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No conclusive answer in Ghent either...
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SWHAT MY TALK WILL BE ABOUT
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(k<1/l — 14:45 Belgian and Dutch involvements

Convener: Zef Wolffs (Nikhef

Past and current national HEP involvement

Speaker: Prof. Antonio Pellegrino (University of Gre

Dutch view on involvement and interests in future colliders

Speaker: Prof. Tristan du Pree (University of Twente
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Speaker: Kirill Skovpen (Ghent University
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Past and current national HEP involvement
Speaker: Prof. Antonio Pellegrino (University of Groningen)

mrristan du Pree (University of Twente

| Belgian view on involvement and interests in future colliders
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There is no "Dutch view” (yet) so | cannot speak on behalf of whole NLJ
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Convener: Zef Wolffs (Nikhe

Past and current national HEP involvement
Speaker: Prof. Antonio Pellegrino (University of Groningen)

- 1ristan du Pree (Universi

Belgian view on involvement and interests in future colliders

Speaker: Kirill Skovpen




MY PROFESSIONAL LIGHTCONE
2050

Retirement

Start physics studies
2000

: UNIVERSITY .
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MY PROFESSIONAL LIGHTCONE
2050

Retirement

2017++ ATLAS
2010-17 PD CMS

2006-10 PhD LHCD
2000-05 MSc Theory

2000

UNIVERSITY
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MY PROFESSIONAL LIGHTCONE
2050

Retirement New collider?

2022 C"3

2020 MuCol

2017 FCC report
2013 ILC cand.site
2008 Start of the LHC

2017++ ATLAS
2010-17 PD CMS

2006-10 PhD LHCD
2000-05 MSc Theory

2000

UNIVERSITY
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MY ACTIVITIES (SO FAR)

e+ bunch
I L ‘ Damping Rings IR & detectors compressor

e- source

&- biinch e+ source .
compressor positron 2 km
main linac
11 km

central region
5 km

electron
main linac "
11 km

77'2 km ~

2013: ILC site visit

: UNIVERSITY :
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MY ACTIVITIES (SO FAR) e

e+ bunch
I L ‘ Damping Rings IR & detectors compressor

o~ bineh e+ source .
compressor rr?;iitlgggc P 2 km
CTkm |
central region
5 km
electron
mainlinac "
11 km
.2km -~ '

2013: ILC site visit 2017: Yellow report co-author

2021-23: FCC national contact

Tristan du Pree UNIVERSITY Ni%ef
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MY ACTIVITIES (SO FAR)

e+ bunch
I L ‘ Damping Rings IR & detectors compressor

e- bunch

compressor rr?:iiitlgggc N 2km
centrSaL:ﬁgion
2013: ILC site visit 3 2017: Yellow report co-author
C 2021-23: FCC national contact
COOL COPPER COLLIDER

A A e e e e e e e A e

2022+ Accelerator alignment R&D
2024: European workshop organizer

: UNIVERSITY :
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MY ACTIVITIES (SO FAR) .

e+ bunch
I L ‘ Damping Rings IR & detectors compressor

Muon Collider

e- bunch

compressor r:;iitlgggc 2km
centrSaL:ﬁgion
2013: ILC site visit 3 2017: Yellow report co-author
C 2021-23: FCC national contact
COOL COPPER COLLIDER

W T T Y W Y Y Y Y

A A A A e A e e e A e
2020+: Enthusiastic co-author

2022+ Accelerator alignment R&D 2024: NWO grant submission 1

2024: European workshop organizer
: UNIVERSITY :
Tristan du Pree OF TWENTE. Nl%ef




ILC

Netherlands involvement
e+ bunch

* Detector R&D for e*e
¢ GOal: u|tra precise! Damping?gs IR & detectors compressor

€- source

e- bunch e+ source |
compressor positron e
main linac -~
. 11 km
‘ 7777777777777, .
v‘b‘r‘bﬂ. 7777)77777777

central region
5 km

electron
main linac "
11 km

2km “
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ILC

ILD: Detector R&D for ete-
* Very low material budget

m0.01 X, TPC gas PIXG| TPC

m 0.01 X, inner cylinder
m 0.03 X, outer cylinder
B < 0.25 X, endplates (incl readout)

=S \\
S m ]

A

(TimePix1) TPX3 chip  Quad Module TPC plane
(2007-14) 2017 2018 2019

i
Tristan du Pree gp%ﬁ,‘gﬁl‘% Ni%ef




ILC PHYSICS

Precision at e*e-
* Order of magnitude
IN Higgs physics

n
"qc-; —®— Toy MC Data
LI?J 400 — Signal+Background

200

0 5 Betiiod [ T P T
110 120 130 140 150
Recoil Mass (GeV/c?)

- utu"h

UNIVERSITY

Nik[hef

Tristan du Pree
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ILC PHYSICS

Precision phyics, but...
* “Elk voordeel heb

zZ’n nadeel”
* J.Cruifff

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nl%ef
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Tristan du Pree
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E+E- COLLIDERS

e"e” Physics Processes [pol.av.]

ECFA studies: e+e- a 10 —zE  meewdH
¢ Z, WW, ZH, tt .
Q L
L A ————
* ‘Focus topics’ 5 £) o — =
105 J-° i

10% -

10°
10
10° §
1000

NL contact: Patrick Koppenburg Vs [GeV]

BE contact: Fabio Maltoni

Tristan du Pree gp‘%ﬁﬁ'{g NiEElef



FCC-EE

Global SMEFT analysis

* Higgs, top, electroweak
e With LEP, LHC |
and FCC-ee .’

Tristan du Pree gp‘%ﬁ,‘;ﬁ'{g Ni%ef



FCC-EE

Global SMEFT analysis

* Higgs, top, electroweak
° With LEP, LHC
and FCC-ee

i

== HL-LHC + FCC-ee (91 GeV) == HL-LHC + FCC-ee (91 + 161 + 240 + 365 GeV)
=@®— HL-LHC + FCC-ee (91 4 240 GeV)

J.Rojo et al, arXiv:2404.12809

: UNIVERSITY :
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COMBINATIONS & COMPARISONS

Higgs factories sensitivities o= e e S =
* Factor ~10 wrt HL-LHC - |

* Qverall similar perfOrmance! N e | R B

o Particulary r KW,Z1 Kb,c SIS | || SIS T & 117 S| | S
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1
gﬁzz Qeﬁww gﬁyy gefl;y gﬁlgg gﬁltt gﬁféc gﬁbb gﬁﬂ' gﬁlpp 6912 6K AZ

BRI (BE 1. g i, "
‘ | M | I —||1‘1|‘|‘||‘]n ]| ekl g
T » W.Verkerke, J.D’Hondt, 10 geﬁzz gﬁww gl ot ol gt oo oty oo gf, Ggiz Ok, 1
¥ F.Maltoni et al, arXiv:1905.03764

Tristan du Pree gﬁ{ﬁ,‘;ﬁ'{g Ni%ef



FCC-HH

Tracker: o_;/pt ~ 20%
10 TeV Ip5 4 Central Magnet +
O /E ~10%/VE ® 0.7 %
30 Xo

lat. segm: AnAd= 0.01
long. segm: 8 layers

9m
|

23 m
Fwd ECAL: LAr/Cu ||Fwd HCAL: LAr/Cu :7; 'L"S'O";;:Q:/'E ;‘;’ ; ———
o/E ~30%VE ® | % o /E ~100%/VE ® 10 % | IIE N (EC;\L °HCAL) ;

+

:at. segm: A.nAd)z 0.01 lat. segm: A.nAcbz 0.05 lat. segm: AnAd= 0,025
ong. segm: 6 layers long. segm: 6 layers _
—— long. segm: |0 layers M.Selvagqgi et al

: UNIVERSITY :
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FCC-HH

FCC-hh: direct searches 3 °F Axal(g=1)
* Scales LHC limits F ""';’%"‘)’(a,"'zsmz
e BSM: factor 100/14~7 sF i 1ab’' @ 100 TeV

""IllllIlTlIlTl]lIlTlllIl[

Ofan g . Cone
XDeri eOtual ges;
4 futyre 100”77_23t ’;at the Fc%e&gn

- h,
@dron Collider

Dark Matter from
LHC to FCC-hh

R, SR G S, DS SR, NN, SR SR, S, SRS S, S 8
» 2 4 6 8

10
Myeq [TEV]

T.du Pree et al, arXiv: 1603.08525
Tristan du Pree UNIVERSITY Ni%ef
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FCC-HH

F.Zimmermann, 3 Sep 2024

| | -
OngOIng StUdIeS fOr FCC hh 12 72 not far above peak field of HL-
* Accelerator magnets - ~ ey
* University Twente ;; :gz :1‘:

* Scenario studies

* Mini-workshop
M.L.Mangano, 3 Sep 2024

3 Sep 2024 Coupling precision 103;:;:ir?fn 80 TeV 120 TeV
OGHyy / QHyy (%) 0.4 0.4 0.4
OHuu / GHup (%) 0.65 0.7 0.6
OgHzy / QHzy (%) 0.9 1.0 0.8

=» Study scenarios for different magnets

Tristan du Pree UNIVERSITY Ni%ef
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C3

Alignment for C3 accelerator
* With Nikhef engineer

Harry v/d Graaf

* Based on system used
for ATLAS Muon

* "RasNik”

Tristan du Pree

H. v/d Graaf at N

. 1

Ikhef

- ~

IR
L -

-

UNIVERSITY
OF TWENTE.



C3

H. v/d Graaf, T.du Pree et al, arXiv:24xx.yyyy

Alignment for C3 accelerator
* With engineer * 1’ ’f* ’ff - J
Harry v/d Graaf % f $ f f

§ image pixel sensor
+ zone plate Top View

] VCSEL laser diode

e “RasNik”

Figure 4. The ’leap frog’ multipoint alignment system: with the known alignment of any set of three
adjacent chainplates, the alignment of all chainplates is known.

Accelerating Structure

Figure 3. Principle of the RasDif system. The monochromatic waves, arriving at the zone plate, result
in a diffraction pattern on the image sensor.

Quadrupole
RF Input

Wire Aligner

Vacuum Insulated
Cryostat

Figure 2. The 9 meter long CryoModule CM.

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nlﬁmf



C3 workshop
Cool Copper Collider

7-8 October 2024 at Nikhef in Amsterdam

C3

Scientific Program Topics include
h i n AI I l Ste rd al I l - Caterina Vernieri (SLAC) - C Demonstrator
WO rkS O p - Emilio Nannj (SLAC) - Accelerator R&D
- f Local Organisation - Sustainability
® 7 8 O CtO b e r at N I kh e - Joan Berger (Nikhef) - Collider Synergies
- Tristan du Pree (Nikhef) - Vision for ESPpy

* You're welcome!

https://indico.slac.stanford.edu/
event/9113/overview

UNIVERSITY
OF TWENTE.

Tristan du Pree


https://indico.slac.stanford.edu/event/9113/overview

"LINEAR COLLIDER VISION"

Possible scenario for ECFA

1) Start with ILC
* Mature technology

eeeeeeee

2) Upgrade with new technology

e CLIC? COOL COPPER COLLIDER

| T T T Y Y Y Y
e (C37? o o o o e e
* \Wakefield?

Tristan du Pree UNIVERSITY

OF TWENTE.



A MUON COLLIDER: PRECISION AND ENERGY




THE BEST OF BOTH WORLDS!

YA

m, = 0.5 MeV l

m, = 106 MeV
m, = 038 MeV

7 Precision physics
“ And high energy

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nl%ef



MAIN CHALLENGE

The main challenge:
* Finite lifetime
* T,=2s

Example: 5 TeV muon

* y=950,000
* y1,~0.1s — ®
* yct, = 3x10'm '
e 1000 X LHC! “Een echte muoncollider-fysicus kan niet zonder gamma”

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nl%ef




MUON COLLIDER: SCHEME

Approach: p =2 1T =2 U =2 cool - accelerate - collide

Proton Driver Front End Cooling Acceleration
- ke
5T 5 5|8 S
- [ — QO = (o7 0)
2 g 3 2?:?8555,0'5.%"35
= 8 © B |Fel € 2|8 8 B = S
v E a E eSS @ gl B . RO g @
< = Qg © -
S © 188 EBl= B E a5 8 /B Accelerators:
= g = ndl = = - Linacs, RLA or FFAG, RCS

Various exciting challenges for accelerator technology

Tristan du Pree gﬁ{ﬁ,‘;ﬁ'{g Ni%ef



ACCELERATOR TECHNOLOGIES

Mty iy -

Un/'rsiz‘y of Twente

!

0.02

11.2
0.015
11
0.01
0.005
S p(—_us
) 3
£ £
= 0
> e
o
-0.005 &
-0.01
-0.015
Melissa Goodwin — FIB cut, lamella
-0.02
-002 -0015 -001 -0005 O 0005 001 0015 002 _ SAHAuyer

x [m]

Copper Stabilizer (50 um)

o
Vi TR AN SE
LR S A TN
L uf 'L.x,‘
At P TS ¥ v P R =
— e — -
T — W- —~ —_—
o — —— —
- w

det = mode @ HV tilt PW HFW  mag @ p—————5pum———m

TLD SE 10.,00kv  38.0° 10.8 nm 166 um 12500 x Helios

Tristan du Pree gp‘%ﬁﬁ'{g Ni%ef



MUON COLLIDER: DETECTOR CHALLENGE

Beam Induced Background e
* Muon decays '
* 5TeV: 10° muon decays/m

* Secondary products
* |n detector and in accelerator!

B P N Single muon decay
; e AN, . tracks
N ~2x10'2/bunch

F. Collamati et al. 2021 JINST 16 P11009

Tristan du Pree gp‘%};ﬁ'{g Ni%ef



MUON COLLIDER: DETECTOR TECHNOLOGY

Main challenge: ‘BIB’

* Detector designs ongoing

* Trackers & calorimeters
* Crucial solution: timing

Vs = 3 TeV p+y- collisions, Vs = 1.5 TeV BIB overlay
ll!ll L S AR L ) L A ) L ) LA

l I l L I L) L) I ' L) l L) l l . KE SIS

e
W

lllllllllllllllllllllllllllllll

—— Signal jets

——BIB

(=]
N

No time resolution effects

Fraction of ECAL hits
o
S

o
-
o

Muon Collider

lllllllllllllllllllllllllllllll

N Simulation
0.05
e
e R Y S T R B F Y

Normalised hit time [ns]

Tristan du Pree UNIVERSITY Ni%ef
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MUCOL PHYSICS

Ex: H=>Invisible

* Studies still needed
* Higgs vs Dark Matter?

H->Inv

2B, =10 TeV, 10 ab™

1074
3

Important at future colliders

: UNIVERSITY .
Tristan du Pree OF TWENTE. \ 1% ef



MUON COLLIDER

E.g. HHH at MuCol

* Backgrounds

* Simulation

* Work needed for
muon collider studies

mH

V= H2+ (1 + 6K3) H3+ (1 + 61c4) H*

B ATLAS publication in the works!
Tristan du Pree UNIVERSITY Ni%ef

OF TWENTE.



NEUTRINOS AS COLLIDER SPIN-OFFS

. 'FNAL neutrinos | ECN3 neutrinos LHC neutrinos |
Muon collider as source |
J.Rojo et al
for additional research C 10TeV (year
>
. . () MC 3TeV (year)
* Neutrino physics -
& WD\\ MC 10TeV (1000s)
O I 2 I NuTeV
Use flat sections S e
* Short baseline - norus : ,
104 | NOMA[I),/" 4 '
/ NaNu >
MC 3T&V (1000s) ,2%=~ \

100 10! 102 103 - 10%
Neutrino Enerav E [GeV]

Neutrinos at muon collider

. https://inspirehep.net/literature/2808571

Faser-like at FCC-hh

° https://inspirehep.net/literature/2824738

Tristan du Pree gp‘%};ﬁ'{g Ni%ef


https://inspirehep.net/literature/2808571
https://inspirehep.net/literature/2824738

PLANS FOR A MUON COLLIDER DEMONSTRATOR

At CERN site?

Tristan du Pree

D.Lucchesi, for the IMCC — 17 Oct 2023 at CERN

Photos aériennes |
.

Both use maximum intensity
per pulse ~10'3 ppp (or more)
in pulses of few ns at 20+ GeV.
Different repetition rate:
= 1 pulse/few second

= 12 pulse/per minute

High power

O(80kW) on target easily achievable
No showstopper for 4 MW with
beam at a depth of 40 m

10 kW option

Low power:
Reuse line of BEBC-PS180 Collaboration,

decommissioned, extending it towards
B181 (now magnet factory)

UNIVERSITY -
OF TWENTE. Nik[hef




NIKHEF STATUS TOWARDS FUTURE COLLIDERS

ESUPP Future collider research

* CERN Council * |ILC, C3, FCC, MuCol

* NL representation e Case-by-case basis
* European strategy update

* \oice your opinion! .
Actual science

* No clear structure (yet)

At Nikhef * Research suggestions
* Future collider activities on next pages

* Clara, Patrick, Wouter
* Colloguia, topical lectures, etc

UNIVERSITY

Tristan du Pree OF TWENTE.

Nik[hef



WHY YOU SHOULD GET INVOLVED

It's exciting & interesting
* | hope ;-)

It's important
* For CERN

* For the field

* For your next job
* Postdoc / staff

UNIVERSITY

Tristan du Pree OF TWENTE




SOME IDEAS

Higgs physics
* H->cc, H>ss, H2>Q9g
* c-/s-/g-tagging
* H->Invisible
* ee—>H

* HH and HHH
* Boosted tagging

Other physics
* EWK, ttbar?
* B-physics at Z-=>bb?

Tristan du Pree

My advice: do something
- New / exciting
- Low-hanging fruit

- Exploit ongoing activities

NB: The ‘right’ choice also depends on

the stage of the project

UNIVERSITY

Nik[hef

OF TWENTE.



SOME IDEAS

Higgs physics Theory/combinations

* H->cc, H>ss, H>qgg * Higgs self-coupling

* c-/s-/g-tagging * SMEFT, NLO, jets

e H-invisible * BSM, Dark Matter

* ee—>H

* HH and HHH Technology

* Detector R&D — e.g. timing

Other physics * Reconstruction — e.g. calorimetry

* EWK, ttbar? * Accelerators, sustainability

* B-physics at Z->bb? * AOB, e.g. alignment

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nl%ef



DETECTOR R&D

Nikhef grant proposal for HL-LHC detector upgrades

Nikhef: emphasis on “timing N\ “ - | WHY DO FAST TIMING DETECTORS
. \‘ — : | CHANGE THE GAME? - PART 1
* Inview of HL-LHC - N
e Upgrades for A Bl ikt et
. - S need to be quicker and quicker to be able to
R u n _4+ - 5 \t"r-"i.jl‘.' N/ : reconstruct all the particle trajectories

* Also very relevant

for future colliders

* Qut-of-time pileup

* Beam-induced
backgrounds

currently no
timing information

) o “, W Q - N

NiknetseasTiRAcK S 8 B B B B B O B BB EEBEPN

detectors - 50 ps resolution

® Collisions
Particle traces

G W
_—
S —
-

S

Tristan du Pree gp‘%ﬁﬁ'{g NiEIE ef




IT'S MORE THAN JUST PHYSICS!

i e L 7 12 18 30 50

(no esc., no cont.)

Physics
+Soclety
+Money
+TIme

+R&D
+

FCCee-0.37

FNAL eeHF

ILC-0.25
ILC-0.5
CLIC-0.38
CCC-0.25

CCC-0.55

CERC-0.24

CERC-0.6

ReLiC-0.25

ERLC-0.25

MuColl-0.125

.

L 3
-__
N

—,__

XCC-0.125

Figure 8. The ITF cost model for the EW/Higgs factory proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal bars
with smeared ends indicate the cost estimate range for each machine.

Tristan du Pree

Japan

China
=

Bl proton collider
Bl Electron collider
B pMuon collider

B Construction/Transformation
Preparation / R&D

2038 start physics

ILC: 250 GeV 1 TaV

5 years 20km tunnel 2 ab? =4-54ab"

40 km tunnel

31km tunnel

2035 start physics

CepC: 20/160/240 Gav
100/6/30 ab*

100km tunnel SppC: 75125 TeV, 10-20 ab!

LHC HL-LHC (14TeV, 3 ab™")
(13.6TeV, 450 &)

CERN

USA

2048 start physics

100km tunnel, installation FOC-ae: 10/560/750 Gov Installation

138730/ -

FCC hh: 100 TeV = 30 ab™

CLIC: 380 GeV
1.5ab*

29 km tunnel 50 km tunnel

 aeasEsEns SEaaESEnEs SeEnETEEE SETsEsEEE SsenEnens oeenlaEns  =eani
2030 _2040 2050 2060 2070 2080 2090

wiuw Luomnues

2020

Proposals emerging from Snowmass 2021 for a US based collider

ccce 2040 start physics

‘ CCC: 250 GeV 550 GeV 2 TeV
5 years 8 km tunnel 2 ab! 4 ab? ~ 4 ab?

RF upgrade

Muon Collider ands :;1 -

13 years C:Stage1 < Snowmass 2021
e e Lot - 1006 Note: Possibility of
‘ OR 4km+6km km ring 10km & 16.5 km tunnels 125 GeV or 1 TeV at Stage 1
BEEET SUTEETESE TSGEEENET CENSENEDE TEUSSENEE TEENBUEES SEUREBvEEE =eenl
2020 2030 2040 2050 2060 2070 2080 2090

UNIVERSITY
OF TWENTE.

Nik[hef




MY RECOMMENDATION TO YOU

It might be challenging to work on future colliders,

since you already have to:
* Do your LHC analysis
* Work on reconstruction/software
* Detector upgrade & operation
* Maybe some HL-LHC projection

* And also some theory Interpretation
* Plus all the schools, courses, eftc...

And then future colliders is at the end of the list... ¥
* But | think you should try! SCIENCE NEEDS YOU

Tristan du Pree UNIVERSITY Ni%ef

OF TWENTE.



JOIN THE ADVENTURE TOWARDS THE NEXT ESUPP!

NPO2 with Diederik Jekel, 13 April 2022

Tristan du Pree gp‘%ﬁﬁ'{g NiEElef
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MUCOL PHYSICS

Multi-TeV collider: Higgs precision and Searches

,l._ |

Different physics can be e il  .4 t
_ probed in the two channels wg T
- E

Y,E ;
1
0= 1l s
o~ 23 10g v

Energetic final states
(heavy particle or very boosted) Standard Model coupling measurements
Discovery light and weakly interacting particles

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nl%ef



MUCOL PHYSICS

Multi-TeV collider: Higgs precision and Searches

15

' FCC-hh reach

u u | HL-LHC reach

t xi T q

BSM direct reach in similar ballpark as FCC-hh!

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nl%ef



MUCOL PHYSICS

Multi-TeV collider: Higgs precision and Searches

4
Y, = T:
5 10 15 20 25 30
Jsu [Tev]

BSM direct reach in similar ballpark as FCC-hh!

Tristan du Pree UNIVERSITY Ni%ef

OF TWENTE.



MUCOL PHYSICS: HIGGS

1 A Zam mmmas e

P WHW— — /,1

0 WHW - > &

VBF-H production increases with energy = et
S A

* 10/ab @ 10 TeV = B—

e 10,000,000 single-H V 4 ol ——

. N VR TR R

Eom [TeV]

r HEp (<] W HLAC, v A 12 L. MuC wea
N ez Grlpnlunmuyhouutleu

10? - 110

Sizable sensitivity iImprovement ’
* Kwi Kz, Kgs Kes Ky Ky Ky |

* Comparable to (other) |

Higgs factories!
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HH @ MUCOL

Self-coupling from HH Ve m,, H2+ (1 ik )H3+ (1 +6x ) H
e 10/ab @ 10TeV ’ b
+ 30,000 VBF-HH
’ H -
g
10TeV MuCol v "H

* <5% uncertainty

on the self-coupling
* Similar to FCC-hh

| 2 . 5 %

- 1.2%

3 pl0 pld  p30

[0kl [70]
S R N I R SN 5%
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HH @ MUCOL

Self-coupling from HH

* 10/ab @ 10TeV
* 30,000 VBF-HH

’"H

V=

H2+ (1 + 6K3) H3+ (1 + 51(4) H*

HL-LHC MuC10

10TeV MuCol

* <5% uncertainty

on the self-coupling
* Constrain shape of Higgs potential

: UNIVERSITY :
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HH(H) @ MUCOL

Self-coupling from HH(H)
* 10/ab @ 10TeV b

mH

H2+ (1 + 6K3) H3+ (1 - 5x4) H*

Constrain HH K, self-coupling

* Possibly even K,
* Unigue HHH production

: UNIVERSITY :
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LUMI AN oy

l @
1.00 : . B

0.10 - - .

Integrated luminosity per energy (ab™ TWh™)

0.01 - @ ILC

0.001 — .

] . 1 ] . . ‘.’ 1 1 . . . . . l’ . ’ 13 1 4 . . . "

0.1 1.0 10.0 100.0

Collider centre-of-mass energy (TeV)
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HIGGS PHYSICS SENSITIVITIES SUMMARY

Similar reach in Higgs physics for different future accelerators

Exe fy v Frontier Bea: Aaln‘. / /(nr(/ \{l/ l/

~  Gauge Couplings
P Yu Ya Vs Ye Yo Vi Ye Ju e e B .
ermeue A1 ¢ o1 ¢ ¢ ¢ ¢ ¢ (]
§ weers QOO ¢ 60 ¢ ¢ & 4 ¢ ¢ (O
cwec OO ¢¢ e ¢ ¢ ¢ ¢ ¢ ¢
Sgwwﬂuroooooo* ¢ ¢ ¢ 0O
;ssﬁlm OOtre x ¢ 0¢ ¢ » ¢ ¢ o 0O
T rccvseec ? 7 22 & @ 72 & & X x r ¢ 4d

" No
Order of Magnitude for Fractional Uncertainty < 210 @ ooy @ ovty @ oy ] >0 2 Nosudy

=» The muon collider is a discovery machine and a precision machine!

: UNIVERSITY :
Tristan du Pree OF TWENTE. Nlﬁmf



MUCOL PRYSICS SUMMARY

Main physics programme &
* Higgs precision
* Higgs self-coupling

* New energy scale
Additional possibllities MC 3 TeV

* Long-lived particles
* Neutrinos

And it's compact!

O
O

: UNIVERSITY :
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COOLING

Main challenge
* ‘6D’ ionization cooling

Minimize energy loss:

* Low-Z material - LH,
* |n strong magnetic field

Tristan du Pree

LA '-q.-..' ON0) o

high transversl| . - 0 0 0
i ‘IJ‘L“- K
‘D{, .“d |

emittance e - LH,-Absorber e
Ul ARG L neduced transversal but \e/v Cavities
e R B : mcreased longltudinal emittance -~y
Beam direction- - "~ Sa

I Solenoid

.- Electric” field

o4 . -
o ) %

A A7 =

re-acceleration
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COOLING

Main goal of demonstrator

* Prove cooling
°* Absorber + magnet + RF

5 & ‘ AOR Magnetic field
" ONONO
: 000
-reduced transversal but \0/' Cavities
"increased longitudinal _emittance ~ Y
a7 O 0
m g (Y m_' A
ey, D 41‘,«13‘55}‘\'3 & @ &
; /7 A

Challenges
* Large bore solenoid
* High gradient RF
* Large intensity absorber
* All together!

: UNIVERSITY :
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COOLING

Main goal of demonstrator

* Prove cooling
* Absorber + magnet + RF

Challenges
* Large bore solenoid
* High gradient RF
* Large intensity absorber
* All together!

Tristan du Pree

D. Stratakis, R. B. Palmer

Final Matching coils LH, absorber
1 Longitudnal phase space 111 ;
cooling rccstoratonf  rotion  cavies A = Rectilinear B (Stage B1)
iti (a) 1.04LHwedge SoEHii coils
Palmer, D. Neuffer 06 |
= 0.2
‘ Stro =
Dr ftf dev I p g : -
-0.2
Transport coils i
-0.4
I -0.6 -
Fernow-Neuffer Plot 1
o8] [ ]
] O g ————
0.0 0.5 1.0 1.5 2.0 2.5
z (m)
Rectilinear B (Stage B8)
b) 0.4 4LIH wedge 650 MHz

| —— Rectilinear A
----- Bunch Merge
{1 —— Rectilinear B
— final

1071 10° 10?1
£, [mm]
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J'C

MuCol ‘
2025 2030
N O

Example Timeline
Fast-track 10 TeV Collider

O

International
UON Collider
Collaboration

2065

2035I 2040 2045 205 2055 2060

Demonstrator

dreparation

dl]1 Test Site constrijction

2

Continued exploitation of
demonstrator for technology
development

2

. e e ] Test ¢

. . [E ”Wﬁ dell site operation
E- rator construction

ISR R R EEAEN

c11l components/prottypes

Demonstrator instdllation/operation

Flexible range
Maybe also matches

Tristan du Pree

US
I Civil engineering [

Decision

D. Schulte

Collider

Decision

Preparation

nstallation/commissfjoning | |

Inigial operation

Shutdown 1 [0

Run 2

Bhutdown 2

TDR
MC

CDR
MC

Muon Collider Implementation, IMCC Annual, March 2024, e
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COSTS

Relative costs in MuCol project
e 10TeV

RCS1 Final cooling solenoid

Largest costs in 6D cooling and accelerator (RCS)

* Target, capture, final cooling only small fraction
* Not dominated by (relatively) small collider

UNIVERSITY
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COSTS (1)

Snowmass 21 - https://iopscience.iop.org/article/10.1088/1748-0221/18/05/P05018/pdf

125-600 GeV iﬁ?«‘i’ru . 7 12 18 30 50

* Qverall: 5-15B% FCCee-0.37

FNAL eeHF

°* MuC on lower NG
side of spectrum "

CLIC-0.38

CCC-0.25

CCC-0.55

CERC-0.24
CERC-0.6

ReLiC-0.25

ERLC-0.25
MuColl-0.125
XCC-0.125 -

Figure 8. The ITF cost model for the EW/Higgs factory proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal bars
with smeared ends indicate the cost estimate range for each machine.
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COSTS (2)

Snowmass 21 - https://iopscience.iop.org/article/10.1088/1748-0221/18/05/P05018/pdf
Project Cost

1-10 TeV e
* Qverall: 10-30B%$

18 30
cs -
* MuC on lower cce ‘
. CLIC-3
side of spectrum — .
MC-3

MC-10

+ 7 12 50

F

SWFA-LC-15

Figure 9. The ITF cost model for the multi-TeV lepton collider proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal bars
with smeared ends indicate the cost estimate range for each machine.
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COSTS (3)

Snowmass 21 - https://iopscience.iop.org/article/10.1088/1748-0221/18/05/P05018/pdf
Project Cost

Other projects %

* FCC-hh >25B% FCChR-100 N .
pp-inSea-500 : I
LHeC-1.2 .
SPPCep-4.2
HELEN-0.25 -

Figure 10. The ITF cost model for the energy frontier hadron collider, electron-proton colliders (incremental
cost from hadron collider only) and for the proposed Fermilab site-filler colliders. Horizontal scale is
approximately logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black
horizontal bars with smeared ends are the cost estimate range for each machine. Right-arrow for the 500 TeV

“Collider-in-the-Sea” indicates higher than 80 B$ cost. Left-arrow for the electron-proton “SPPC-CEPC”
collider concept indicates smaller than 4 B$ cost.

FCCeh-3.5
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MUON COLLIDER BENEFITS

High energy Precision physics Compact & efficient
* Discovery machine * Luminority frontier e \Js=10 TeV:
* Higgs self-coupling * Higgs factory 10-30km
* Like FCC-hh * Like FCC-ee * Like LHC
@1:: _/// ; i g.S_E §§§ x " Mcgrev
} ' & 53l \ ] @

CLIC

> And In the meantime we will do a lot of accelerator+detector R&D

: UNIVERSITY :
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MUON COLLIDER

Physics case of a muon collider Is great
* But it might not even be the main criterium

Muon collider has many advantages
* Physics: Precision & Discovery
* Technology and Innovation
* Practicalities: Footprint & Cost
* Qutreach: It's New & Exciting!

Now: Let's study physics, detector, accelerator

: UNIVERSITY :
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