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= Muon collider and MDI overview

= Beam induced background sources
= Current existing lattices

= Decay induced background

* Incoherent pair production background in the trackers

Proton Driver Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulator Compressor | Pion Chicane & Muon Phase Charge Bunch 6D Final Buncher  Pre- SCLINAC RLAT1,2 RCS1,2,3 &4 V Collider
Ring Ring Target Absorber Buncher Rotator Separation ~ Merge Cooling Cooling accelerator 10 T&% Collider
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Muon colliders: motivation C\E?W

SR Mucol 7
. . O E
= Muon collider are compact and efficient
machines. They are precision (high luminosity) & ®
discovery (high collision energy without partonic T e
effects) machines. 5NN @
. S Y
= Extensive work done by the Muon Accelerator = | \ A
Program (MAP) Y o .
- _e
= (Among the) several challenges to address: 2 .\:- /-/ l ¢
Z 01k o .
1)Rapid muon beam production and acceleration £ | * e |
=] —@— HE-LHC ]
2)Fast cooling with novel techniques (ionization 3 **'¢ e
cooling, final coolin 5| e |
g g) E IE3ln® . . .0 N e -

3)Radiation load & Beam-Induced Background 0.1 . Clt . EIO . 100
from the muon decay ollider Center of Mass Energy [TeV]

MDI and BIB studies for a 10 TeV muon collider 3 >



Muon colliders: muons decay cEn)

) ‘;IA t;rr;a;a \._/
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4 Neutrino: h
Non relevant for the machine radiation
protection or the beam induced
e \background Y
i Electrons: D
they are produced at high energy, and
are expected to be the most
] component of the beam-induced
- background >
I 7 I/
Main heat source pp debris E-cloud Muon decay Muon decay[ J
MC = unprecedented power
Region Triplet+D1 Arcs entire ring entire ring 8 |oad in a cold machine!
Power/meter* few 102kW/m few 102 kW/m 0.4 kW/m** 0.5 kW/m**
Magnets superconducting superconducting superconducting

MDI and BIB studies for a 10 TeV muon collider 4 ’
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Recap collider parameters
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Example as discussion basis

T=2.2X10*%s
tiinbere will chanze
Beam parameters Mean muon lifetime 0.031s 0.104 s
in lab system (yt)
Muon energy 1.5TeV 5TeV o
Luminosity lifetime 1039 turns 1558 turns
Bunches/beam 1 =
i I . .
Bunch intensity (at injection) 2.2X10% 1.8 1012 SS ) ?Jziebeam intensity 10 TeV
Norm. transverse emittance 25 um = g TeVv
Repetition rate (inj. rate) 5Hz § 1 \\\\ \
Collider ring specs % ;
Circumference 4.5 km 10 km f 0.0 1.0
Revolution time 15.0 ps 33.4 ps o:nm s Inst. lunjinosity vsjtime: '10 TeV
Luminosity ERl: 3 TeV
Target integrated luminosity 1ab* 10 ab™ =4 !
: ER Average 101 Te AW
Average instantaneous 2x 10* cm=2st? 1x10% cm?st =4 A Te V
luminosity (5/10 yrs of op.) /1x10%* cm2st /2 x 10% cm2st < ol verage 3 Te
= 0.0 1.0

See also parameter doc: https://cernbox.cern.ch/s/NraNbczzBSXctQ9

MDI and BIB studies for a 10 TeV muon collider



J'C Machine-detector interface D)
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Conical absorber inside detector (nozzle) Detector Miany concepte
Shield the detector from high-energy decay products Handle background by suitable choice of from MAP!
and halo losses (requires also an optimization of the detector technologies and reconstruction
beam aperture) techniques (time gates, directional

suppression, etc.)

| | 5 | é Interaction region (IR) lattice
A . s/ .......... | ........................ ....................... ......... Customized IR lattice to reduce the loss of
: : decay products near the IP

e — """\ o= T

IR masks/liners and shielding :

n Shield the detector from particles lost in : 1 I VR S w i —— .
final focus region (requires also an : é ; é |
n optimization of the beam aperture) : : — — .

Transverse halo cleaning

Sole.nmd Clean the transverse beam halo far
Capture secondaries produced near from the IP to avoid halo losses on the

th? IP (.g. incoherent e-e+ pairs) aperture near the detector (IR is an
MDI and BIB studies for a 10 TeV muon collider aperture bOttIeneCk) )
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e pescription | Relevance as background
Muon decay Decay of stored muons around the collider ring Dominating source
Synchrotron radiation Synchrotron radiation emission by the beams in Small
by stored muons magnets near the IP (including IR quads — large

transverse beam tails)

Muon beam losses on the Halo losses on the machine aperture, can have multiple
aperture sources, e.g.:
e Beam instabilities
« Machine imperfections (e.g. magnet misalignment)
o Elastic (Bhabha) pu scattering
« Beam-gas scattering (Coulomb scattering or
Bremsstrahlung emission)
o Beamstrahlung (deflection of muon in field of
opposite bunch)

Coherent ee* pair Pair creation by real* or virtual photons of the field of Expected to be small

production the counter-rotating bunch (but should nevertheless be
quantified)

Incoherent ee* pair Pair creation through the collision of two real* or virtual

production photons emitted by muons of counter-rotating bunches

MDI and BIB studies for a 10 TeV muon collider
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Muon decay Decay of stored muons around the collider ring Dominating source

. A BIB from a single muon decay at -25 m.
Final focus magnets “Explosion”-like secondary distribution

Synchrotron photon emission

Y

\ A
Vacuum Y )

EM cascades
(Bremsstrahlung, \

pair production)

Photon-nuclear\ \

interactions

+secondary Bethe-Heitler muons

MDI and BIB studies for a 10 TeV muon collider 8 ’
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Incoherent pair production

Relevance as background

Incoherent ee* pair Pair creation through the collision of two real* or virtual

production photons emitted by muons of counter-rotating bunches
o]

" High energy = non negligible beam-beam effects. pt pr

The most important phenomenon is due to the
incoherent beam-beam pair production p+pu-
—>ut+p-ete-.

DDDDDDD

® The incoherent pair production e*/e” are provided
by D. Schulte and are obtained by a Guinea-Pig

simulation

" Low total particle multiplicity.
" ..but the produced electrons are energetic and
they impact directly on the detectors, since are

generated in the IP

MDI and BIB studies for a 10 TeV muon collider
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Final focus optics @)

Overview of the lattice version 0.8.

The novel approach does not leave
a residual angle and does not
require combined function magnets

Interaction point (IP) &

Reduce thenacr)rlejit of decay- Q1 Chicane
] 4 Three dipoles that remove the

induced background by several Three focusing quadrupoles to | . he i
order of magnitude control the beam size in the IP SllEE RS Eemng e e s

Optics by K. Skoufaris and M. Wanvelde

—200 —100 0 100

'

] Two defocusing quadrupoles. Q3
200 —5.0 Here the beam aperture Two focusing quadrupoles. Different
reaches its maximum options in the past to employ

combined function to reduce BIB

MDI and BIB studies for a 10 TeV muon collider 10 >



Evolution of the optics g
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dipoles Version 0.4 quadrupoles - -
Dipolar components suppress BIB outside
- of the final focus. The BIB sample
Sep 2022 ...IW...W...'HI... distributed (and considered baseline)
Version 0.6 All the muon decays in ~200 meters
— Jun 2023 II Bl N II from the IP give a non negligible
contribution to the BIB
Version 0.7 ) ) ;
A chicane is added to partially clean the
Feb 2024 lIIIIIIIL_IIIIIIII. line from the secondary electrons before
T they reach the nozzle
Version 0.8
The chicane concludes with 0 angle, and
— Jun 2024 IIIIIIIIIL‘IIIIIIII“ the magnet aperture is increased in the
\ 4 dipoles

Optics by K. Skoufaris and M. Wanvelde

MDI and BIB studies for a 10 TeV muon collider 11 >
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" Considering a pencil beam positrons along the e’
ideal trajectory, the path in the first two >‘IIIIIIIII"'III
magnets is reported.

Two hotspots are generated in the first and
second magnets

Synchrotron
radiation is a
dominant
effect!

MDI and BIB studies for a 10 TeV muon collider
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Radiation load on the final focus

" In all magnets, the limiting quantity is the total ionizing
dose (TID) in organic materials insulation, spacers etc.)

" The current limitation assumed for the yearly TID is
around 5-10 MGy/y — 50 MGy during the collider
lifetime.

" We assume an operational time of 1.2E7 second per
year, with 5 to 10 years of operation.

" The damage is cumulative. In case of extended collider
use lower limits must be taken.

Table: radial build for superconducting magnets

Shield radial build Thickness (mm)
beam screen 0.01

shield ’ 2.53
shield support +thermal insulation 1.1
cold bore 0.3

Front mask
in tungsten

insulation (kapton) 0.05
clearance + liquid helium

Sum

Table: radiation load for each magnet in the final focus FLUI(A

Shield
thickness Coil aperture Peak TID

Name L [m] [cm] (radius) [cm]

IB2 6 6 16

IB1 10 6 16

IB3 6 6 16

IQF2 6 4 14
IQF2_1 6 4 13.3
IQD1 9 4 14.5
IQD1 1 9 4 14.5
IQF1B 2 4 10.2
IQF1A 3 4 8.6

IQF1 3 4 7

MDI and BIB studies for a 10 TeV muon collider
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Conical shielding: nozzles

" The nozzle is the most important element for the shielding of the

background coming from the muon decay.

Atomic Fraction
(mass fraction if

" Originally taken from MAP, with modification for the present nozzle for the
10 TeV muon collider.

" It reduces the background of several order of magnitude

" The optimization process is ongoing

Vacuum
ir production) Y\

by a factor of a few

Final focus magnets
Liners

A
Qbé"
)
V‘\\)

Synchrotron photon emission

EM cascades

Photon-nuclear
interactions

+secondary Bethe-Heitler muons

60 [
505
405
ERY):
20}

10 |

Component Density [g/cm3] Element negative)
EM Shower Absorber 18 w -0.95
Ni -0.035
Cu -0.015
Neutron Absorber 0.918 H 0.5
0.25
0.25

—600

MDI and BIB studies for a 10 TeV muon collider
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Workflow in the IMCC C\EEW

(r—

The magnet optics is
computed via dedicated
codes (e.g. MAD-X).

Lattice design

The output is a twiss file,
containing the machine

kelements ina sequence/

A"

-

2-bis. Radiation load simulation
The radiation load (heat deposition and long term radiation
G FLUKA geometry model\ g &

damage) are simulated.

Via LineBuilder (LB), complex || The results needs to guarantee long term survivability of the
geometries are assembled in a \components

BN

FLUKA input file

3. BIB simulation

With the built geometry, a FLUKA simulation is run.

application: LHC IR7 The position and momentum of the decay muons are
Campled from the matched phase-space j

Iteration with lattice design ]

[ BIB data to detector experts

1 experts to mitigate the BIB |

CERN STI/BMl is currently responsible for the geometry built at Vs = 3 and 10 TeV

MDI and BIB studies for a 10 TeV muon collider
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= Background particles (from decay) entering detector per
bunch crossing (with time cut [-1:15] ns):
O(108) y (>100 keV),
O(107) n (>10° eV)
0(10¢) e+ & e- (>100 keV)

= The shapes of the energy, time and spatial distribution
are partially affected by the lattice, but the nozzle has a
dominant effect

BIB particles energy distribution BIB particles time distribution L0 Muon decay z position

108+ b EEEmssEssmmcms o
— w 0.8 :
= 56l k
20 106 B LOO : — ot
= Al it
3 "?5 0.4 charg
Z, E hadr.
= 10%t =02

10°10 710510 %10 ! 100 10°
E [GeV]

9POOOO —8000 —6000 —4000 —2600 0
z [cm]

MDI and BIB studies for a 10 TeV muon collider 16 ,
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= All different lattices offer consistent performances at 10 TeV. More
advanced metrics than the total particle multiplicity should be used

Table: number of particles entering in the detector area per bunch crossing (single bunch)

Collider 1.5 TeV 3 TeV 10 TeV 10 TeV 10 TeV
energy (v 0.4) (v 0.7) (v 0.8)

Photons 7.1E+7 9.6E+7 9.6E+7 1.6E+8 1.6E+8
Neutron 4.7E+7 5.8E+7 9.2E+7 1.5E+8 1.4E+8
e'/e 7.1E+5 9.3E+5 8.3E+5 90.2E+5 8.9E+5
Ch. hadrons 1.7E+4 2.0E+4 3.0E+4 4. 9E+4 5.2E+4
Muons 3.1E+3 3.3E+3 2.9E+3 5.0E+3 3.3E+3

MDI and BIB studies for a 10 TeV muon collider
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= The pinch effect has an influence on the luminosity of the collider. To better understand its
magnitude, a realistic model of the beam halo has to be implemented

= | calculated the luminous region with and without beam effects. In all cases, the interactions will
occur in the very close proximity of the IP.

L Tiny luminous region: ]

O<<lcm
Luminosity PDF profile (dashed lines“ere=ee=

x10%* L Luminosity PDF profile (dashed lines are 30)
: 1

depends on s

[ Non negligible hourglass effect: B ]

No hourglass
| — With hourglass

—— GP no beam-beam 1038 |

. = GP with beam-beam

x [mm]

No hourglass

—— With hourglass

—— GP no beam-beam

—— GP with beam-beam

1
1
. . . . H 1
o TP SRR S SOURN <P O A e | L 1 L 1 1 1 1 L 1 1035 L 1) 1 1 1 I 1 Lol 1

50 =25 0.0 —0.004—0.003—0.002—0.001 0.000 0.001 0.002 0.003 0.004 —0.004—-0.003—0.002—0.001 0.000 0.001 0.002 0.003 0.004

z [mm] s [m] s [m]

15 o
B0 —75
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= An updated Guinea-Pig version was provided by Daniel Schulte.

= The new software version allows to fully simulate the interaction between muons,
while in the past the interactions were simulating with a mass scaling of the electrons.

= With higher virtuality, pairs can have more kinetic energy.

Electron energy spectrum

60000

0 n PR | L Ll L ol L Ll L il
103 102 101 10° 10! 102
E (GeV)

MDI and BIB studies for a 10 TeV muon collider
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= When including the contribution of the interactions with the nozzles, there is an additional
fluence of secondary particles.

= The contribution from these secondary particles is not a dominant factor in the overall
background, but could be important in the innermost tracker layers.

e* fluences with 5 T solenoid

8 ‘ ‘ ‘ ‘ ‘ 6000 50000 Fluences in first layer
7 _ T Muon decay (B =5T)
6 5000? — 15000 [ Pair prod. (B =3.57 T)
5 4000 ‘& C?S [ I Pair prod. (B =5T)
£ 4 3000 "5 10000 F
o = N |
o, 2000 £ z 5000 w
2 i :
) 1000 = —> L .
ot 0 750 =25 00 25 50
-40 -30 -20 -10 0 10 20 30 40 z [cm]

7 [cm]

MDI and BIB studies for a 10 TeV muon collider
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“ Muon losses on the aperture are unavoidable
" Many processes can contribute to muon losses
® Liners in final focus and nozzle follow 50 envelope — aperture
bottleneck

" Transverse beam cleaning system will be fundamental to
reduce halo-induced background in detector (like in all other

high'energy CiI’CU|ar CO”iderS) Figure 1: Schematic vi A. Drozhdin et al., “Scraping beam halo in
" Muon beam halo cleaning is a challenge = need novel ideas l#p- colliderss, A:';g’sr;fi,PLoc' A4l,1242°249
link

(halo extraction instead of collimation)

* IMCC plans for final ESPPU report: _ ,
i . ) . . First IMCC halo-induced o] ‘
" Refine shower simulations for (generic) halo losses in IR background studies for 10 TeV: =

" Derive the max. allowed halo loss rate in IR (should stay below
decay-background) — provide specs for halo cleaning system

BIB spectrum from halo losses

6.9e+02
L D.le4+01
2.5e4+01
1.6e+01
1.0e4-00

E % dN/JdE []

Secondary neutrons, and electrons (mé E [GeV]

surround the primary muon lost. J

MDI and BIB studies for a 10 TeV muon collider 21 >



https://doi.org/10.1063/1.56430

Conclusions cEn)

NS

= Muon decay yields the dominant background in multi-TeV
muon colliders

= Massive nozzle-like absorbers are needed to shield the
secondary showers

= A chicane helps to suppress the contribution of distant decays
in the IR

= |ncoherent pair production cannot be neglected since the
electrons/positrons can directly impact on the detector

MDI and BIB studies for a 10 TeV muon collider
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Quadrupole - ReBCO @ T op = 20 K From: Samuele Mariotto, Barbara Caiffi, Daniel Novelli, Tiina Salmi
330 —— e https://indico.cern.ch/event/1325963/contributions/5798926/
300 - X Lr?ts of rfr_lagne_t in the forbc;dde_n zone. V\'/1ith " |al’ger
this configuration we need to increase the . .
HTS material cost imico) aperture allows for more shielding
250
£ - . small
w200 . . "
2 aperture and field Intensities.
S 150 - Depending on the technology
s there are different limitation.
100

* Beam dynamics requirement:

= larger apertures and field

| | | | | | | strengths allows for easier control

o0 weome am o #e %0 0 %0 on the beam shape in the final
focus

MDI and BIB studies for a 10 TeV muon collider
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Per year of

operation

(140d)

Vertex
detector

Inner tracker

ECAL

Radiation damage estimates
for 10 TeV (MAP nozzle, CLIC-
like detector)

Includes only contribution of
decay-induced background!

lonizing Si 1 MeV neutron-
dose equiv. fluence

200 kGy 3X 10 n/cm?
10 kGy 1X10% n/cm?
2 kGy 1X 10 n/cm?

Radiation load on FF magnets with schemes version 0.7 and 0.8, Daniele Calzolari

160
140
120
= 100

160
140
120

= 100

S 80

60
40
20

Total ionizing dose

z [cm)]

Radiation damage (v 0.4)

Total ionizing dose

z [cm)]

1 MeV neutron equivalent in Silicon

10 nem=2 y!
25 [ | | }T ]

20 —
€15 —
SR
~ 10 — ’ ‘

5

0
—150 —-100 =50 0 50

z [cm)]

100

150

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2
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