Injection transfer lines proposed to be
into booster PA(Experiment site) Azimuth = -10.2° installed inside FCC-hh ring tunnel
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———————
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M. Benedikt FCC week 2024



Outline

ACircular Colliders basics:
A basic accelerator physics consepts
A Colliders: Center of Mass Energy and luminosity
A Leptons versus Hadrons: synchrotron Radiation



Introduction to accelerators and particle dynamics
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Each of these ‘elements’ (and drifts) can
be thought of as transforming the particle
co-ordinates

';‘ - (x’l)_\”.v’p.\"z’a)
x(s,)=M(x(s,))

Mathematically, they are ‘maps’



Basic accelerator concepts

Injection and filling

. I AYaSNIA?2
of the machine 3

RF
& Future Expt.

Beam steering

Acceleration collisions and
luminosity
levelling

Beam circulation
at high energies Collective

for hours particle effects

LHC schematic

=



Particles to Accelerate

1TeV

mD S +

1 MeV

«— P8 194TeV

«— Proton, 938MeV
<«— Muon, 106MeV}t=2.2s

<«— Electron 511keV

Wide range of rest masses from electro
to heavy ions

The accelerators differ vastly, e.g.
A particle speed in cavities

A synchrotron radiation power

A activation by losses

A requirements for vacuum

Accelerator design depends on particle
type and properties Energy

N




Accelerating particle§ Towards Relativity

relativistic energy-
momentum relation:

E = \/m%c‘l + cZp?

= moc2 + E

B=V1-1/7

relativistic B

Relativistic electrons at ~ MeV
Relativistic protons ~GeV

0.01 :
- Uranium s
0.001 b proton
& muon
- electron
0.0001 R N I AT N N N N YY1 R
0.1 1 10 100 1000 10000 10000C

kinetic energy Ex [MeV]
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Guiding charged particles: Lorentz :

{

F=cE+etx B  (chage=e)

4 %

electric field magnetic field

energy gaina0 Q7Y bending: 6” AIhs0 T oo
Longitudinal Motion _ Transverse Motion

Parallel to the direction of motion. Perpendicular to the direction of motion.

Used to accelerate charged particles. Used to keep circulating orbit and beam steering.

il | N

VEV V V VY VYY

|

path bending and acceleration
of particles are fundamental

mechanisms of each particle S
accelerator

VVYVYYVYYY

15



F=cE+etx B  (chage=e)

4

electric field

H.A.Lorentz

energy gal n30 Q7Y 1853-1928

Longitudinal Motion
Parallel to the direction of motion.
Used to accelerate charged particles.

=1

VEV V V VY VYY

|

VVYVYYVYYY




AccelerationRadiefrequencycavities
"_h‘ i / ' “

S Reach of higher energetic
collisions (ions, protons and
leptons)

S Compensate for energy loss due = - "'qg;m——
to emission of synchrotron A\ , Radiofrequency Cavity
radiation (leptons) ' e —

Apply an E-field which is reversed while the particle travels inside the tube
Y it gets accelerated at each passage.

Could accelerate in linear and circular machines

Only particles synchronized with RF will be accelerated A particles are bunched in packages
17
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The acceleratingorceis arestoring 0 \\ /\ 5
force andkeepsthe particleslockedin
a stablemotion S =
\\ g
. . . \\ ‘.5
Therestoringforceis non-linear 5‘
Y speedof motion dependson )
particlecoordinatesin phasespace AEe |
g
ks
0 %
. =
(hereshownfor a stationarybucke) @
&
—AEgR

¢ /rad



F=eFE+evx B 6 OK I

%

magnetic field
bending: 6” ATh30O T 16531028

Transverse Motion
Perpendicular to the direction of motion.
Used to keep circulating orbit and beam steering.

19



Bending Magnet and magnetic rigidity

Iron dominated
Field defined by the geometry of poles
A 2 flat poles

Magnetic rigidity: Bp =

A accelerate beams8, increase B
A at fixed B: higher g, increase bending angle

Superconducting
Field defined by the geometry of coils
A Current distributionCod$

20



Lorentz Force gettingit right

Bp[Tm] = 3.3356 - ﬁEtot [GGV]

. V
A accelerate beams, increase B\ Synchrotrons: LHC, Tevatron F
A at fixed B: higher @y increase bending anghe Cyclotrons



A\

[ 2 NB Y (d3 SC2ANIBSA K ()

7\ Bp[Tm] = 3.3356 - BE0:[GeV]

2063 - 2210

7

l

Tevatron ppbar colliderA same B field, difficult to have pbar beams
LHC pp colliderA opposite B fieldd complex magnet design so called 2 in 1

22



Why B fields for steering?
Comparison E vs B field

Bendingradiusfor protonsin B and E:

example: electric and magnetic force on protons
60 keV 35 mm 12 mm

—

ﬁgze-E, F%ze-ﬁxg
table: bending radius, varying E

1 MeV 140 mm 200 mm
1GeV 56m 150 m

al AySGAO FASEtRA | NB dza SRINEE Ofidedm ASifA& (L& NAIS\C

23



Quadrupole MagnetFocusing Element

Quadrupole magnets:

Iron dominated: Superconducting:
field determined by field determined by
geometry of poles geometry of coils

— 4 hyperbolic poles — j(@) ~ cos2¢
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AFocusing in one plane X

,,,N/

,./////

Gradient g

0B,
dy

0B,
ox

VxB=0—
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Alternating Gradied#§ Strong focusing
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Accelerator Optics

Focusing in both planes possible in case of alternating gradient — well know from

light optics:

106.90 m

MCS
MCDO

MCS
BPM

MO, MQT, MQS
MCS
MCDO



Alternating Gradients: confined motion

Theoptical Betafunction is a periodic function entirely defined by the lattice (the magné&isyelop function
¢CKAA TFdzy OGAZ2yYy Aa IfédztI-GSR 6¢e Yélyé 2%
aSUK2RAOFf ! OOSftn
2 LIOANRSE S2LIGAOa® o
LYy Ol &asS e2#zialblWiuk O3 NYWIIPOD&EK YI RE

¢ dzZNy = | T3 S NJ hietdaed/ocilldtichs S NJ U

Betafunction A beam envelope "

Trajectory of a single particle d Trajectory of a many particles defining the beam s
envelope

LHC beams contain about 3x¥@rotons/beam


http://cern.ch/madx

Beta Function at LHC

Examples of real optics used in the LHC at the very smaktaetaf 0.25 m in ATLAS and CMS.

Beta Function (m)

LHC 6.5TeV Collisions at 0.25 m beta-star ATLAS and CMS

104 4

= = =
o o o
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=

il

N\

— Beta X
— Beta Y

I
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I
10000 15{]"[}
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Beta Function (m)
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20000 25000 \
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Beta Function at LHC

9EI YLX S& 2F NBI 2LIGAOE dZaABSRMNDPEFEKS! €V {
LHC 6.5TeV Collisions at 0.25 m beta-star ATLAS and CM5
104 5 5
] — eta X
—_ — Beta ¥
£ 107 4
5
S 107 5
=
z
o 101 4
3
107 4
:':n 501':1{} 106{} 1560{:- zn{lm 25{'1{1{}
LHC ring (m)

Beta Function (m)

LHC 6.5TeV 25cm ATLAS and CMS

T T T T T T T T
13000 13200 13400 13600 13800 14000 14200 14400 14600
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1 0.25 m betastar

Image credit: J.Jowett
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HX holes
mect GFRP wedge
. Coil

HiLumi LHC magnet Z00

A v

Tron voke
- : ) Al shell

o Coaling channel 2 9nuck tube

y s shos
L) -

lron

......

* SSshell

Corls SSwll‘ax:\ S
Iron voke
Triplet QXF (LARP and CERN) Orbit corrector (CIEMAT) Separation dipole D1 (KEK) 11 T dipole (CERN)

-—1-Sextupole (INFN)  Octupole (INFN)

— 00— o |
L
A »
| S -
- ~
v »
LR N

Decapole (INFN) Dodecapole (INFN)

e

» [ " skewquadrupole (INFN)
Recombination dipole D2 Q4 (CEA)

(INFN design)

Overall, about 150 magnets are needed

Hizh
Luminosity
LHC : R
HiLlumiLHCgoes to Industry — Magnets— 2015-06-26
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Accelerator elements

bunches

protons

partons
(quarks, gluons)




Synchrotron radiation

GE Synchrotron
New York State

‘.

_
-...-"
s

Crab Nebula, first light observed 1054 AD First light observed 1947

[L.Rivkin]



Synchrotron radiation
- \5\4
N

radiation fan

~ VR C

Radiation Power from accelerated charge

result for radiation power: strong scaling classical elect;on radius:
4 4 with energy _ c
2 27 Te = 2
P, = grecmoc — dmegmoc 5
= .
" ¥~ bending —2.82x 10" ¥ m opening angle ~ = "
radius 8 B

LEP 20MW lossés 3 GeV per turn at highest energy
FCGee designed to have maximum 50MW per beam at all energies

[see Wiedemann 25.3.1]



Transverse dimensions

Amazing Properties of Accelerators:
Quantum Effects in Electron Storage Rings

Radiation Effects in Electron Rings

u = hw
emission of
photons q
iati i excitation by emission -
ra.dlatlon damping by statistical equilibrium x.l .I. y Emiss ©
replacing lost momentum of individual photons Q g
average radiated power quantum fluctuations
res:c ored by I?F . — excitation of oscillations
— damping of oscillations
o 2 A A - A o o A A = 7 average balance of dampin A
¢CNI VAOSNES RAYSyaArzya 2F St SOGNEViaeaddod Nt IS NR y =
— Equilibrium distributions




Colliders versus Fixed Target Experiments

Two Beams of

— —
E17p17E27p27m1 — M2 =M

Eem =\ (B1 + E2)? — (B} + B3)2 500

Beam 2isa Targéf  pj5 =0

Eem = \/2m2 + 2Eym

7/ TeVproton beam against fix targ&§ 115GeV



Anellodi
AccumulazionAdA
B. Touschekl960

INFN @ Frascati
Laboratory




Colliders versus Fixed Target Experiments

Two Beams of

— —
E17p17E27p27m1 — M2 =M

Eem = \/(El + E2)2 — (171> ‘|‘172>)2

_ .
Beam 2 Is a

3 .
B
Ry -
L -
—~—~—

-
counter D =75 < m N

*

rotating beam

Ecm — El _I_EQ

7/ TeVproton beam collidingd 14 TeV



tnferaction region

- - — D R —
Luminosity Ny S e A

s
area A

For accelerator peoplthis IS the quantity used to optimise the machine.
The higher the luminosity the better.

N, event — L Jevent

Number of particles per bunch Accelerator 0§ dZNE

Number of bunches

N N Tev
I o 1 2nbf

’ F<— Geometric

47’(‘ A Reduction factor
2

— Enﬂ F=1/y/1 b0

20%*

Transverse Emittance OpticalBetastar

Crossing Angle . dzy OK t Sy 3iuK
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Outline

ALHC and HLHC full exploitation



High Energy Colliders under study
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Goal of High Luminosity LHC-(H{C)
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# implying an integrated luminosity of 250 fb-* per year,

# design oper. for m=140 (C peak luminosity 5 1034 cm-2s-1)

7

C Operation with levelled luminosity! (beta*, crossing angle & crab cavity)

C 10x the luminosity reach of first 10 years of LHC operation!!




HL-LHC upgrade i full LHC exploitation

e Peak luminosity =—Integrated luminosity
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HL-LHC significantly increases dfdta rate to improve statistics,
measurement precision, and energy reach in search of new physics
Gain of a factor 5 in rate, factor 10 in integral datat initial design
Operation till 2040



LHC technical bottleneck:

Radiation damage to triplet magnets at 30€.fb

peak dose longitudinal profile Cold bore
30 . . . . . m  insulation
[ 7+7 TeV proton interactions P M@y

IT qguadrupoles—+—
MCBX-1——
MCBX-2 |

N
o
————r

MQSX
MCTX nested in MCBX-83—+—
MCSOX——+—

peak dose [MGy / 300 fb™]
= =
Qe .9

&)

30 35 40 45 50 55
distance from IP [m]



HL-LHC technical bottleneck:

Radiation damage to triplet magnets

Tungsten blocks

eed to replace exiI s/
adliati on hard syste
he new magnet <col | s
adi ati ohdoees @I ghe
umi ndGOAYC Shi el di ng!

¢ Requires larger aperture!

Capillaries

¢ New magnet technology technology -
¢ LHC: 70mm at 210 T/m C HL@ 150mm diameter 140 T/m
¢ LHC: 8T peak field at coils C HL> 12T field at coils (Nb,Sn)!



Outline

AFCG@ee description

A Plans and General parameters
A Optics and allignment

A Bedan%_dynamics with collisions: Bedsmam, Beamstrahlung, BhBar and Synchrotron
radiations

A Electron Clouds and photon electrons
A Radiation in the interaction region and detectors challenges



Where does CERN go from here?

FCC Week 2024
San Francisco US

DECISION TIMES - WITH HISTORICAL
PERSPECT'VE President of CERN council

E. Rabinovici



( \ CIRGULAR Stage 1. highest luminosity lepton collider

COLLIDER
4 Operational energies: luminosity vs. electricity consumption
ZA 45.6 GeV © 000
WWA 80 GeV ~@- FCC-ee (2 collision points)
H(ZH)y 120 GeV £ 100- = CLIC
tthar A 182.5 GeV = k- 1LG
= 1o = MAP-MC
ST T ALORMNSRYYIOY: (1 2 § | somrtwwnt N S
= e

B Gtpdo A Xi KBwsl K 0BLOE |6

.01+

Br ¢ &6 A XiEvune kndlht 0 .
0.0 0.1 : 10

\/s (TeV)

enormous performance increase:

highest lumi/power of all H fact. proposals
Nature Physics 16, 4021 407 (2020)

collects LEP data statistics in few minutes
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