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Future Circular Colliders

Inspired by LEP-LHC programm FCC-ee FCC-hh

Re-using CERN infrastructure Electron-positron collider Proton-proton collider
PA Experiment + Injection S Experiment + Injection
30 mrad o J PL PA nge :

Switzerland 134m 10.6m Booster

Interaction
03m

PD
RF system

LTI

RF system

Interaction
Point

PG Radiofrequency system p S-collimation

M. Benedikt et al. (ed), FCC CDR, Eur. Phys. J.
Spec. Top. 228, p. 261-623, 2019.

M. Benedikt et al. (ed), FCC CDR, Eur. Phys. J.
Spec. Top. 228, p. 755-1107, 2019.
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Motivation

Azimuth = -10.2°

 Designed for high precision physics experiments

PR ST AT I St S o S SN b

* FCC-ee demands precise knowledge of

Technical site
PE

beam energies, center-of-mass energies and
boosts at all Interaction Points (IPs)
* New “lowest risk” 4 IP () scenario
* Beam energy depends on RF-location (@) {gmg’m --------- o e e 1305"*:??::‘;’::#3.::'
* One RF-point for Z-, WW-, and Higgs-lattice " "
* Two RF-points for ttbar-lattice

/ Technical sit LSS = 2160

Talk: K. Hanke, SSS = 1400
“The RF System of FCC-ee - General Considerations”,
Thursday 2" June 2022, 09:00

Technical site
PF

SepeimentsieP F NOL preferred
section
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Considerations for Energies

* Beam energy and thus center-of-mass energy (ECM) depends on various parameters

* Placement, number and exact configuration of the RF-cavities

Physics requirements Integration and cryogenics requirements

- A: 1 RF-section, which is common (individual) for both beams Talk: F. Peauger
- B: 2 RF-sections, which are common (individual) for both beams  «gaseline and c:':wity options for FCC-ee”
- C: 2 RF-sections, which are individual for each beam Tuesday 31 June 2022, 11:00 ’

® ... RF for positrons ® ... RF for electrons

c . Talk: F. Valchkova,
T “Integration of FCC-ee RF Sections”,
SN Thusday 2" June 2022, 09:30

experiment p S s experiment
st

. Talk: A. Blondel,
A “FCC-ee EPOL”,
" / Wednesday 1° June 2022, 09:00
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Considerations for Energies

* Beam energy and thus center-of-mass energy (ECM) depends on various parameters
* Placement, number and exact configuration of the RF-cavities
e Synchrotron radiation

Average energy loss through a dipole
Energy loss strongly energy (y?) dependent

2 g0 3 4 f 1
AE|eV|==-———28 — d.
H e 34rey rel Vel p? ’

L ... Dipole length
p ... Bending radius p=L/6
\'} 6 ... Bending angle
q, ... Unit charge

g, ... Vacuum permittivity

B, .. ~1
dipole
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Considerations for Energies

e

3
5

* Beam energy and thus center-of-mass energy (ECM) depends on various parameters

* Placement, number and exact configuration of the RF-cavities

e Synchrotron radiation

* Beamstrahlung

qu<z

i<

Xmm

x
<

.. bending radius
. bunch population

relat/wstlc gamma
. hor. Beam size

. bunch length

. vert. Beam parameters
.. B-function at IP

.. Transverse emittances
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Bunch interacts with force field of
opposing bunch, bending radius:

1 N,
Pmin ?’UO” «/,8/6’

Synchrotron photons are emitted
with critical energy:

3
ucocy—océ‘y
o,

A X
X*
¢
i«
-

Talk: A. Chiarma,

“Machine induced backgrounds in the FCC-ee MDI
region and Beamstrahlung radiation ”,

Thursday 2" June 2022, 14:35
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Beamstrahlung and Boosts

Beamstrahlung (BS): crossing bunches interact with force field created by the other bunch

- Dominant effect: increased energy spread St L e dimuon events &t £zpole
g Black: no beamstrahlung (Y)... Initial-State-Photon (ISR)
* Does not shift peak energy . "\ ..nsianiung ] S -
_ Green: + angular resolution ~ §  [-[—— Spread (no BS) 7ol
Beam energy spectrum with Blue: + photon emission 15115 || — Spread (BS) 'p0§ e

— 0y, =0.1mrad
— With ISR E
—— Asymmetry = + 0.1%|

Pink: + asymmetry between
electron and positron energy

and without beamstrahlung \

\

*[sseew ttbar-gole | | Only asymmetric energies ~ 10°
shift the center of the energy
spectrum for dimuon events

-

10°

N as13ay | Measuring 108 dimuon
- | events yields precision of 103
| L 5 min measurements at | ‘ |
M‘ r FCC Z-mode gives boost 102 p———Ldb bbb b o o010

20 ' ' ' 5E/05, ' ' ' T2 precision of 50 keV and Longitudinal Boost, X,
one 8 h shift will give 5 keV

log,,(P/p,)

A. Blondel et al., arXiv:2019.12245, 2019.

FCC WEEK 2022 JACQUELINE KEINTZEL FUTURE

CIRCULAR
01 JUN 2022 FCC-EE ECM AND BOOSTS FOR VARIOUS RF-CONFIGURATIONS COLLIDER


https://arxiv.org/pdf/1909.12245.pdf

Considerations for Energies

* Beam energy and thus center-of-mass energy (ECM) depends on various parameters

* Placement, number and exact configuration of the RF-cavities Egggy change due to earth tides in
° Synchrotron radiation Change of ECM due to - needs to be compensated by RF
dispersion at the IP 200 [ 1 Nov. 1992
* Beamstrahlun e
° Avs = —2u J‘%(Dm ) 100 - o / ‘ ]
* Circumference changes, e.g. earth tides Eo(0y +05)
. . . . . U, ... nominal ECM AE -
* Dispersion at the interaction point D,,, - dispersion at the IP Erwny ﬁ
. : . E,... nominal energy Z
* Chromatic optics functions o ... beam size at the IP ook ;
, :
* Optics errors Talk: R. Tomas, :
“Correction and tuning”, W0 T T 16 20 2
® ... Talk: T. Charles, Wednesday 1% June 2022, 14:00 Time (hours)
“Optics correction studies”,
Tuesday 31 May 2022, 09:50 Many more things to consider to determine collision energy
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ECM and Boosts for Z-Mode

One 8 h shift will give 5 keV precision

- — — — — — —»

* PH: 0.1 GV 400 MHz cavity

Technical site LSS =2160m

Sum of losses close to sum of absolute boosts  p™ %"

5.

* < 0.62 MeV beamstrahlung losses per beam and IP (simulations)
AECM Boost

* 40 MeV radiation losses per revolution P [keV] [MeV] s 2ersr PD
Simulations performed in MAD-X 1RF - PA -7.851 10.665 P .
Benchmarking with analytical almost PD -7.931  -10.108 L -
equations ongoing constant PG 0.570 -30.883 o
o ' ECM ek

Exact numbers ngt final PJ 0.844 31.439 PG
AE oy Vs = 2/E+ E.— cos ®/2 Boost: + for e+; - for e-
45.621 —— Positrons » w.0. BS —— Positrons - w. BS 003 401 —— NoBS
----- Electrons « w.0.BS  ----- Electrons « w. BS 0.02 —— With BS
e IP
45.61 ,.,—::”'"‘:::’ \ = 001 = 20 : RF \
O 45.60 S %* %* ® * _E 0.00 g 0 £ * r *
45,59 < -0.01 ol —20
-0.02
45,58 g —40
A B D F G A i L A —003 A B D F G H ] L A
Point Point

FUTURE
FCC WEEK 2022 JACQUELINE KEINTZEL CIRCULAR

01 JUN 2022 FCC-EE ECM AND BOOSTS FOR VARIOUS RF-CONFIGURATIONS COLLIDER



ECM and Boosts for WW-Mode

PA
: 1.1 muon pairs per second for 2 IPs Rugrooimnste) > e
* PH: 0.75 GV 400 MHz CaV|ty ~100 keV after 10 days S
PL PL .T,EC"P'B'
* < 1.4 MeV beamstrahlung losses per beam and IP (simulations)
.. : AECM Boost
* 370 MeV radiation losses per revolution 1 [keV] [Mev] [ By PD
Simulations performed in MAD-X PA peTiEIA0S S0 )
Benchmarking with analytical PO | sEnl | SRR o s
equations ongoing PG 40.753 - 279.299 PH PF
- Exact numbers not final PJ 57.530 284.254 o
4
AE oy Vs = 2/E+ E.— cos ®/2 Boost: + for e+; - for e-
80.25 B : F g & | ¥ A A B D F G H ] L A L T
— g S w.o.BIzS — e+ = W.BBSS 0.6/ — NoBS % IP — WithBS
————— e- « w.o. e e WL — With |
20.1] \ 0.4 With B @ RF - 200 : EF
éso,o - x — | i 0 % % ® *
79.9 . —200]
T8 20 40S . o ~400, ; < : P(Snt . J ] A
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RF-Placements for ttbar-Mode

A [Experiment site)

Technical site
FL

Pl — — — — — — — — — ﬂ\( __________ PD
(Seconda < SSS = 1400 Secondary

experiment experiment
site) site)

Technical site LSS = 2160 Technical site

G (Experiment site)

Symmetrical option

Azimuth = -10.2°

* Two placement options for the RF-cavities (@), for now no errors considered

A [Experiment site) Azimuth = -10.2°

Technical site
PL

) G e e I - T e PD
(Seconda < SSS = 1400 Secondary

experiment experiment
site) site)

LSS =2160m Technical site

G (Experiment site)

Asymmetrical option
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ECM and Boosts for ttbar-Mode

* PF: 5 GV, 400 MHz cavity and PL: 6.7 GV, 800 MHz cavity

* = 14 MeV beamstrahlung losses per beam and IP
AECM Boost

* 10 GeV radiation losses per revolution P [MeV] [GeV]

Different ECM and boosts at the IPs result from, PA~ 12.663 2.574
radiation losses and BS PD 11.043 - 2.455
BS small impact on boosts PG - 46.531 2.573

PJ - 48.155 - 2.454

4
AE oy Vs = 2v/E+ E.— cos ®/2

1857 —— Ppositrons + w.0. BS  —— Positrons - w. BS Ve
ﬁ’
—————— Electrons « w.0.BS  ----- Electrons « w. BS P
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P e
*:":,';’
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L A

|
N
o
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186

184

E [GeV]

ECM and Boosts for ttbar-Mode

* PH: 5 GV, 400 MHz cavity and PL: 6.7 GV, 800 MHz cavity

* = 14 MeV beamstrahlung losses per beam and IP

.. . AECM Boost
* 10 GeV radiation losses per revolution P [MeV] [GeV]
Different ECM and boosts at the IPs result from PA 42.813 5.187
asymmetric RF placement, radiation losses and BS PD -30.176 0.157
BS small impact on boosts PG 34.236 -4.873
4 PJ -152.467 - 0.233
AE oy Vs = 2/E+ E.— cos ®/2
—— Positrons - w.0.BS —— Positrons - w. BS 150/ —— no BS 7.5
Electrons « w.o. BS Electrons « w. BS —— with BS
1001 %
%' 50 ® RF //
E'g 0 T %
“j -50 ~—
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Lss=2160m §f Technical site

"PF

Boost: + for e+; - for e-
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E [GeV]

4
AE o«
yrel

A B D F G H [ L
186 — e+ - w.0.BS - e- « w.o0. BS
184
182 |

.-“/ E

1801 i

0 20 40 60 80

S [km]

ECM and Boosts for ttbar-Mode

* Beamstrahlung not yet included

* 10 GeV radiation losses per revolution P

Although studies not yet completed, splitting the 800
MHz RF system seems tentatively beneficial for more

equal ECM and boosts
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A ECM [MeV]

- — — — — — —»

AECM Boost
[MeV] [GeV] (S?:’;EEZ g?;g:‘,’{,‘,‘.’i”{ PD
PA -0.060 4,711
PD B 60.621 _0.289 Technical site, S
PH PH LSS =2160 m pchPcane
PG 15.793 - 5.290 e
PJ -61.877 -1.084 PG
Vs = 2{/Eet Eo— cos &2 Boost: + for e+; - for e-
A - . F G H J E A s |
10 T :\FI'O > ° 5.0 {\\\
75 5 -
T 25 . i f
50 \ S%_J, o ~ . ) - I
25 K N
0% = /’ » ul.|° ik
~28 \ /_/ —5.0 No BS
IP R
-50 N— \v 75 : HE \\\
-75 s 20 40 60 80 B D E i OG'int 0 i 7 %
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Energy from Spin Tune

* Using resonant depolarization and polarimeter to determine average beam energy

* Understand spin dynamics in a synchrotron essential

. . . . - -~ ---- Real spin
Spin movement through FODO lattice with 100 m circumference + sampled spin
pactetn : |
'Y — L V -
o 2 =
\&i E=mc|[-—-—1 %o
X ¢ a 3
\./ \, .EA
V%é : E ... energy &
\ ¢ Focusing quadrupoles 1| ... mass ; '
S 1 | |
\S#i] Defocusing quadrupoles ‘-# C. Speed of Ilght t L ... B
3 —— RF strucure L V... Spin tune 1 1 1
\ﬁ‘ ~d] a ... anomalous magnetic dipole moment

Hj%

\%& ‘\% 2( J+1 = )frﬂ

: RS
‘%ﬁ % Poster: V. Caudan, Talk: 1. Koop,
éﬁ:@; T %‘%ﬁgj:% “Spin precession as a method for beam “Study of the depolarization process, possible
aaide energy measurement”, biases”,
Thursday 2" June 2022, from 16:00 Thursday 2™ June 2022, from 09:20

FCC WEEK 2022 JACQUELINE KEINTZEL FUTURE

CIRCULAR
01 JUN 2022 FCC-EE ECM AND BOOSTS FOR VARIOUS RF-CONFIGURATIONS COLLIDER




Summary

e Determination of ECM at each IP not trivial since beam energies not constant

* First presented studies include synchrotron radiation losses and beamstrahlung
* Future studies will include optics errors, chromatic optics functions, dispersion, etc.

* One RF-point for both beams lead to almost constant ECM
* Physics requirements for Z- and WW-|attice fulfilled

* Two RF-points lead to larger ECM offsets and boosts
* Studied layouts fulfill physics requirements at top energy

* Depolarization of polarized beams used to determine average beam energy
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ECM and Boosts for ttbar-Mode

* PH: 2.48 GV, 400 MHz cavity and PL: 9.19 GV, 800 MHz cavity

* 14 MeV beamstrahlung losses per beam and IP

.. . AECM Boost
* 10 GeV radiation losses per revolution P [MeV] [GeV]
Different ECM and boosts at the IPs result from PA 42.813 5.187
asymmetric RF placement, radiation losses and BS PD -30.176 0.157
BS small impact on boosts PG 34.236 - 4.873
1 PJ -152.467  -0.233
AE oy Vs = 2/E+ E.— cos ®/2 Boost: + for e+; - for e-
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