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Are accelerators still needed for pure physics research?

Particles accelerators have proven to be extremely versatile: from the original purpose

of studying particle physics they found many other uses

e Synchrotron radiation facilities with a wide range of applications
— Rings in their 4th generation
— Free electron lasers

— Miniature light sources based on laser, plasma, dielectric and EM technologies

under study
e Accelerators for Medical applications
e Accelerator Driven Subcritical Reactor

Some of those kind of facilities are already wide spread over the world, while ADS
facilities are under construction (MYRRHA, CiADS, LEHIPA).

What about facilities (colliders) for HEP?
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Is the large collider era dead?
e SLAC: after closing the SLC (1998) transformed into a synchrotron light lab.

o DESY: after closing the p/e® collider HERA (2007), the lab transformed into a
synchrotron light lab.

Fermilab: after closing Tevatron (2011) the accelerator related activities are focused
on the production of neutrinos beams for a variety of on going or under construction

experiments.

BNL: RHIC is still proudly colliding ions and polarized p. The only operating collider
in the US!

CERN: LHC performance as accelerator has surpassed expectations. A luminosity
upgrade is in preparation and expected to be operational by the end of 2027 with
experiment data taking until = 2035.

e |LC: still on “hold”, despite energy reduction for reducing costs to $7-billions.

What about the post HL-LHC era?
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e HEP research is based on accelerators.

e Development of new accelerators is driven by experimental needs.
e Experimental needs are informed by theoreticians.

e Theoreticians say they need the largest machine we can build!

For making our proposals acceptable to tax payers we must maximize the
Benefit-Cost Ratio — technological advancements (RF, magnets) and new ideas are

key ingredients.
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Following rumors on the discovery of the Higgs at LHC, there has been a revival for

ete™ colliders.
LEP3 was proposed in 2011 (Blondel-Zimmermann): an ete™ collider in the existing

LHC (LEP) tunnel with £=1x10%* cm?/s per IP for studying the Higgs.

The need for a Higgs factory is widely recognized.
In 2012 Fermilab hosted a workshop on Accelerators for a Higgs Factory.

Topics:

» Higgs physics beyond the LHC

# Merits and requirements of each type of Higgs factory

 Linear Higgs factories — ILC, CLIC, SLC, NLC

s Circular Higgs factories: LEP3, TLEP, SuperTristan, Fermilab site-filler, IHEP ring, LENL/SLAC
ring

s Limits of circular e*e™ colliders

o Muon collider as a Higgs Factory

¢ y-y collider as a Higgs Factory

The final report can be found at: www-bd.fnal.gov/icfabd/HF2012.pdf
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There were 35 contributions by scientists from Asia, Europe, Russia and US.
Dreaming big...
e DLEP: a 50 Km eTe™ would allow doubling the current for the same SR power
e TLEP: a 80 Km ete™ would allow 3 times larger current for the same SR power
e SuperTRISTAN (40 or 60 Km)
e VLLC in the 233 km VLHC tunnel, the larger ancestor of FCC.
Dreaming small...

e Fermilab 16 Km “SiteFiller”
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Luminosity in Circular colliders (head-on):

# particles/bunch
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Beam-beam tune shift:
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At high energy luminosity in a eTe™ circular collider is limited by the radiated power
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In addition

e beamstrahlung (SR emitted in the field of the opposite beam)

1 N
X

Pveam ’YU; Oy

but the critical energy scales as ~3:
— it affects lifetime at high energy and the beam parameters (energy spread — o7);

— responsible for a new beam-beam instability.
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FCCete™

CERN plans for future at the energy frontier after LHC:

CLIC (CDR presented in 2012) and FCC.

Following 2013 recommendations of the
Council on European Strategy for Particle
Physics, CERN launched a 5 years inter-
national design study for a Future Circular
Collider (FCC).

4 volumes CDR has been submitted to the
European Strategy for Particle Physics in
January 2019.

Our Goal

CERN is undertaking an integral design study for post-LHC
particle accelerator options in a global context. The Future
Circular Collider (FCC) study has an emphasis on proton-
proton and electron-positron (lepton) high-energy frontier
machines. It is exploring the potential of hadron and lepton
circular colliders, performing an in-depth analysis of
infrastructure and operation concepts and considering the
technology research and development programs that would
be required to build a future circular collider. A conceptual

design report will be delivered before the end of 2018, in
time for the next update of the European Strategy for
Particle Physics.

(CFco)) Future Circular Collider Study
FCC ~ Physics  ~ Accelerators ¥ Society  ~ Opportunites  ~ Recent

News and Events
_ a A word from
Towards the n&hgpgﬁ

Press Releases

= I=]==}
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A 100 TeV c.m. pp collider requires a 100 km tunnel, assuming a dipole field of 16 T.
It would host first a e* (double ring) collider with a variety of physics programs.

FCC-ee parameters

(optimized for max. luminosity at 50450 MW SR power)

parameter Z W H(ZH) tt
o beam energy [GeV] 45.6 80 120  182.5
circumference [km] 978 97.8 978 97.8
beam current [mA] 1390 147 29 54
bunches / beam 16640 2000 328 48
part./bunch [10*!] 1.7 15 18 23
hor. emittance [nm] 0.3 0.8 0.6 1.5
vert. emittance [pm] 1.0 1.7 1.3 2.9
hor. IP beta [m] 0.15 0.2 0.3 1
vert. IP beta [mm] 0.8 1.0 1.0 1.6
lum. [10** cm™2s7!1] >200 > 25 >7 >1.3

(M. Benedikt and F. Zimmermann, IPAC2018)

The cost (tunnel, infrastructures, pp and e* colliders) is estimated at 28.6 CHF billions.

ifm o <YYo X XX Xi XoXP,
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FCC-ee efficency drops with energy due to SR

-~ |LC

- CLIC

-®-FCC-ee (2 IPs)
MAP-MC

= 360,/(nb MWh) I -~ -

(from E. Jensen, Open Symposium ESPPU, Granada 2019)°

2data from the proposals submitted to the European Strategy Update and as such of heteroge-

neous nature.
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Linear vs. Circular collider for Higgs studies

Table 1.2. Precision determined in the s framework for the Higgs boson couplings and
total decay width, as expected from the FCC-ee data, and compared to those from HL-LHC
and other e*e™ colliders exploring the 240-380 GeV centre-of-mass energy range.

Collider HL-LHC ILC%() CL[C:;M) LEP324() CE-PC%() FCC-6624().|.;5(55

Lumi (ab"l) 3 2 1 3 D 524() +1.5;5(55 + HL—LHC
Years 25 15 8 6 1 3 +4
5rs /Ty (%) SM 3.6 4.7 3.6 28 27 1.3 1.1
Sonzz/auzz (%) Laf 03 060  0.32 0.25 0.2 0.7 0.16
Sorww /arww (V0) L7 17 1.0 L7 14 13 043 0.40
5gmn/gb (0) 3.7 LT 2.1 1.8 L3 L3 0.61 0.56
09kce /9tce (N0) SM| 2.3 4.4 2.3 220 L7 121 1.18
boses /anzs () 2.5 26 21 15 L6 101 090
I 19 19 31 19 15 14 0.74 0.67
somp o (%) | 43 nal 12 87101 90 38
barryy/9Hyy (%) 1.8 n.a. 6.1 3.7 48 3.9 1.3
bores aree () 3.4 . . 4 4 . 3.1
BRexo (%) SM <21 <l <l2<12 <1.0

(from CDR)

Some like it round...
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Main feeatures of FCCee

Double ring.

30 mrad crossing angle collision scheme for overcoming hourglass effect.

— crab waist crossing for overcoming betatron and synchro-betatron resonances;
sextupoles integrated into the LCCS.

Same layout for all energies; small re-arrangement in the two RF sections at tt

energy.

— Tapering of all dipoles and quadrupoles. Those trims are used for optics correc-
tion too. Sextupoles have independent p.s.

— Shared RF cavities at tt.

Top-up injection to keep beam current constant:

7(min) Z WW ZH tt
Bhabha 68 59 38 40 (39)
Beamstrahlung > 200 >200 18 24 (18)

— full energy booster (in the same tunnel)

ifm v <YYo X XX Xi XoXP,



http://www.mechanik.tu-darmstadt.de

Some issues of FCCee.

e Beam-beam effects:

— FCCee test bench for beamstrahlung (high energy and large charge density). |
affects the parameter choice in the various operation modes.

— 2 kinds of instabilities found in simulations related to the crossing angle

x beam-beam head-tail instability by “cross-wake” force may limit performance.
Confirmed at SuperKEKB (Ohmi et al., eeFACT 2018).
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Ohmi et al., PRL 119 (2017)
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x 3D flip-flop instability in presence

N, below threshold

of beamstrahlung due to asymme-

try in the population of the collid-

ing bunches — “bootstrap” injection
above the threshold current.
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Shatilov (ICFA Newsletter 72)

+ At tt energy the instabilities are suppressed by the large damping, but beam-
strahlung requires to increase 3*.

Differences between the two IPs: a potential source of troubles?

ifm v <YYo X XX Xi XoXP,
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The instabilities related to the crossing angle have informed the choice of beam param-
eters at the different energies.

Parameter optimization for Z operation.

u250_no70
u100_n110
u100_Nn170

»—mQ: =n/2 | , _w—z .
instability

u250_n070
u100_n110
u100_n170

flip-flop
— £+ 5%
— + 3%

Shatilov (ICFA Newsletter 72)
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e The very small ,6; causes large chromaticity and response to vertical misalignments:
— The IRs quadrupoles have a huge effect on the closed orbit.
— It is crucial to have near-by BPMs and correctors to compensate their effects
locally.
e Beam offsets in the sextupoles , in particular the LCC ones, produce tune shift and
betatron coupling:

— dipole and skew trim windings on the sexts are used for correcting orbit and
coupling
— trims on quads (needed for tapering) are used for optics correction

— tricky correction procedure with errors and corrections in steps to get a stable

machine and achieve the small €, in presence of reasonable misalignments

Az [pm] Ay [pm] Roll [prad]

Arc quads 100 100 100 from CDR, studies to relax condi-
Sexts 100 100 0 tions still going on

IP quads 50 50 50

ifm v <YYo X XX Xi XoXP,
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Large momentum acceptance needed because of beamstrahlung
— -2.8% — 4+2.5 % at tt

— at lower energy because of the increased Ap/p

Large DA (2 120,) to accommodate top-up injection.

— Sexts strengths optimized by down-hill simplex method in SAD.
PSO (BESSYII) also suggested.

e-clouds.

Longitudinal bunch-by-bunch feed-back design, particularly demanding at Z opera-
tion (large number of bunches): Q;=0.025 — 80 turns fastest manageable growth

time.

ifm e <YYo X XX Xi XoXP,
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e Beam polarization for precise energy calibration through resonant depolarization
required at 45 GeV and 80 GeV:

— wigglers needed at 45 GeV to reduce Tyg9 introduce more complexity to oper-

ation: they can be switched on only in the beginning of the injection with few
bunches stored;

colliding bunch lifetime forces use of non-colliding bunches;

the required precision (better than 100 KeV for Z) calls for evaluation of possible
biases and errors.

Computational problem: SITROS doesn’t have all MADX features (no thin
lenses, for instance); upgrade of computational tools desirable (BMAD).

ifm v <YYo X XX Xi XoXP,
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FCC-ete™ using ERLs

Proposal by Litvinenko, Roser and Chamizo-Llatas of using ERLs.

Schematic layout with
two ERLs inside the FCC

tunnel.

e Injection of e* from 2 GeV DRs into the SRF ERLs.

e Acceleration to top energy in the ERLs (4 or 6 turns).

— |IP is by-passed during beam acceleration.

e Deceleration of used beams to 2 GeV into the ERLs and injection in the DRs.

FCC arcs filled by combined function magnets with sextupole components.

ifm 2 <YYo X XX Xi XoXP,
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Expected advantages:

very small beam size,
no beam-beam tune shift limitations,
beam energy recovery,

L
L
L
e recycling of e in =2 GeV damping rings.

™ - -
Z(91.2 GeV): 4.6 x 10 cm®s
DYTIIALIT] .- ® FCC-ee (Baseline, 2 IPs)
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FCC-ee (with 10% safety margin)
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It opens the possibility of reaching = 500 GeV in CM for ZHH production.

Lower luminosity at 45 GeV, but 5 MW /beam radiated power.
Possibility of injecting polarized beams.

No possibility of high precision energy calibration through resonant depolarization.

Concept under test at CBETA, full energy recovery on one pass demonstrated in June.

ifm 2 <YYo X XX Xi XoXP,
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Extremely small emittances:
e e =4 pm — €,=17 pm at 120 GeV (vs. 600 pm original FCCee)

N e?JJV =8 nm — €,=0.034 pm at 120 GeV (vs. 1.3 pm original FCCee)

Are they feasible in practice?

Linacs:

o AE=248 GeV (ZH) with 31 MV/m requires 8 km active length (w/o SR)
— = 1 Km linac (each) in the 4 turns scenario.

— The geometry must be compatible with the pp layout.

ifm =z <YYo X XX Xi XoXP,
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~~ colliders

~~ collider proposed in 1980 as extension
for SLC and VLEPP physics program.
The idea got a new boost after the Higgs

discovery as a cheaper way to build a Higgs
factory. Figure 1: Scheme of ~-, ve collider.

V. Telnov (KEK-Preprint 98-163)

Recent proposals as addition to (but using only e™)

e CLIC and ILC
e FCC and CEPC.

Dedicated facilities

e SAPPHIRE
o HFITT

ifm =z <YYo X XX Xi XoXP,

FCC-ee complex
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The cross sections for Higgs production (ZH
channel for et e~ and s-channel for v+) are
similar for 120 GeV/beam and photon en-
ergy of 63 GeV.

The maximum energy of the inverse Comp-
ton scattered photon is

4hwi E,

(moc?)?

- T
7_1—|—:13

E, x

The photon energy distribution depends on
the product of longitudinal beam and circu-

lar laser polarization.

(1o, ) = (do fdy)
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¥

y=E,/E
J. Gronberg (World Scientific, 2014)
The best running mode is for 2\ X P.=-1.

e The photon spot size at IP is about the same as that computed for the e™, de-
pending on the traveled distance to the IP and energy spread.

— The luminosity is the “geometrical” one (no beam-beam effects).

e The parameter x should not exceed /& 4.8, above the photons produce ete™ pairs.

ifm 24/30
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250 nm -
[ 500 nm

Setting * =~4.6, 63 GeV photons can be 1060
produced with a 80 GeV beam; laser wave-
length: 351 nm.

e No et needed and only one DR for the linear collider option. No DR at all if source
provides low emittance beams.

But...

e Only a fraction of the e~ will produce a photon: conversion efficiency ~63%.

e [he photons have a relatively large energy tail.

— Actual luminosity: L.y =~ 0.1 X L&

geom’

— The laser must match the e~ beam time structure, bunch size and length.

ifm =z <YYo X XX Xi XoXP,
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SAPPHIRE: 80 GeV recirculating linacs for a photon collider (SAPPHIRE)?.

Recent developments

e use of fast kicker for avoiding beams

circulating in opposite direction and re-

500 MY - njector duce number of loops.

tune-up dump
11-GeV linac

e FEL instead of laser: self-generated or

0,20, driven by lower energy e~ beams.

60 GeV for
10, 30, 50,70 GeV e* (8 arcs!)
for e* (8 arcs!)

total circumference ~ 9 km 2.0km

L1 km e Wiggler
(80 GeV) converting some
e energy into
hotons (A=350 nm)

11-GeV linac

tune-up dump 3 \ optical

cavity
F. Zimmermann (Fermilab-TM-2558-APC)

mirrors

example: scheme developed
A..=200 cm, B=0.625T, L,,=100 m, U, ,=0.16 GeV, 0.1%P,...~25 kW with Z Huang

F. Zimmermann (Photon Beams Workshop, 2017)

2Small Accelerator for Photon-Photon HIggs production using Recirculating Electrons

ifm 2 <YYo X XX Xi XoXP,
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HFiTT — Higgs Factory in Tevatron Tunnel

Goal: 10,000 Higgs/year : RF (1.3 GHz, 8 sets, 5 cryomodules 1.25 GV /set)

e Re-use of existing facilities
— & (80GeV)

(Tevatron tun nel) /% - colision gg:;,,_;i,ﬁfgﬁiifk

Hz)
(125 GeV)

R
— HFITT: a kind of (vertical) RL . e

* 8 passes per beam (10

E=80GeV

o~ e unnel réss ection p=800 m
G eV/ pa SS) ) ~~ 96 K m Of (16 permanent magnet beam lines, / U =4.53 GeV/turn

B =0.05~-3.3kG)

3.048 m (10 ft) 1=0.15mA X2
P(rf) = 27 MW

beamline.
W. Chou et al. (Fermilab-TM-2558-APC)
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cms e-e- Energy
Peak yy Energy
Bunch charge
Bunches/train
Rep. rate

Power per beam

L _ee

L_gg (Eyy > 0.6 Ecms)
CP from IP

Laser pulse energy
&/ €, [um]

B,/ B, atIP [mm]
o,/ o, atIP [nm]

160 GeV
126 GeV
2e10
1
47.7 kHz
12.2 MW
3.2e34
5e33
1.2 mm
51
10/0.03
4.5/5.3
535/32

Main parameters

 Parameter |  HATT | Sapphire | SILC |  CLICHE

160 GeV
128 GeV
lel0
1
200 kHz
25 MW
2e34
3.5e33
1 mm
4)
5/0.5
5/0.1
400/ 18

160 GeV
130 GeV
5e10
1000
10 Hz
7 MW
le34
2e33
4 mm
1.2)
6/5
0.5/0.5
140 /125

160 Gev
128 GeV
4e9
1690
100 Hz
9.6 MW
4e34
3.5e33
1 mm
2
1.4/0.05
2/0.02
138/2.6

W. Chou (ICFA Mini-Workshop on ~~ colliders, Beijing 2017)
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Big technical challenges for all proposals:

e Laser parameters need (much) R&D. 2017 Beijing mini-Workshop: one session

dedicated to lasers for various applications, no solutions prospects for ~~.

e IR needs a careful design:
— Focusing of the laser spot at the e~ IP may interfere with the detector;

— Background from spent electrons and dump of photons.
In addition for the recirculating linacs:

® € source

low emittance (1 pm);

highly polarized;
large charge (1.6 nC for SAPPHIRE);
high repetition rate (200 KHz for SAPPHIRE).

e Emittance dilution, in particular for HFiTT, from energy spread, chromaticity, optics
mis-match, transfer from one arc to the next. Some studies done for SAPPHIRE.
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Thanks!

ifm o <X XX XX X X X XXr,


http://www.mechanik.tu-darmstadt.de

