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International Muon Collider Collaboration

= Collaboration Board (ICB)
 Elected chair; Nadia Pastrone

International
UON Collider
Collaboration

(Laboratory Directors Group)

n Steering Board (SB)

= Chair Steinar Stapnes

= CERN members: M. Lamont, G. Arduini

= |ICB members: D. Newbold (STFC), M. Lindroos (ES:
P. Vedrine (CEA), N. Pastrone (INFN)

=  Study members: SL and deputies

= Will add US but wait for US decision on members

= Advisory Committee: To be defined

= Coordination committee (CC)

= Study Leader: Daniel Schulte

= Deputies: A. Wulzer, D. Lucchesi, C. Rogers
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European design study and funds

MuCol:

A International
UON Collider
ion

<«<—— 2023

- European project started in March 2023 @ B
CERN Council Compason
« It provides 3 MEUR from the European l :
. ] @ MucCol Consortium p——
udy Leader
CO m m ISSIOn . : Management Governing Board = Advisory Committee
" : S
« Additional funds from UK and Switzerland.
iy . [ I I I
« Additional dedicated funds from ltaly, Prject Ofce wrssigntregy N wer— vt
I N FN WP1 - Coordination WP3 - Proton Complex Complex Systems
and Communication
] WP2 - Physics and WP4 - Muon WP6 — Radio WP8 - Cooling Cell
Detector Requirements Production and Cooling Frequency Systems Integration
I nitial parametric study
Establish tentative parameters
Develgp tentative concept
Establish preliminary parameters
_ Develap preliminary concept
Establish consolidated parameters
Documentation of preliminary concq pt
Preliminary assessment repdrt
Study consolidated concept
Final agjustment and|review
Consolidated assessmgent rep
—_— —— 2024 — e 2025 > «—— 2026 —_—
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Muon Collider: a new concept facility
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Muons do not suffer from synchrotron radiation in this energy range | 2
High center of mass energy & high luminosity & power efficient: <°
luminosity increase per beam power | |2
C. Accettura et al. "Towards a muon collider" 5
| Parameter Symbol Unit Target value
Centre-of-mass energy FEcm TeV 3 10 14
Luminosit £ 1x103%ecm—2?s—1 | 2 | 20 | 40
Collider circumference Ceoll km 4.5 10 14 |
Muons/bunch N4 1 x 102 22 | 1.8 | 1.8
Repetition rate fr Hz 5 5 5!
Total beam power P+ P, MW 5.3 | 14 20
Longitudinal emittance €1 MeV m 7.5 | 7.5 | 7.5 !
Transverse emittance €1 pm 25 25 25 C _
IP bunch length O mm 5 1.5 | 1.1 OmpaCt' _
IP beta-function * mm 5 1.5 | 1.1 || cost effective
IP beam size o1 pm 3 0.9 | 0.6 & sustainable

Integrated luminosity:

October 18, 2023

Vs =3 TeV 1 ab' 5 years one experiment

Vs =10 TeV 10 ab™' 5 years one experiment
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https://doi.org/10.1140/epjc/s10052-023-11889-x

F. Maltoni

Physic processes: two colliders in one "Physics Overview" Annual Meeting IMCC

UON Collider
Collaboration

Multi-TeV muon collider opens a completely new regime :

t
, t

Different physics can be ’WLL:
Y,'é — ¢ probed in the two channels M‘),r T
1 1 S
o~ ; o~ W lOgnM
(ﬁ,r;j\? etlc;:;ir;?(le sgra ;[/eesr boosted) Standard Model coupling measurements
yP Y Discovery light and weakly interacting particles

Muon Colliders, 1901.06150
The muon Smasher’s guide, Rept.Prog.Phys. 85 (2022) 8, 084201 2103.14043

Muon Collider Forum Report, 2209.01318
Towards a Muon Collider, Eur.Phys.J.C 83 (2023) 9, 864, 2303.08533

October 18, 2023 Donatella Lucchesi


https://indico.cern.ch/event/1175126/contributions/5056279/attachments/2526133/4345414/MC-Physics-maltoni.pdf
https://inspirehep.net/literature/1714987
https://inspirehep.net/literature/1854006
https://inspirehep.net/literature/2147075
https://inspirehep.net/literature/2642414

International
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Collaboration

Next generation of accelerator complex

Neutrino physics measurements, not discussed here

The facility
Experiments at a center of mass of

X few TeV, first stage of the collider
Vs = 3 TeV taken as working hypothesis

X 10-ish TeV, second stage of the collider
Vs = 10 TeV assumed in design the first concept

If not specified material is taken from
C. Accettura et al. "Towards a muon collider”

October 18, 2023 Donatella Lucchesi 6
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Design baseline overview

Key challenges Collaboration
*# Proton source
* High intense proton driver with short high-charge
bunches
«  Multi-MW target immersed in 15-20 T magnetic
field to contain pion beam
Muon cooling
Beam acceleration
Dense neutrino flux
Beam-induced background

A Al Al sl
/NN N TN

Accelerator

Muon Collider

M Injector o JOTSV Cold
~10km circumference I
l
b
4
.......................................... &
'i
: 4 GeV Target, w Decay pCooling  Low Energy 0’
: Proton & pBunching Channel  yuAcceleration 9‘99

+  Source Channel

.
---------------------------------------------------------------------
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Muon ionization cooling principle

International
UON Collider
Collaboration

)
DD

high transversl ‘.

emittance LH,-Absorber
U n e el N ‘reduced transversal but
Tl X B . "ih_crga‘s'ed'longitudinal emittance
Beam direction -+
o REIENS
.+l Solenoid .
"l Hedn
<< 49y
47 R

= Absorber: low Z material (Lithium hydride for first phase, liquid H for final cooling) in high
magnetic filed to minimize the effect of multiple scattering

= RF cavities in magnetic field: accelerate the beam Mice Coll. Demonstration

of cooling by the Muon
lonization Cooling
Two cooling stages: Experiment

1) muons cooled both transversely and longitudinally, rectilinear cooling.

2) muons cooled transversely, final cooling.

October 18, 2023 Donatella Lucchesi 9


https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562
https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562
https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562
https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562

Design baseline overview

A International
\UON Collider
Collaboration

Key challenges

NZ2EN VNV,
R R

Beam acceleration:
1) Re-circulating Linacs for fast acceleration.
2) Rapid cycling synchrotrons

Dense neutrino flux

Beam-induced background

Accelerator

Muon Collider

>]10TeV CoM
~10km circumference

M Injector

.
lllllllllllllllllllllllllllllllllllllllll
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Design baseline overview

International
Key challenges Collaboration

7S

s Dense neutrino flux

* Possible induced radiation to be kept at the level of LHC.

« Not an issue at /s = 3 TeV, beam movement inside
magnet aperture is enough.

At higher energy, /s~10 TeV, beam
parameters and surface map need
to be used (GeoProfiler).

&,
K4
L4
'
[}

Muon Collider

>]10TeV CoM
~10km circumference

. Accelerator
U Injector

A\l

*# Beam-induced background

-
o
-
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-
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Proton & pBunching Channel  yuAcceleration
*  Source Channel
October 18, 2023
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X Muon decay along the ring, u~ — e~ v,v,: dominant process at all Mo
center-of-mass energies

Collaboration

!

* photons from synchrotron radiation of energetic electrons in collider
Beam background magnetic field

sources in the * electromagnetic showers from electrons and photons
detector region * hadronic component from photonuclear interaction with materials
* Bethe-Heitler muon, y + A - A" + u*tu~
X Incoherent e~e™ production, u*u~ -» u*u~e*e™: important at high /s
* small transverse momentum e~ e™ = trapped by detector magnetic field
X Beam halo: level of acceptable losses to be defined, not an issue now

Single muon decay
tracks

N;f~2x10%2/bunch

F. Collamati et al. 2021 JINST 16 P11009
October 18, 2023 Donatella Lucchesi 13



Shielding structure: the nozzles

Designed by MAP (Muon Accelerator Program)

N.V. Mokhov et al. Muon collider interaction region and machine-detector

ollamati et al. 2U

interface design Fermilab-Conf-11-094-APC-TD

10° nozzle geometry

General view

(600, 60)

(600, 50)

0,2.2)

[ H B F

~
~

(600, 1.78)
(100, 0.3)

W - tungsten

Be - beryllium
BCH2 — borated polyethylene

Detector

R,cm,
(ZR)

Zcm

(6.25,
(0,2.24) (6.25,

(6,1)

Zoom in beam pipe

2.2875)

2.24) (13.762, 2.37322)

(13.2334, 2.27969)

(15, 0.6)

Nozzle:

-Outer boron layer to stop

neutrons

-Tungsten core for the
electromagnetic showers

October 18, 2023 Donatella Lucchesi

Interaction point

Beam line

Optimized for
Vs =1.5TeV

D. Calzolari
IMCC Ann.

meeting
Orsay 2023

14


https://indico.cern.ch/event/1250075/timetable/
https://indico.cern.ch/event/1250075/timetable/
https://indico.cern.ch/event/1250075/timetable/

Survived beam-Induced background (BIB) properties N. Bartosik et al |
JINST 15 P05001 o e

Despite the nozzles, huge number of particles arrives on the detector

750-GeV p* beams 750-GeV p* beams —130-GeV p beams
T T 17T | T 1T T T T | T T T T E

on
o)) T T
%01 0t ! = ! 1 g 10° — photons _
A photons 2 107 3 neutrons = 8 — neutrons E
8 107 e i 3 8 1 07 -------- electrons =
; .......... electrons —QE) 1 ch. hadrons = F L ch. hadrons E
E Q
gloﬁ gl : £10° . —— muons E
: E ] £ &
O : ) - ; ]
5 =
DS 5 10°F B 10 E
5 2 810 1 - E
310* —=10*E = ,
= = ; =B
= E :,. g 10 =
A10° A10°E A .
102 2 H
10 10 & i
P I W T N B | 1 ! l

0 0.05 0.1 0.15 0.2

0 50 100

momentum [GeV] momentum [GeV] time [ns]
Low momentum particles Partially out of time vs beam crossing

Beam-induced background generated with FLUKA by using the interaction region layout.
Particles propagated into the detector with GEANT.

October 18, 2023 Donatella Lucchesi 15



Detector and

October 18, 2023

A International
\UON Collider
Collaboration

formance at /s = 3 TeV

If not specified Muon Collider material is taken from
C. Accettura et al. "Towards a muon collider”
CLIC material from H. Abramowicz et al., Eur. Phys. J. C 77, 475 (2017)

Donatella Lucchesi 16


https://doi.org/10.1140/epjc/s10052-023-11889-x
https://doi.org/10.1140/epjc/s10052-017-4968-5

First detector concept at /S = 3 TeV based on CLIC’s detector concept cLICdp-Note-2017-001

Removed forward
luminosity
detectors

Inserted nozzles

Adapted tracker
detector

Magnetic field
modified to cope
with available
beam-induced
background

hadronic calorimeter

¥ 60 layers of 19-mm steel
absorber + plastic

scintillating tiles; \

¥ 30x30 mm?® cell size;
® 75\,

electromagnetic calorimeter

¥ 40 layers of 1.9-mm W
absorber + silicon pad

SENsSors; ‘

¥ 5x5 mm? cell granularity;
® 22 Xp+ 1A,

muon detectors

¥ 7-barrel, 6-endcap RPC

layers interleaved in the =

magnet’s iron yoke;

¥ 30x30 mm? cell size.

tracking system

# Vertex Detector:

* double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);

* 25x25 pm?® pixel Si
SEensors.

¢ Inner Tracker:
» 3 barrel layers and
7+7 endcap disks;
* 50 pm x 1 mm macro-
pixel Si sensors.

¢ Outer Tracker:
* 3 barrel layers and
4+4 endcap disks;
* 50 um x 10 mm micro-
strip Si sensors.

shielding nozzles

¥ Tungsten cones + borated
polyethylene cladding.

A 4international
DN Collider
aboration

superconducting solenoid (3.57T)

ILCSoft is the simulation and reconstruction framework, forked from CLIC’s software.
Transition to key4hep in progress, timeline depending on person power.
Tutorial made in July 2023.

October 18, 2023 Donatella Lucchesi 17



https://ilcsoft.desy.de/portal
https://indico.cern.ch/event/1277924/

Radiation environment

1-MeV neutron equivalent fluence per year

=500 =700 600 =500 -400 =300 -200 -100 0 100 200 300 400 500 &00 700

Assumptions:
= Collision energy 1.5 TeV

0.001
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1-MeV-neq (1el6/cm™2/y)
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International
UON Collider

Total ioniZing dose per year Collaboration
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Radiation hardness requirements like HL-LHC (expected)

=  Collider circumference 2.5 km

= Beam injection frequency 5Hz Muon Collider

= Days of operation/year 200

October 18, 2023

Maximum Dose (Mrad) Maximum Fluence (1 MeV-neq/cm?)
R=22mm R=1500 mm | R=22 mm R= 1500 mm
10 0.1 = T
HL-LHC 100 0.1 102> 10"

Donatella Lucchesi

K. Black, Muon Collider Forum Report
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https://doi.org/10.48550/arXiv.2209.01318

Tracker system: full detector & BIB simulation

International

S. Pagan Griso C. Sellgren UON Collider

First layers of barrel vertex detector & o o [ co
. . . . E B -t<90ps$}
forward dISkS hlghly Impacted BIB Tracker requn‘ements % 10°E -timing+|ooseclustercut
1600 .‘. T ! g // T' . ] h' h g E |:|timing+tightclustercut
1400 / / ‘,’] ,/’ //’ | |m|ng: [o]
resolution to suppress
VIV ¢ e out of time BIB. i
oot MicrosStrips” . 105
z A A SR 4 » Energy deposition: E
E 80T | ; [ 7 = e o g . C
: i s exploit different )i
N Er ) I cluster shapes.
a0l i/ I I i Vertex Barrel
." 187 . ’Ma 4‘0’-P els L - ® : 1
200-I.",’/:/:,it/:,l,/” o )E-——’ B DOUbIe Iayers apply 1 la b 22 2o da 3b fgyer ir?c?ex
Efi-+1-]-double-layer stack of pixels directional filtering.
* 6 5(I)0 10|00 15'00 ZDIOO 2500

z[mm]

: . Detector ref Hit densit —2
Higher occupancies respect to LHC detectors 1t density fmm ]
. MCD ATLAS ITk ALICE ITS3
crossing rate 100 kHz vs 40 MHz
. - Pixel Layer O 3.68 0.643 0.85
Fully engaged in ECFA DRD silicon tracker Pixel Layer | 051 0,022 051

October 18, 2023 Donatella Lucchesi 19



Vs = 3 TeV p+p- collisions, Vs = 1.5 TeV BIB overlay ternational
T e T e 3N Collider
aboration

Calorimeter system: full detector & BIB simulation

03—

— Signal jets

ECAL surface flux: 300 particle/cm?
* 96% photons, 4% neutrons
- Efve~1.7 MeV

a5 ——BIB

0.2
» No time resolution effects

Fraction of ECAL hits
o
N

e
-
wn

Muon Collider

IlIIIIIlIlIIIllllllllllllllllll

Calorimeter requirements “E Simulation
bR « time-of-arrival: resolution AN P s S ==
! . v o ' . . ' ' ' ' "~ Normalised hit time [ns]
<« ~1 O_O ps to reject out-of-time (s =3 TeV uir collsions, Vs = 15TeVBIBoverlay
//_/_,,f partICIGS. Zosel- — Signal jet E
N 2 F ignal jets .
_ « Longitudinal segmentation: 3 —— B E
Occupancy: ECAL > 10 times HCAL e J il g. | BIB 2 oodf E
) - different protiie signal vs. - Muon Collider 1
:\§1072 E_ | | | | | | | _E . - Lt 0.035— SImUIatlon _E
£ ~— BIBin ECAL barel 1« High granularity: to separate Bl o 3
2 [ T BIBinHCAL barel ]  particles from signal avoiding  «f =
i overlaps in the same cell. o TR e
L | Calorimeter hit distance from interaction point [mm]
0 E Dedicated ECAL R&D: Crilin
- : Each module: 5 layers of PbF2 crystals (10x10x40 mm3)
0%k T Cerenkov light detected with SiPMs
1400 706 1000 2000 2200 2400 2600 28003000 Dedicated HCAL proposal in progress.

October 18, 2023 Donatella Lucchesi 20



Events / GeV

Central muons do not suffer from BIB,
it is concentrated in the end-cap.

pp — Hvv = puvv (s =3TeV, 1 ab"
- Muon Collider I 1,7, o
30 :_ Simulation = ﬁﬁ::i;/x:g &/ieufv,,(vu)
40F -
30
20
10
:I_II_IIIIIII_AJIII 5 O W O O
05 110 115 120 125 130 135 140 145
m,, [GeV]

~38% 1 experiment 1 ab-"
OH-up

CLIC at 3 TeV 2 ab': 25%

October 18, 2023

Good performance in high energy
photon reconstruction

D. Zuliani, L.Sestini
Ys=3TeV, 1ab™

200
180
160
140
120
100
80
60
40
20

Events

III|III|III|III|[II|III|III|[II|IIIIIII|

o

Muon Collider
Simulation

[ [

utu~ - Hvv - yyvv

0.
M~ 2.5%
m

20 40 60 80 100 120 140 160 180 200

invariant mass [GeV]

Aoy, :
2OH-YY gy 1 experiment 1 ab™’

O-H—)yy
CLIC at 3 TeV 2 ab': 10%

Donatella Lucchesi
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H-WW*and H - ZZ" performance

L. Castelli

Preliminary Vs=3TeV,L=1ab?
s ___ 7 = Signal
80 _— =% No-H background
| 418 * 1 —
ot ¢ H->WW" - uv,qq
i
sl
0 i ] 5 M—. .-.a-‘ml“b_u!,, S =
0 50 100 150 200 250 300 350 400 450 500
m. [GeV]
Ao *
H-WW .
~3% 1 experiment 1 ab
OH-WwWw*

CLIC at 3 TeV 2 ab-! (#v,qq’ +qq'qq’): 0.7%

October 18, 2023

Events/(0.1)

ini International
--Sestini e
Preliminary Js=3TeV,L=1ab? . laboration
I —&— Ganerated data
300; ' - Sl pd' componant
- - Background pat component
250
2001 H - ZZ" - puqq
150F
100—
50—

Y5 04 03 02 01 0 01 02 03 04 05
BDT

Aoy 77+

~17% 1 experiment 1 ab-"
On-zz

CLIC at 3 TeV 2 ab-! (££qq’ ): 4%

Donatella Lucchesi
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Jet reconstruction performance

ESL 1 o1q = 2 MeV for ECAL reconstruction
up to now, it dominates energy resolution

utu~ - Hvv - bbvv

n T — T T T T T
§ 3500 Muon Collider —- pseudo-data
) Simulation — fit total

—H-bb

b {s=3 TeV 4
= 2500 — background
é 2000 p,(i) >40 GeV/c

O mG)l < 2.5

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1 1 1 1 1 | 1 ! 1 1
0 50 100 150 200
dijet invariant mass [GeV/c?]

Aoy 7 .
—H2PP 0.75% 1 experiment 1 ab-’
OH-bb

CLIC at3TeV 2 ab': 0.3%

October 18, 2023

s =3 TeVu* u collisions, w/o BIB overlay
A L A A B

2 041 =
= i ]
o [ Muon Collider ]
8 0.08 simuiation .
o [ 044 <8<2.70rad — 2 MeV ]
S 0.06|- .
STt —200KeV ]
3] C
©0.04 5
L_ - ]
0.02f =
of

PP N B il ]
0 50 100 150 200
Di-jet invariant mass [GeV]

International
UON Collider
Collaboration

Jets reconstruction, even not optimal, allows good
performance on Higgs self coupling determination

Process: utu~ — HHvV = bbbbvv

Vs = 3 TeV full detector and BIB simulation

Aoy pbbb

Al
—3 20%

~33% /13 1 ab_1

OHH-bbbb

1 experiment

/s = 10 TeV parametric studies

AL -
_3~4% 1 expﬁrlment
/13 10 ab

Donatella Lucchesi
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Detector for v/s = 10 TeV:

definition of requirements

October 18, 2023 Donatella Lucchesi 24



Physics requirements: three classes of processes

Alnternational
: 0.04 JON Collider

2 = <Dt' E laboration
< 0.08 — 3 TeV 0.035 3 TeV
- 10 Tev TE ey

0'07? 0.03[

Low momentum, 005"

- = = T e

forward-boosted 0os - uru- = Hvv - bbvv  H
0.04 =

phenomena, g ootsE]
. 0.03F E

ex. Higgs boson. g i
0.02 =

001 0.0051

| S olLll]lllllll]lLIlJllLllllllJlLlllj
00 ! 100 E— 200 —t 300 = 200 500 0 20 40 60 80 100 120 140 160 1080
P, [Ge o]
— , . n
212001 utu > Z'X - jj/e£X s = 10 TeV
e | z L Z i

Z 4000 Z'-> jj 23500 -
R Z ->1IT B

. _ 400
High momentum s0or -
central phenomena, - 300F-
/ L C

ex. Z _ w0l
i 00 Mz, = 9.5 TeV ] E

200/~ 100/
i " o T U ‘ L

[ ‘.—L.,mu.( '-u ~+,_" | ‘1-“ || II T I A I L I L 001 1 1210| L |4|01 1 |610| 1 18|0| L |10|01 1 112|0| Il 114|'01 1 |1610| Il 180
Y000 1500 2000 2500 3000 3500 4000 4500 _ 5000 0 (jets/leptons) [7]

| P, [GeV] I n
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Physics requirements: three classes of processes cont’d

International
\UON Collider
Collaboration

R. Capdevilla et al.,. JHEP 06, 133 (2021)

Less conventional signatures

3 =
£ 160 5
from BSM processes, 2 a0 5
. . =R 10 @
ex. Disappearing Track S 120
1 . =
S 100 S
----- neutral displaced B BSM = Y E
= charged HSCP dilepton Wlepton | O B - e
-~ any charge W quark %
photon | [ : 3
M anything <
disappearing displaced
track lepton 0 0 .
Ll 06 08 1 12 14 Tracker design
x* 6 [rad]
‘‘‘‘‘ 3 Background hits overlay in [-360, 360] ps range Vs =10 TeV I m po rtant to aVOId
““ il ‘2 0.9: T T [ T T T [ T T T [ T T T T [ T T T T [ T T] . . .
f 0.8 E Time measurements at VXD3  ---- Beam-induced background hits _E I I m Itatlo n Of
. g TE — Signal, m(¥’) = 0.5 TeV 3
displaced displaced o 0.7 — Signal, m(%’) =4 TeV _; pe rfo rm a n Ce
dijet photon g = E
< 06 = =
E 0.5F =
© C J
: Not pictured: E o4f : =
) displaced ¥ displaced out of time decays z = : 3
J. Antonelli vertex conversion 0'35 : 3
0.2 § =
0.1E § =
S e R e E
C L1l PR = e e s el el (ol el il
0 0.1 S - R ¥

Corrected hit time [ns]
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https://doi.org/10.1007/%20JHEP06(2021)133
https://indico.cern.ch/event/527447/contributions/2169248/attachments/1278321/1897671/Antonelli_DOEvisit_May24.pdf

Collider interaction region requirements

Longitudinal size of the detector determined by position of final focusing magnets.
At /s = 10 TeV it would be very difficult from the the lattice point of view to have more

than +6 m
C. Carli, A. Lechner, D. Calzolari, K. Skoufaris

Final focusing
magnets

LA International
\UON Collider
Collaboration

bunch 7.7 cm 1.5 mm
length o,
nozzle outer bunch 16.7 pum 0.9 pHm
radius = 60 cm Size o,
—1500 —1;)00 —500 0 500 10I00 1500
x [cm]
27

October 17, 2023 Donatella Lucchesi




Beam background |
sources in the
detector region

1)

Muon decay along the ring *" /.f\ — =l l/\ — evre
fluxes arriving on detector Py

dominated by shape,

2)

3)

material, dimensions of

nozzles

October 18, 2023

Muon decay along the ring, u~ — e~ v,v,: dominant process at all
center-of-mass energies Mion Saier
* photons from synchrotron radiation of energetic electrons

* electromagnetic showers from electrons and photons

* hadronic component from photonuclear interaction with materials

* Bethe-Heitler muon, y + A - A"+ u u~

Incoherent e~e™ production, u*u~ - utu~e*e™: important at high /s

* small transverse momentum e~ e™ = trapped by detector magnetic field

Beam halo: level of acceptable losses to be defined, not an issue now

Beam Induced Background Energy spectra Beam Induced Background Energy spectra
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Incoherent e"e™ production u*u~™ - utu"ete”

* Study in progress by using Guinea-Pig program

* Incoherent ete~
« produced in time with bunch crossing at interaction point
* very energetic

» Study focuses on reduce the component arriving on the detector by trapping it

through solenoidal field D. Calzolari, Magnet for 10 TeV Detector
900 El/Pos distribution (3 cm, 2T) 900 El/Pos distribution (3 cm, 4T) 900 El/Pos distribution (3 cm, 5T)
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Magnetic field needed to reduce beam-induced background
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https://indico.cern.ch/event/1324236/timetable/?view=standard

Which magnetic field for the detector?

International
UON Collider
Collaboration

Analytic formula to relate magnetic field and track momentum resolution

o 120
1% ~ roPr 5 Z. Drasal and W. Riegler,

DT 0.3BL?2 [N +5 NIM A 910 (2018) 127

p, =100 GeV at 6, = 90° pu. = 5000 GeV at 6, = 90°

/\[_‘ 0.005 - | ! ! | | ! ! | ': /\[_‘ 0.12 - | | T T T T ':
- =100 GeV 0=/2 o ~ Muon p=5000 GeV 6=n/2 -
Sr0004sE bl o O1E Bala E
- —e— B=40T ] - .B=4.0 -
< 0.004E JSE3TEV et ] g 0-1F Js = 3 TeV Bl T E
© C —e— B=5. 3 © 0.09E ~ B8=5.0.1 =
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T O e
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https://www.sciencedirect.com/science/article/pii/S0168900218310362
https://www.sciencedirect.com/science/article/pii/S0168900218310362

Tracking and magnetic field

generator-level pt of reconstructed tracks

,‘\ntemationa\
\UON Collider

Niracks(B=5 T)/Nyacks(B=3.57 T) vs track celiperaten
impact parameter

E) 400 H— bb at 10 Tev lb 3 E
£ 350 — B-357T % : — :
g 300 f — B=50T R 08 -
250 - N ]
200 - = E
T F ] ]
150 E- @ 06F -
100 E- . .
= 0.5 —
Sgé T e L. Sestini - .
! 0 20 0 e - 0'40_' T '0_5
Pr [GeV] track DO [mm]
Study of track efficiency withB=5Tvs.B=3.57 T
by using H - bb generated at /s = 10 TeV:
* inefficiency ~ 15%
* mainly due to displaced tracks A magnetic field of about 4 T or 5 T is needed

Magnet should not be a problem, but...

October 18, 2023 Donatella Lucchesi
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Radial position [m]

Detector magnet meeting

International
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5 October 2023

CERN

Europe/Zurich timezone

Detector magnet for 10 TeV MuC
https://indico.cern.ch/event/1324236

Syenew The design of a possible detector for a 10 TeV center of mass energy muon collider requires the
Timetable

Contribution List detector, machine-detector interface and magnet experts to start the discussion on possible

configurations of the complete interaction region.
- Funded by

|
MuCo the European Union

Registration

Participant List

Videoconference

[ donatella.lucchesi@cern

Muon collider v/s = 3 TeV

magnetic field map B [T]

1 Il 1 1 Il 1 1 Il 1 1 1 Il 1

Axial position [m] M. Me ntlnk A. Dudarey,
October 18, 2023 B.

definition of possible detector magnet configurations and technologies . The presence of the beam-
induced background shielding structure complicates the magnet design. This meeting brings together

Message conve

Donatella Lucchesi

CERN organization for Detector Magnets B. Cure

Steering committee set up at CERN in March 2023

Decision taken by AT and RC CERN Directors and Department Heads EN, EP & TE, on a cooperation
between the Accelerator and the Research sector on experiments magnets.

Co-leaders: Said Atieh (EN/MME), Benoit Curé (EP/CMX)

International
UON Collider
Collaboration

Cooperation at CERN between the Accelerator and the Research sectors on experiments magnets.

It concerns in particular the issue of non-availability of Alu-stab SC.

Working Group (initiated following the SDMW)

Members from: - CERN EN, EP, TE departments.

- KEK.

The WG is now working on establlshlng a program on coe
with institutional and ind

We need to action it, NOW ?

A. Yamamoto

Urgent Action Required:

® Al-stabilized superconductor technology needs to be resumed, ;\ y \
» “Co-extrusion technology” of Al-stabilizer to be resumed, and R
> “Hybrid-structure technology” by using electron beam welding (EBW) % L —
> Laboratory’s leading effort very important to advance the technology %E ' ™
® CERN is now working for establishing a program on coextrusion 2° o
process for Al-stab SC with institutional and industrial partners. B w

Remarks:

® |t will be needed to investigate backup solutions such as:
® soldering technology of NbTi/Cu conductor with Cu-coated Al-stabilizer, and/or CICC. ,,,

® |t will be encouraged to investigate Al-stabilized HTS for specofoc applications



https://indico.cern.ch/event/1324236/timetable/

Evca/ (Eqey + Evcal

. . +,,— ! . . —
Photon and jet reconstruction Wi = ZX > jjX s = 107Tev

. International
/ ' \UON Collider
ce ntral 5 TeV p hOtO n M. Casarsa Collabo roa ti oen

Desired ECAL :

* Deep: ~25X,

* High granularity

« Longitudinal segmentation

* Timing ~100 ps

 CRILIN @10 TeV under study

0.22;— - D. Zuliani /5210 TeV
02— D L .
- . : C [JH Muon Collider
.18 DeSII’ed HCAL . <200__ |:|H; Simulation
016 L [JH
-  Deep: ~8.51; - ’ =
014 Coo " utu~ - HHHvv = bbbbbbvv
012  (Good forward 1505 HE
0.1 C
0.08F- Fraction of Covgrgge 100:
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002—=, v v | v v v o b b b R R T o ————
E)_ Zuli;;\? 2000 3000 4000 e Enevoy (GeV) used in particle flow % 05 i 15 2 25 (-)[?ad]
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Muon reconstruction

International
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Collaboration

#* Need to cover a momentum range from few GeV up to TeV
# New approach needed:
= usual methods for low momentum;
= combine information from muons detector, tracker and ~ X'H” 2 Z'X = ppX s = 10Tev
calorimeter information, jet-like structure. ST Mz = 9.5 TeV

utu= - 7Z'X - uyuX /s = 10 TeV

100

IV[Z, = 9.5 TeV

80

60

Preliminary
No BIB

40

20

|II||II|III|III|III|II

1 .HJHHJLI m.HJrl.rh\nl |
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o
o
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The long-term muon collider facility has been presented so far

International
\UON Collider
Collaboration

Neutrino physics measurements, not discussed here

Experiments at a center of mass of
X few TeV, first stage of the collider
/s = 3 TeV taken as working hypothesis

The meaning of
facility

X 10-ish TeV, second stage of the collider
\/s = 10 TeV assumed in design the first concept

Two cases, /s = 3 and +/s = 10, TeV will be discussed

and may think that the muon collider, even at /s = 3 TeV is far in time...
... true, but the facility can start with the demonstrator on a very short time scale!

October 17, 2023 Donatella Lucchesi 35



CERN option, other solutions could be possible R Losito IMCC-2023
N T | T e
Both use maximum intensity -i'/hj\, b abomon

per pulse ~10'3 ppp (or more) ﬁ«

in. pulses of fe\{v. ns at 20+ GeV. N 30 kW 14 MW
Different repetition rate: -

= 1 pulse/few second

= 1+2 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)

October 17, 2023 Donatella Lucchesi



https://indico.cern.ch/event/1250075/contributions/5376306/

Demonstrator facility will allow:

International
UON Collider

« Test muon cooling cell and, later, muon cooling functionalities for 6D cooling principle at Collaboration
low emittance including re-acceleration.

« Study high gradients and relatively high-field solenoid magnets for the machine.

« Develop and test high-power production target.

|dentify and construct detectors to measure beam emittances.

a unique facility for neutrino physics and muon-collider test bed

+ +, 5
G. Catanesi, E. Radicioni pooo— € Vel

— el

Light atmospheric-pressure TPC: excellent
tracker for precision emittance study.
High-pressure TPC: ideal active target for
precise v cross-section measurement on a
range of target nuclei in a very much
needed energy range.

In both cases, the optical readout is an
enabling technology, (R&D in DRD1) to
access low background and excellent
energy resolution.

p

Target K
Horn ~
Dump

—

= Design physics experiment with the relative detectors:
= nuSTORM and ENUBET could be branched.
= Possible physics studies...

=

A

Detector

<Y
m<l )
<l
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Summary

The first detector concept for a v/s = 3 TeV Muon Collider already AH%%?‘?Q
exhibits physics objects reconstruction performance that is

sufficiently robust for high-precision measurements and searches

for new physics.

A detector for a /s = 10 TeV muon collider is beginning to be
designed, with physics requirements identified and configuration
possibilities ready for implementation.

The Demonstrator Facility, besides enabling numerous

measurements, will actively engage the community in experimental
activities, preventing the loss of valuable expertise and knowledge.

October 18, 2023 Donatella Lucchesi 38
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A technically limited timeline for the muon collider R&D programme that
would see a 3 TeV muon collider constructed in the 2040s e

E\ Technically limited timeline
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Proton-driven Muon Collider Concept

Muon Accelerator Program (MAP)

International
UON Collider

Proton Driver

O
o
|

Front
End

= [388 2

&

)
Based on 6-8 < high power -
GeV Linac target
Source I
H- stripping production
requirements in high-
similar to field
neutrino solenoid
ones

October 18, 2023

Cooling

Acceleration

& e £

8§ 88 &

. = S 2 Accelerator Types: Linac,

T Recirculating Linacs (RLAs),
Rapid Cycling Synchrotrons (RCS)

RF  lonization < Fast
cavities cooling 6D acceleration
bunch& +« MICE * Use RF and
phase SC
rotate u®
into
bunch
train

Donatella Lucchesi

I[laboration

Collider Ring

« u* decay
background

e Critical
Machine
Detector
Interface
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https://map.fnal.gov/index.shtml

Tracker system: full detector & BIB simulation

First layers of barrel vertex detector &
forward disks highly impacted by BIB
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Background hits overlay in [-360, 480] ps range Vs=15TeV
NE T T T T T AInternational
S 1000 oYX =30 ps Preliminary — \UON Collider
%; o9 = 60 ps .Notimewindow Jollaboration
S 800 _ =
g Time window [ -30, +50,] ]
. £
Tracker requirements 2 600 -
g [ VXDdisks i_: ITdisks :g: OT .
« Timing: high 2 ol 2 ¥ aade
. X = 5
resolution to suppress -
out of time BIB. o

Double layers: apply
directional filtering.

Energy deposition:
exploit different
cluster shapes.

e

yA / 1SPO!

Higher occupancies respect to LHC detectors  Detector reference

crossing rate 100 kHz vs 40 MHz

Engaged in ECFA DRD3: silicon vertex and

tracker

Hit density [mm 2]

MCD ATLAS ITk ALICE ITS3
Pixel Layer O 3.68 0.643 0.85
Pixel Layer 1 0.51 0.022 0.51

October 17, 2023
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Track reconstruction performance
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Jets reconstruction performance

Jets reconstruction proceeds:

= Filter on time” calorimeter hits

= Combine track and calorimeter information to
reconstruct particles

= Use k; algorithm to cluster particles in jets

= Apply requirements to remove fake jets (max 0.7%)

= Correct energy

Resolution

b-jet P, resolution
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Heavy Flavor Jets Identification Performance

b-quark c-quark light-quark/fake jets
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M. Chiesa et al. JHEP 98, 2020

Triple Higgs

One sigma exclusion plots internations
1 M2 M2 1 , 1 Co\laboroatlwoer:
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https://doi.org/10.1007/JHEP09%282020%29098

ptu~ - Hx — bbx with Beam-Induced Background at 3 TeV

ECAL

/green tracks: Montecarlo particles

Inner/Outer Tracker

Vertex Detector

Event 1300, Run 13
Event display after the reconstruction

No cleaning cuts, no analysis requirements
Fake jets with contributions of beam background \
removed during the analysis “
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ILCSoft software stack: Key4hep software stack:

TO BE DONE
M LCIO 7O BEDONE S IRlL-A > @@

2. @ZLTE ) DD4hep

3. Marlin Gaudi

: CSpack
used only by us — no other maintainers used and maintained by other experiments
NO multithreading support built with multithreading in mind

All EDM4hep data classes defined in a single YAML file: edm4hep.yam|l — generates actual C++ code

Switching from LCIO =+ EDM4hep will change input for all our simulation code
L each processor has to be adapted to the new data format — substantial amount of work

Nazar Bartosik ‘ Key4HEP migration of the Muon Collider software ‘

Dubronik, June 2, 2022 49



