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What are the possible paths forward for
future high energy capabilities?

* Will focus on paths to next generation
colliders
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Linear Colliders Circular Colliders
0.1

1 oe °
10

Concepts represent a broad range of maturity
« QOperational Capabilities
» Full technical designs

100 . With design/budget constraints built in Large Ring
» Design extrapolations o

Ecu «  With some focused R&D required

(TeV) v « R&D concepts requiring significant validation
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Hadron Capabilities

A Short Status Overview
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LHC = HL-LHC Program

today

High

Upgrades:

LHC/ HL-LHCH Plan

@:

Luminosity
LHC

MR Quads ) || s | |

N b S h rt LS1 12 TeV EYETS 14 TeV 14 TeV energy
3 n S O splice consolidation injector upgrade T Sto7x
d i 0 I es 7Tey B8TeV bution eollentors ohoPaintd e HL-LHC installation maminal
— ng. P1- regions |
P —
Collimation
2 x romin luminsi
™ experiment namins! kminosity ] | experiment upgrade | | ——— — i o
Crab Cavitieg || —— g e P
Ciso T s

Cryogenics

Lay-out, g ermits, . S
M h . Civil engineering | Excav?t:jon Surface buildings F. BO rd ry
achnine preparition perio FCC Week

\P rotection / Prototypes/Spe: Installation

Detectors o |
Tech Infrastructure Spe cifications Installation
FAV = Fabrication, Assembly and Verification
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Options for Next Generation pp Machines

F. Zimmerman — FCC Week

parameter FCC-hh HE-LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.33
circumference [km] 100 27 27
straight section length [m] 1400 528 528
#IP 2 main & 2 2&2 28&2
beam current [A] 0.5 1.12 (1.12) 0.58
bunch intensity [10"] 1 1(0.2) 2.2 (0.44) (2.2) 1.15
bunch spacing [ns] 25 25 (5) 25 (5) 25
rms bunch length [cm] 7.55 7.55 (8.1) 7.55
peak luminosity [1034 cm2s-1] 5 30 25 (5) 1
events/bunch crossing 170 1k (200) ~800 (160) (135) 27
stored energy/beam [GJ] 8.4 1.3 (0.7) 0.36
beta* [m] 1.1-0.3 0.25 (0.20) 0.55
norm. emittance [um] 2.2 (0.4) 2.5 (0.5) (2.5) 3.75

Also Chinese SPPC option as follow-on to CEPC




Key Issues @) Tttt e P

* Focus on 16T dipole

* Includes US Magnet Development
Program Efforts

« Compact design required for HE-LHC
* Vacuum System Design

FCC-hh beam screen
shielded pumping slots, 4
less electron cloud /

oAl

F. Zimmerman i
FCC Week g

v" choice

 Crab Cavities and Electron Lenses based on HL-LHC
* Other issues: Beam Parameters, Electron Cloud, Pileup
e Cost Evaluation
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Lepton Collider
Options

A Short Status Overview
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ete~ Circular Colliders

« LEP2 nearly reached the Higgs
* Rings are robust and well-understood

@lolpalpal=ialisl | technology
Current focus: 80-100km ring leading to a
100 TeV scale hadron collider

s E* [GeV4]
« SR energy: |AE[GeV]=8.85x10
:  RF Efficiency p[m]
(lSleninllesll . Beam Lifetime (~103 sec) and Top-Up

Issues Injection
» Collective Effects

* Energy Bandwidth
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FCC-ee in 2017

K. Oide — FCC Week

Design 2017
Circumference [km] 97.750
Arc quadrupole scheme twin aperture
Bend. rad. of arc dipoles [km] 10.747
Number of IPs / ring 2
Crossing angle at IP [mrad] 30
Solenoid field at IP [T] +2 )
I [m] 2.2 N
Local chrom. correction y-plane with crab-sext. effect 1 S
RF frequency [MHz| 400 “‘ 80 - 100 km
Total SR power MW]| 100 s long tunnel
Beam energy GeV 45.6 80 120 175 ‘
SR energy loss/turn GeV 0.036 0.34 1.72 7.80
Long. damping time [ms] 414 76.8 22.9 7.49
Current /beam [mA] 1390 147 29.0 6.4
Bunches/ring 70760 7280 (4540) | 826 (614) 64 (50)
Particles/bunch [1019] 4.0 4.1 (6.6) 7.1 (9.6) 20.4 (26.0)
Arc cell 60°/60° 90°/90°
Mom. compaction a,, [1079] 14.79 7.31
[-tron tunes v, / vy 269.14 /267.22 389.08 / 389.18
Arc sext. families 208 292 —o—Base
Horizontal emittance e, [nm)] 0.267 0.28 0.63 1.34 —10% o "= (0:5-m; 1 mm)|—
gy/ex at collision [%] 0.38 0.36 0.2 0.2 ) :
Bs | By [m / mm] 0.15 /1 1/2(0.5/1) ' ]
Energy spread by SR (%] 0.038 0.066 0.099 0.147 C ]
Energy spread SR+BS %) 0.073 0.072 (0.091) | 0.106 (0.122) | 0.193 (0.212) & 1
Hor. beam-beam £, 0.008 0.080 (0.046) | 0.081 (0.053) | 0.082 (0.049) 3, ]
Ver. beam-beam &, 0.106 0.141 (0.141) | 0.140 (0.140) | 0.140 (0.138) @ ]
RF Voltage IMV] 255 696 2620 9500 £ ]
Bunch length by SR [mm] 2.1 2.1 2.0 24 g 1
Bunch length SR+BS [mm] 4.1 2.3 (2.9) 2.2 (2.5) 2.9 (3.5) - 1
Synchrotron tune v, —0.0413 —0.0340 —0.0499 —0.0684 i
RF bucket height [%] 3.8 3.7 2.2 10.3 10% 102
Luminosity/IP [1034/cm?s) 137 16.4 (30.0) 4.6 (8.0) 1.35 (2.09) Epeam (GeV)
_ 70 EARs oF
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CEPC - 100km baseline

Table 1. Parameters for 100 km CEPC double ring with 2 mm vertical §*.

Layout of CEPC Fully Partial Double Ring Pre CDR Higgs L Z
(Jan 18,2017, SuFeng) Number of IPs 2 2 2 N
Energy (Gev) 120 120 80 455
= Circumference (km) 54 100 100 100
SR loss/turn (Gev) 31 167 033 0.034
Half crossing angle (mrad) 0 165 165 165
Piwinskd angle @ 0 310 5.60 420
Lm.,,c N,bunch (10") 379 0.968 0365 0455
Bunch number 50 412 5534 21300
Beam current (m4) 16.6 19.2 97.1 465.8
SR power /beam (MW) 51.7 32 32 16.1
Bending radius (km) 6.1 11 11 11
- Momentum compaction (10%) 34 1.14 114 440
RFStaton  Arsy (M) 0800012 01710002 0171/0002 0.1690.002
z, z- ~ Emittance Ty (am) 6120018 1310004 05700017 1480.0078
Transverse oy (um) 69.970.15  15.00089 00/0059 1540125
_é &/2/TP 01180083 00130083 000550062 00080054
| g Var (GV) 687 21 041 0.14
Sy (MHZ) 630 650 650 650
Nature o; /Total o; (mm) 2141265 27229 33734 39740
HOM power/cavity (kw) 36(5cell)  041Qcell)  036Qcell)  1.99(2cell)
Energy spread (%) 0.13 0.008 0.065 0.037
Energy acceptance requirement (%) 2 15
Energy acceptance by RF (%) 6 21 11 1.1
n, 0.23 0.26 0.15 0.12
. 1¢  Life time due to beamstrahlung cal 47 52
- 4300 m (minute)
LoTP (10%cm™s™) 2.04 20 515 119

Wang — J. Phys, Conf. Series 874 (2017) 012009

Robust design and component R&D
program underway
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Linear Colliders
[ = szcozz H

» Luminosity 4no O, ’
( )
P
r=2v| N gp
E \4no o
b \ X y/

* The strong fields at the interaction point result in

* A luminosity enhancement characterized by the disruption
parameter

D

« Beamstrahlung emission gives rise to energy spread and
backgrounds at the interaction point 7 YEARS OF

DISCOVERY
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ILC In Japan

 Start with 250 GeV
Implementation

« Upgradeable to 1 Te

 Government statement
expected in 2018

ILC Candidate snte in Kltakaml Tohoku

T
L Technology is ready
/R Costs well-understood
7 YEARS OF
U.S. DEPARTMENT OF D'SCOVERY
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e

H Luminosity
1TeV 1 TeV Baseline
150% 2.4 166% 4.9 1000
263 14.6 298 27.3
Baseline High L
100% 1.8 106% 3.6 500 ’=\
163 10.5 204 21.0 %
LHF LHF high L LHF High L/High P )
69% 0.75 74% 1.5 106% 3 250 £
129 9.4 161 11.8 204 21 N w
1312 2625 / (2450 4Hz) 2625 10 Hz \A factor of
Number of bunches and repetition rate -> 2.51in L/P
Luminosity vs Energy Legend
10 Title
@ ,%I’T Rel Cost L (e34)
% P E. ——ILC P_AC P2
. 01 ® ILC- initial (MW) beam
0 0 o s | M. Ross | SeBveRy

A CENTURY OF SERVICE



CLIC o=
emme CERN existing LHC

U pd ated Potential underground siting :

ssee CLIC 380 Gev
seee CLIC1.5TeV

Baseline cvss CLIC 3ToV

Document
(CERN-2016-004)

« 380 GeV
1.5 TeV
e 3 TeV

: N /.
B R S EANK RS
¢ Y S
e T, | S U
»Y A PAAN 3
ARG AT AL
» L .."\ o
T
Adh .
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Luminosity per year [fb]

Stage 1

Parameter Symbol Unit Stage 2 Stage 3
C L I C Centre-of-mass energy NG GeV 380 1500 3000
Repetition frequency Jeep Hz 50 50 50
St Number of bunches per train ng, 352 312 312
a g e S Bunch separation At ns 0.5 0.5 0.5
Pulse length TRF ns 244 244 244
Successful CTF3 Accelerating gradient G MV/m 72 72100 72/100
demonstrator Total luminosity £ 10%em™%s7! 1.5 3.7 59
program recently Luminosity above 99% of /5 Lo 10%em™%h 09 1.4 2
Completed . Main tunnel length km 11.4 29.0 50.1
umber of particles per bunc N . . .
Technology is read Number of particles per bunch 10° 5.2 3.7 3.7
for full demonstrator ~ Bunch length S hm 70 4 .
Cost d staai IP beam size O/ Oy nm 149/2.9 ~6(0/1.5 ~ 40/1
OS1S and staging Normalised emittance (end of linac) &/,  nm 92020  660/20  660/20
plan well-understood  Normalised emittance (at IP) g/g  mm 95030 — —
——————— Estimated power consumption Pyan MW 252 364 589
1000 |- [ Luminosity per year _
C | — Total i
- —— 10/0 peak B - . 446 rons
800 1  CLIC 380 Bl
~ 0.38 TeV 15TeV 3TeV ] CR2439m +
600 .—_ _- < delay loop "
B 7 decelerator, 4 sectors of 878 m
400" 3 s L L ‘fm‘jm
L <|— i (-/\ e~ main linac, 12 GHz, 72 MV/m, 3.5 km N p e* main linac %
200 — - CR combiner ring twm
0 5 10 15 20 N Z‘ﬁfn;.?:“'”i"’ J7 -
Year “8ace  ~Nadrm *2sscey.



Novel Longer-Term
Concepts
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Wakefield Acceleration Schemes

 Leverage the potential for accelerating gradients
in the GV/m range
« Beam-Driven Wakefield Accelerators (PWFA)
« In US: FACET/FACET-I|

 Laser-driven Wakefield Accelerators (LWFA)

* In US: BELLA (at 1 micron), early studies of 10 micron
options planned for ATF/ATF-II

* Dielectric Wakefield Acceleration (DWFA)
* In US: AWA, ATF

* Major research efforts are also underway in Europe
and Asia

« Some are: AWAKE (CERN), Eupraxia, FLASH_Forward
(DESY), SPARC Lab (INFN)

70 A I%é gS OF
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Advanced Accelerator
Development Strategy Report

DOE Advanced Accelerator Concepts Research w5 oemsruens o Offce of
Roadmap Workshop, Feb 2-3, 2016 @EnEReY <o

Advanced Accelerator

The next ten years of AAC research should focus on
addressing cdmmon challenges identified during the Development Strategy
workshop: Report

1. Hi%her energa/ staging of electron acceleration
with independent drive beams, equal energy, and
90% beam capture;

2. Understanding mechanisms for emittance growth
and developing methods for achieving emittances
compatible with colliders;

3. Completion of a single electron acceleration stage
at higher energy;

4. Demonstration and understanding of positron
acceleration; and

5.  Continuous, joint development of a_
comprehensive and realistic operational
parameter set for a multi-TeV collider, to guide
operating specifications for AAC.

Image credts: lower et LENU/R. Kallschmidt, upper right SLACUCLAW. An
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Development Roadmaps (US & EU)

Preliminary Roadmap for Laser Plasma Accelerators St iV RS A0S Soacuep s 1=

s [ae0 (o [ Jass T | S ———
LHC Physics Program End LHC Physics Program
Continuing Invention & Discovery Phase Plasma Accelerator R&D at Universities and

other National & International Facilties

Modeling and simulations with hi-fidelity, high speed codes
0 oraps e Suses  PUEALGGon Fimsomn i,
i
Phase space shaping, efficiency, FACET-Hl Construction Lagsnd
diagnostics, tolerances Operaton O MhoceySimuissonDasign
Final focus, cooling, ... & Protoyping Ergroeing/Cangructon
e _ ===

GeV linac — kHz rep rate 50-100 GeV linac(s) — O(1-10kHz)

Collider conceptual
sign of concepts for colliders design report (CDR)

Accelerators

PWFA Research & Development

Collider tech

3 kW dass design report

(TDR)

30 kW class

Lasers

300 kW class

DWFA LC 10 YEAR ROADMAP

DWFA LC Baseline Technology (potential multi-fold cost reduction)

HEP Roadmap from EuroNNAc2 -
OPTION C - for discussion

Horizon2020

205 Pewme £
AANTRn, Sermion, amert. 13 5 rparmartud oy Mennwd 440

==

2025 2030 2040

WO igh efficiency laser 380
-

Single Stage

High Fidelity Staging

Main Beam Source

3GeV Acceleration Facility

Bunch Shaping for Doubling RF-Beam Efficiency

High Efficiency Klystron (Synergy efforts from CLIC/SLAC)

CDR for LC

DWFA Exploratory Studies (potentially order of magnitude cost reduction)

Ultralow Emittance e- 20
Ultralow Emittance e+ (Synergy efforts from LPWA) 2015 2020 2025 2030 2035 2040




Some Recent Highlights

Y Prog reSS On positron Corde et al., Nature August 2015
aCCelerat|On Multi-GeV Acceleration of Positrons TR AC

Injecting a single high-intensity positron 1o

° M u Itl_Stage acceleratlon bunch produced a very surprising result!

Positron PWFA

* Energy gain 4 GeV in 1.3 meters g .
. . . * 1.8% energy spread bt
» Stud f t hem ' :
u IeS O In eC Ion SC e eS * Low beam divergence -5
* No halo 10
22 24 26 28 30
Unloaded Loaded E (GeV)
5 4 3Y 2 1 = o JH '
Staged LPA: electron spectra vs laser delay of 2 ¢ _ e
o w |, .5 | regime warrants
3 e :
Electron spectra as a function of delay between Laser/| (electron beam) and Laser/2 £ 2: b | . 3 : > furtcl;zr exE)Ioratlo?
2 12 % | and developmen
Experiment (start-to-end) Simulation (using INF&RNO) j: b 7o , 2 towards PWFA-LC
ol 8 application
20 s -100 50 = [] o —0
& (um)
Steinke et dl, Nature (2016) M.J. Hogan intro to PWFA @ ANAR2017, April 25, 2017 7
< 2-color lonization Eection T _
3 Iniecti 20I i laser | lC)irlws
trapped  pulse eam
nJeC on - electron
§ 108 |8 bunch 'Y
S o B '
200 400 200 400 m
energy (MeV) energy (MeV) i
Periodic regions of acceleration (approx. +100 MeV) in the 2nd LPA stage: -10 X
* multiple accelerating buckets 4
* 80 fs modulation period (24 micron plasma wavelength; consistent with 1.9x10'8/cc) Z
* quasi-linear wakefield regime (consistent with laser-plasma parameters, I,=1.4x10'8 W/cm2)
* bunch length < Ap/4 o )
E using

)' Eﬁ"“E'!RG"Y BROOKHIAEN
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C. SChroeder’ et al’ transverse phase space (in laser polarization plane):
PRSTAB 2014 and SPIE 2014. normalized emittance = 20 nm




Some Comments

» Research remains focused on studying the physics and
executing laboratory demonstrations of basic concepts
(i.e., we're at low Technology Readiness Levels)

* |n addition to the acceleration techniques research, will
need to explore full capability issues to understand the
constraints and reach for HEP applications:

Beam delivery system

Machine detector interface

Bunch pattern issues

Full systems engineering

Multi-system integration

Realistic performance with achievable engineering designs

 Eftc.

= Much to do before we understand how to build an HEP
machine!

70 5iscSvery
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Other options

* While the US MAP program will complete its ramp-down
this year, muon options offer an alternative path ool
depending on the physics needs 2 1400

« European study will contribute to the 2018 European Strategy 2 1200}

» Recent design and R&D efforts continue to show promise .|

800
* The International Muon lonization Coolin% Eerriment at
Rutherford Appleton Laboratory is currently characterizing the

1800F

ent

-.03 =015 126 +.015 +.03

cooling effects of potential absorbers for muon cooling A j/?EGeY>I .
« Multiple solutions have now been identified for the challenge of RF !
in magnetic fields 400 f
g 300 1 ste]
3 200

* A Muon Collider offers: 100 }

« Superb Energy Resolution

» SM Thresholds and s-channel Higgs Factory operation
* Multi-TeV Capability (< 10TeV):

» Compact & energy efficient machine (multi-pass RF)

* Luminosity > 1034 cm2 s

» Option for 2 detectors in the ring
 For s > 1 TeV: Fusion processes dominate

0 L I 1 PR Ml
—03 —.015 126 +.015 +.03
Vs (GeV)

« At >5TeV: Higgs self-coupling resolutions of <10%

7 YEARS OF
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Muon Colliders extending high energy frontier
with potential of considerable power savings

600.00
Lepton Colliders Lepton Colliders Figure of Merit:
Wall Plug Power /:FA o LUMinosity per wall plug power
500.00 ' Muon Colliders
DLA
30,00
WFA
400.00
25.00
M 300.00 e 10% / PWFA PWFA PWFA
w 2000 A
CLc Muon Collider / mMw
PWFA
LPA
CLc cLC ILC
Muon Collider 15.00 PWFA
20000 —@—— = /uon Collider
Muon Collider PWFA DLA
PWFA Muon Collitlers.
DA - ILC
e PWFA 1000 | £
PWEA CLIC
100.00
S0 . ILC
. VIGO0 COTMUCTS LPA
0.00 1
0.0 100 1000 0.00 ‘ ‘
. 0.10 1.00 10.00
M. coliding beam energy (TeV} C.M. colliding beam energy (TeV)
=4=|[C =@=CLC =#=PWFA ==[PA ~=DLA =@=Muon Collider =4=|lC =f@=CLIC =A=PWFA ==[PA ~=DLA =@=Muon Colliders
—Wi"".w_. NAITIONAL LABUKAITUKY o 2
— S Delahaye gy




R&D Towards Muon Capabilities |

Taking Data MICE Step IV:
o Study of Cooling with
r ‘ P ;;.~ | Various Absorber

Materials

i RuIt
(Preliminary)
B oGt ... e AR o
AN _— "
MICE 201 MHz RF Module - " &i
MTA Acceptance Test in B-field ! e - =
11MV/m in Fringe of 5T Lab-G Solenoid _ L-3eam Codlin | ol
<4x10-7 Spark Rate (0 observed) >20MV/m operation of 805MHZ """
: ) R cavity in up to 5 T B-field Emittance Change
2 —5—2—1
5 Key demonstrations

for cooling channel
performance in hand!

0 1 2 3 . g 67 YEARS OF
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Accelerator Capabilities
Summary and Conclusions

* Near-Term Collider Capabilities:
« LHC is running
« SuperKEKB is commissioning
« HL-LHC project moving forward

* Mid-Term Capabilities
« Looming decisions for an electron-positron option
» Design reports and cost estimates are needed to clarify our
hadron machine options
* Long-Term Capabilities
« Challenges

« Maintaining funding to conduct the R&D for our future options

* Moving to TRLs compatible with knowing whether we can
actually achieve our desired collider capabilities
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