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2-part workshop

e Machine-Detector Interface (MDI)

o Focusing on

detector design

for 3 TeV and 10 TeV

e |MCC Annual meeting

o More topical
soon...
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discussions on

detector developments

accelerators, magnets,

physics-case

Today’s focus!

and



Machine-Detector Interface (MDI) studies



First detector concept for Vs=3 TeV

Modified CLIC”s detector

concept:

 Removed forward
luminosity detectors

* |nserted nozzles
» Adapted tracker detector

+ Magnetic field modified
to cope with available
beam-induced
background

Used in Snowmass 2021 studies!
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hadronic calorimeter

+ 60 layers of 19-mm steel
absorber + plastic
scintillating tiles;

¥ 30x30 mm? cell size;
® 75\,

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

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

muon detectors

¢ 7-barrel, 6-endcap RPC
layers interleaved in the =]
magnet’s iron yoke;

# 30x30 mm? cell size.

superconducting solenoid (3.57T)

tracking system

¢ Vertex Detector:

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

* 25x25 pm’ pixel Si
Sensors.

¢ Inner Tracker:

* 3barrel layers and
7+7 endcap disks;

* 50 ym 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.



First detector concept for Vs=3 TeV

Modified CLIC”s detector

concept:

 Removed forward
luminosity detectors

2 lncartod nnzzlac

hadronic calorimeter

+ 60 layers of 19-mm steel
absorber + plastic
scintillating tiles;

¥ 30x30 mm? cell size;
® 75\,

TO COpE WITh avanapie
beam-induced
background

Used in Snowmass 2021 studies!
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¥ 5x5 mm? cell granularity;
® 22Xg+ 1A,

muon detectors

¢ 7-barrel, 6-endcap RPC
layers interleaved in the
magnet’s iron yoke;

# 30x30 mm? cell size.

superconducting solenoid (3.57T)

tracking system

¢ Vertex Detector:

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

* 25x25 pm’ pixel Si
Sensors.

¢ Inner Tracker:

Next target is European Strategy for Particle Physics Update (ESPPU) 2026, need to
optimize detector design for higher energies.

* 3 barrel layers and
4+4 endcap disks;

* 50 um x 10 mm micro-
strip Si sensors.

shielding nozzles

¢ Tungsten cones + borated
polyethylene cladding.




Mitigating beam-induced background (BIB)

Many concepts
from US Muon

Accelerator
program (MAP)

Detector
Handle background by suitable choice of
detector technologies and reconstruction
techniques (time gates, directional

suppression, etc.)

Conical absorber inside detector (nozzle)
Shield the detector from high-energy decay
products and halo losses (requires also an

Interaction region (IR) lattice
Customized IR lattice to reduce the loss
of decay products near the IP

VS

IR masks/liners and shielding
Shield the detector from particles lost in
final focus region (requires also an
optimization of the beam aperture)

Conical liners inside FF magn“ Solenoid
Capture secondaries produced near from the IP to avoid halo losses on the

the IP (e.g. incoherent e-e+ pairs) aperture near the detector (IR is an
Follow 50 beam envelope| aperture bottleneck)

Transverse halo cleaning
Clean the transverse beam halo far

Angira Rastogi | May 29, 2024 Background is a significant driver of the MDI design.



Shielding nozzles

Single muon decay
tracks
Ni~2x10'2/bunch

Dominating Emission in Main BIB sources:
source magnets near ° Muon decay (dominant)
the IP, small e  Beam halo losses
contribution

° Beam-beam interactions

Time distribution of particles
Vs=10vs 3 TeV

nchrotron photo issi w B H -
Synchrotron photon emission : - Muon COIIIder o :::(:::s 10 Tev
Expected to be ; 510 £ Simulation — Secorspostons
small, butwil o — S | =T
be quantlf'ed : (Bremsstrahlung, © 1015 I e T nd
- pair prodiERaal - «we Electrons/Positrons
Photon-nuclear L : * Muons
interactions 10 14 E_ .- Hadrons
+secondary Bethe-Heitler muons E
10"
Background particles entering detector per bunch crossing 10" 1
(with time window cut [-1:15]ns): -
+ O(108) y (>100 keV) —20”': i

+O(107) n (>10° eV)
+ O(10°) e+ & e- (>100 keV)
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Iterative optimization with BIB simulation

/ IR layout \ : ; ) .
Optics (lattice) and Background simulations (FLUKA) Detector simulations

apertures *) Realistic geometry model of beam (Geant4)
= line (magnets), absorbers, nozzle, etc. *) Simulation of background
*) Sampling of source terms (e.g. hits
muon decay sampling from matched *) Overlay with physics

collision events

beam phase space distribution)
*) Store distribution of BIB* particles
entering the detector envelope

/Nozzle&absorbem‘ géFLUKA -

configuration -

This is of course an iterative process to optimize the IR & MDI design!
By looking at particles fluxes, hit occupancy, energy deposits and detector performance.




Nozzle design optimization

e Starting from 10° nozzle US MAP design for Vs=1.5 TeV, and optimizing the shape. material & aperture for 3 & 10 TeV.
e Also, need to consider about nozzle integration inside detector and general technical aspects.

&

<

Angular opening:
10 deg (determines
acceptance of

R,em
(Z,R)

Z.cm

(100, 15)

Borated PE:
Moderate and
capture neutrons

Tungsten:
Shield EM
showers

(200, 17)
w

detector)

T.WUXTU

{1 0*0.3)
(

Nozzle tip:
6 cm from IP

Using ML-approach with low statistics BIB simulation (~0.02%) for 1 bunch crossing and scanning over nozzle parameters.
Training XGBoost regressor and evaluating difference between predicted and truth flux.

\.

Min. physical hl

(600,60) A

(600, 50)

0.6jm

simulation.

(600, 1.78)VL

nozzle aperture:
100 cm from IP

Choosing the best geometry and then generating full-stat sample for comparison with MAP-like design.
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counts

Generating one p-beam with threshold energy of
particles produced at 100 KeV and propagating
through the nozzle.

~1.6 % of one BIB event (i.e. bunch crossing) for

one beam = 4 days per simulation.
Time consuming and computationally heavy

ML results




IR lattices for 10 TeV

Can decay induced background be reduced by adjusting lattice design?

Version 0.4

gl

Version 0.6

"

Version 0.7

Latest 10 TeV lattice version.

II4

Dipolar component suppress BIB
outside of the final focus. The BIB

sample distributed (and considered
baseline)

All the muon decays in ~200 meters

from the IP give a non negligible
contribution to the BIB

A chicane is added to partially clean
the line from the secondary
electrons before they reach the

B*
nozzle L

Max. field at inner bore

Challenges: small [1*, large [ fluctuations in FF, strong chromatic effects
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. Pure quadrupoles

Combined function of
dipole-quadrupole

Pure dipoles

Version

US MAP [1]

IMCC (present vers 0.7) [2]
FF scheme

Quadruplet (with

Triplet (with dipolar
dipolar component)

component)
5mm 1.5mm
6m 6m
12T 20T

10



Radiation environment

1-MeV neutron equivalent fluence per year

=200 =700 -600
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-500 —400 =300 -200 =100 0 100 200 %00 400 SO0 500 P00 00 900

~224)

1-Mel-neq (1e16/cn

Ul

500

i 0
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Collision energy = 1.5 | §

s

TeV and days of
operation/year = 200 | &

—20)0

=30

-400
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L
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Total ionizing dose per year

Maximum Dose (Mrad)

R=22 mm R= 1500 mm

R= 22 mm

Maximum Fluence (1 MeV-neq/cm?)
R= 1500 mm

Muon Collider (3 TeV)

Muon Collider (10 TeV)

10 0.1
100 0.1
20 0.2

100
10

1

0.1
0.01
Q.00

0.0001
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Modeling other beam effects at 10 TeV

Muon halo losses

Incoherent e+e- pair production

ut wt Halo losses
e~ ® Only 10% as compared to U A Ny ~
muon decay background. 4 | T T N Secondary neutrons,
4+ ® But overall more energetic and ‘ i tons and electrons
€ impact directly on the detector Usallfisurround the
7 p since generated in the IR. Bl muon lost.

Electron energy spectrum
L MuCh Barder ] ° Due to muon interaction with the nozzle or liners in magnets

108
° Results in muon losses on the aperture and many secondary

spectrum!
particles (less than muon decay) generated close to the IR.

104

BIB spectrum from halo losses Reﬁne Shower SimUIations

— 5 eser2| for generic halo losses in the
—— n  5.0e+01 IR

e 2.5e+01 .
1.6e+01

E*dN/dE [-]
—
<

The spectrum is
102 | expressed per
muon lost

[
o
G

—— Decay
—— UTHTopTuTeTe”

Derive maximum allowed
halo loss rate in the IR,

FI should stay below muon
Obtained by GUINEA-PIG event generator. — — e decay-background (provides
Need to make sure the modeling is correct and this is £ [Gev] specifications for halo

not dominating source of background. cleaning system).

10!
10°* 1073 1072 1071 10° 10!
E [GeV]

E x dN/dE []
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From MDI to detector technologies & performance
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Detector optimization for 10 TeV

Physics cases:

avents

Z 1000~

800

600

400

200

1200

Muon Collider
Simulation

——Z S jj10Tev

—Z > IT10Tev

up — Z'— jjlli
my =10 TeV

||||||||||||

|||||

0
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1000 1500 2000 250

0 3000 3500 4000 4500 5000
P, [GeV]

300

200

100

“Low” energy physics processes (EW, Higgs production) ~ hundreds of GeVs

“High energy physics processes (New Physics, resonance production) ~ order of TeVs
Unconventional signatures (long-lived particles, emerging jets ...)

Detector concepts should be able to handle large BIB.

I|||I|||||I|||I|I|||

pp — H( = bbyww

Muon Collider
Simulation

—— H > bb3TeV

—— H - bb 10 TeV

100

| L1 h
300 400

200

500
P, [GeV]
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Detector optimization for 10 TeV

For tracker:

N —

Hit occupancy (BIB driven) < 1% of LHC, with realistic material budget.
Momentum resolution - driven by magnetic field strength and size of tracker for high momentum.

3. Good transverse & longitudinal resolution for b/c hadrons identification. Also, need a few (~3) measurements
close to IP to reconstruct short-lived tracks and their soft decay products.
4. Timing resolution for out-of-time BIB reduction and accurate time of collision measurement.

.Em‘;_ [ Allhits [t < 15 ns] Al_0_|2: T T T
> E+l<9ops o o11E Muon p=5000GeV 6= /2 3 =
3 + stub filter \[_ E —e— B=3. 3
$ 10°k =% 01E We are 2;;71_1 3 p (SOft tra.ck)
 E d TE here (now) e B AT I S i i
© 009 —e— B=50T =
E —e— B=55T I s
0.08F
007F 0
0.06F + X' (dark matter)
00sE (charged parent) 'y
0.04F Tl wo
r 003 E_1 1 1 I el ;:} -
i ! LRSS 1400 1500 1600 1700
Layer index Rmz\x [mm]
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Hits [a.u.]

VXD acceptance

Vs=1.5TeV

0.

@

0.

S

0.4]

0.

i)

[T T T[T T T[T T T[T T T [TTT T

Muon Collider

Simulation

Muons from IP: 0, = 60ps
Muons from IP: 0, = 30ps

—— BIB: Inner + Outer Tracker

—— BIB: Vertex Detector

i § PSPPI PRI SR s

[ 0.5 1 1.5
t,-TOF .. [ns]

4.
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Designing and optimizing magnets

= Tiowal , . - . Starting from CLIC-based design, with
ve:4000 BHow can we achieve the desired magnetic field in the given space? traditional aluminium stabilized NbTi
LRt based Rutherford cable:

2:: e Consider different SC, cable

24 — — , protection and geometries.

20 1 = ‘ e Dimensions of magnet under

12 L[ = = study
B 11 : . IRRREE e  Number of layers under study
l 04 T : . e  Forces on the coil to be studied
Min:O%SO e Maintain a good field uniformity,

keeping the same form factor
(length~diameter)

4 Integration of detector magnet with
tungsten cones (nozzle) and other

i support structures needs to be solved

trivially.

Realistic magnetic field map to be used in BIB generation and detector studies.
16



Detector design for 10 TeV — 2 approaches

Idea proposed in several presentations

Solenoid in
between
calorimeters

.~ Solenoid in
front of ECAL

Both configuratigns will allow to:

¢ Increase calofimeters
e Change ECAL]technology
¢ Increase tracker

i
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Precision EW & Higgs

% 10 ab™' = 107 total h
10°

10?

10!

s 10°
107!
1072
107

Heavy Particles
A

My 7.h ._.

PHYSICS GOALS

Flavor Tagging

O®

Novel Signatures
(e.g. Disappearing tracks, LLPs,
SUEPs, etc.)

Can be studied by looking

at track properties or

global properties of event  FE ZF)) N.ieesssnansan
radiation pattern.
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Precision EW & Higgs

VBF higgs production has very forward kinematics.

H,v

n, ~ 3.5 at 3 TeV n, ~ 5 at 10 TeV

n, for 27 — h fusion ny for WW = h fusion

l/ 000 ¢ o s - T T e e e SRR e
D) T Hggsn

Variety of guaranteed new measurements!

A
V(h) D Avh® + fh“

HL-LHC
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Quartic coupling

0.09 0.09
/5 =15 TeV /5 =15 TeV
0.08 3 Tev 008 | Mypy <1TeV 3 Tev
6 TeV — 6TeV —
10 TeV — 10 TeV —
e 14TeV — g 207 14 TeV —
£ 006 30 TeV — £ 00 30 TeV —
2 2
£ 005 £ 005
3 B
T oo g 004
el =
£ 003 £ 0.03
& 2
0.02 0.02
0.01 0.01
0 0
-6 -4 -2 0 2 4 6 -6

Precision [%]

50

W10 TeV p*u~ @ 10/ab

0250 GeV eter

Kz Kg Ky  Kzy

Improvements in the
kappa framework.

Ke Kt Kp Ky Kr

3, My m; 3 mj 4
V(H) D Avh”® + —h" = —(1 + di3)h” + —(1 + ok )h
4 2v 8v2




Soft & disappearing tracks for Higgsino discovery

EW multiplets SU(3)e x SU(2), xU(1)y

&19933{32 Minimal Dark
Matter (MDM)

e The Model:

X

)
Il
5o
-+ @fi—l—

(1,3,0)
Wino-like

>
=}
I

.
XW

| Neutral component = DM I

e Lifetime: :
Direct detection projection 2004 Wino
Indirect detection s
Am = my+ —myo >0 [ =
i HE-LHC 2002
Small mass splitting Long fstime — o

(from loops) _ D/sappear/ng‘Tracks/’_,
(OT)
X

LE-FCC 37.5 TeV

FCC-hh :

Discovery potential

Muon Collider 3 TeV. from DT

Muon Collider 10 TeV
|Indirect detection 0333,

7 > CLIC 3 TeV T
L i % & T . | Higgsino
ATLAS Simulation 4 Z N cuic 1.6 Tev o ov e =
| \‘ “ | 7 IS \ CLIC 0.38 TeV o189 039 No collider FCG-oh il
| 2
ILC 0.5 TeV o249 0427 207, disappearing track | | — 7™
[ 50, disappearing track
FCC-ee 0175 0397 kinematic limit 5/2 JU—
2y st lii ot clear discovery
e = 207, indirect limit P potentiar
10! 1 = Muon Collider 10 TeV.
m(yt) [TeV)
CLIC 3 TeV. 15
CLIC 1.5 TeV 07580794
CLIC 0.38 TeV o188 0204,
No colider
ILC 0.5 TeV 0249 0328 20, disappearing track
[ 50 disappearing track

FCC-ee L o= kinematic limit v5/2
B oo = 20, indirect fimit

10" 1 m(y) [TeV]



Soft & disappearing tracks for Higgsino discovery

EW multiplets
o +~ (1,2,1/2)
XA = Higgsino-like
(1,3,0)
= Wino-like

Xw

| Neutral component = DM |

i X1X1 production, p* i~ collisions, /s = 3TeV, lab™!
10

Dlsappearlng + Soft ’I‘racks
--- 95% CL limit
B Wino

3’]]§\f
10° — bo

10?

10!

7 [ns]
g

107 _—

500 700 900
m.+ [GeV]
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1500

1300

7 [ns]

X1 X1 production, p* i~ collisions, v/s =

SU(?))C X SU(Z)L X U(l)y

Am = Myt — Myo >0

Small mass splitting

(from loops)

10 TeV, 10ab™?

Dlsappearlng Tracks
--- 95% CL limit

8 Wino

10 TeV

— b0

_____________________

15%

10%

MuC 3TeV
95% CL limit

HL — LHC
95% CL limit

1000 1500 2000 2500 3000 3500 4000 4500 5000
My [GeV]

Long lifetime
Disappearing Tracks
Soft Tracks (ST)

/

X X

The 3 TeV muon collider can
discover thermal Higgsinos
as well as Wino(5plet) states
that account for ~20%(1%) of
DM.

The 10 TeV muon collider can
discover thermal Winos as
well as 5plet states that
account for ~10% of DM.
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A “multi-TeV” lepton collider or “electroweak LHC

° Probe TeV scale directly via I+I- annihilation ptp annihilations
° Probe full energy spectrum via VBF physics, up to 2 orders of magnitude
above EW scale A%
° Factory for SM precision test H 0 1 2 3 4 5
° “EW-jet” factory, since in addition to QCD jets there are W/Z jet, H jet, t jet,
neutrino jet 0 ) 7 72 W2 Vi 74wt | 25 wrzd
° Even neutrino collision! 2 w2z w?2z? wiz
muCQ10 TeV ~ pp@70 TeV W2H
— g9 Z2H Z2H
500
400 -
s
E 300f

200}

Multi-boson final states and muon-higgs coupling

Vsu [Tev)

Challenges:

e Radiation levels
e EW NLO shall be necessary, just like NLO QCD at LHC
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Summary

e Alot of work has been going on in the IMCC community, with heavy participation from the US.

/“\'u"éi’éi‘;\?;él 2020/2021 Now 2026
Collaboration  McC formed, IMCC & MuCol MDI workshop March2024 Final report for ESPPU
community meetings Interim report completed
MAP /s = 1.5 TeV nozzle IMCC /s = 3 TeV nozzle
\/s=3TeV -—

MAP /s = 3 TeV optics IMCC /5 = 3 TeV optics 222

Presently no resources

\/3 =10 TeV MAP /s = 1.5 TeV nozzle IMCC /s = 10 TeV nozzle
IMCC /s = 10 TeV optics

e Aninitial set of requirements and performance already shown in the interim report, but still much more
exciting work needs to be done.

The US PS5 report has already endorsed the muon collider R&D, and we want similar support in ESPPU.
Therefore, it is essentially to have well-defined accelerator, experimental and theoretical benchmarks
to demonstrate feasibility of physics potential and confidence in a MuC.

23
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Extra
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Simulation framework

Baseline software

stack: ILCSoft Fully simulating + reconstructing - > - > > — S

New: Migration to a single event at Muon Collider: Pyer— SIGNAL

Key4hep - 4T x N events

FLUKA stops
McParticle € here

i 1
- parallel jobs Tevent

Overlay <

Interaction of MC particles with
detector’s passive/active
material in a simplified
geometry producing simulated
trajectory coordinates. SimHits

.<'<

Emulation of particle-material Digitization € < digitisation < ¥ S
interaction with effects from igna

detector resolution, noise and i X N events

threshold effects resulting in hit Jet clustering .

clusters for realistic trajectory. ) T reca :|‘> Particle Flow

’ \

Track, jets, flavor identification, Reconstruction & €—

particle flow y

— BIB-induced effects can make a significant impact at any stage
25
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Impact of IR lattice choices

Energy BIB particles z distribution (dashed: -5e-09 s < t < 1.5e-08 s)

100 7 —— photons i ' BIB particles time distribution
|l — t
[ neutrons 1017 | "2 photons
. 80_‘ et= —— neutrons
7 L e+-
= [
]
= 60
> [
g L
- .
T 40
= [
o
20
0 : - IR I W . L
—10000 —8000 —6000 —4000 —2000 0 . _ . . . 4 2.0

z [em] t [s] x10~8
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