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Machine-Detector Interface (MDI):
- Geometry of the interaction region

- Lattice options and radiation load to the superconducting magnets
- Workflow in the International Muon Collider Collaboration (IMCC)

Beam induced background
- Sources of BIB
- Conical shielding for decay induced background: nozzle

Beam-Induced Background (BIB) from p-decay
Incoherent pair production in the IP
Detector radiation damage

Conclusions

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 Many concepts
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

Ve — N\ Sy U
IR masks/liners and shielding :
n Shield the detector from particles lost in : I S w a0 4 —— .
final focus region (requires also an : 5 ; 5 |
n optimization of the beam aperture) : : e — .
de FF magnets : Transverse halo cleaning
Solenoid Clean the transverse beam halo far
P [ Capture secondaries produced near from the IP to avoid halo losses on the
th? IP (e.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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Evolution of the optics

Version 0.4

Sep 2022

"y — —

Version 0.6

Jun 2023

3 pe 3

Version 0.7

Feb 2024

=l RS B

Version 0.8

Jun 2024

e B R

Dipolar components 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 nozzle

The chicane concludes with 0 angle, and
the magnet aperture is increased in the

~— N  C N o N
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Overview of the lattice version 0.8. Interaction point (IP) & nozzle QU
The novel approach does not leave Reduce the amount of decay-
a residual angle and does not induced background by several
require combined function magnets order of magnitude

Chicane
Three dipoles that remove the
electrons coming from the line

Three focusing
guadrupoles to control
the beam size in the IP

800000 4

600000 4

400000

BIm]

- . Two focusi %3 les. Different
Two defocusing quadrupoles. Here the Wo Tocusing quadrupoles. LiTteren

beam aperture reaches its maximum SIPHES [ A2 (DRS00 G fElisy

—200 -100 [6 ] 100 200 combined function to reduce BIB
sim

MDI and BIB studies for a 10 TeV muon collider 5 >
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" In all magnets, the limiting quantity is the total ionizing ‘gg:;‘
dose (TID) in organic materials insulation, spacers etc.) =

" The current limitation assumed for the yearly TID is

Table: radiation load f h t in the final f FLUI(A
around 5-10 MGy/y — 50 MGy during the collider able: radiation load for each magnet in the final focus

lifetime .Sh'EId i
: thickness Coil aperture Peak TID

" We assume an operational time of 1.2E7 second per Name L [m] [cm] (radius) [cm] [MGyly]

year, with 5 to 10 years of operation. IB2 6 6 16
" The damage is cumulative. In case of extended collider IB1 10 6 16

use lower limits must be taken. IB3 6 6 16

QF2 6 4 14

beam screen 0.01 IQF2_1 6 4 13.3

shield 2.53 |QD1 9 4 14.5

shield support +thermal insulation 1.1 IQD1 1 9 4 14.5

cold bore 03 IQF1B 2 4 10.2

insulation (kapton) 0.05

clearance + liquid helium 0.01 IQF1A 2 : 8.6

1oF

MDI and BIB studies for a 10 TeV muon collider
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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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. . . . Atomic Fracti
" The nozzle is the most important element for the shielding of the (s fraction i
. Component Density [g/cm3] Element negative)
background coming from the muon decay. PTT—— " " e
" Itreduces the background of several order of magnitude . o
" The optimization process is ongoing Neutron Absorber 0.918 H 05
C 0.25
0.25

60 [

Final focus magnets ; 0 I
|
40 |

b@@\

o -
N £
SN
S~

30 f

— 3 E
Vacuum v\ 1]

EM cascades

Synchrotron photon emission

ir production) ¥ [
by a factor of a few 10}
Photon-nuclear 5 |
interactions :
+secondary Bethe-Heitler muons 0 [ PRI S T E— p—
—600 —500 —400 —300 —200
z [cm]
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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

4>

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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https://mad.web.cern.ch/mad/
https://twiki.cern.ch/twiki/bin/view/FlukaTeam/FlukaLineBuilder

/‘C BIB from the muon decay cR

International ) \._/
UON Collider MuCol
C T

ollaboration

Muon decay Decay of stored muons around the collider ring Dominating source

4 )

Particles going in the detector Time and energy spectra

area are scored and killed.

BIB particles energy distribution BIB particles time distribution

1016 L
photons —— photons

neutrons i —— neutrons
e+- e+-
muons

charged hadrons

' L
<]

/ 3
Detector 8
Z,

<

5 10t I T e
Z Al e T
104 L
1013
Background particles (from decay) I
> ; 103 12
entering detector per bunch crossing . 10" E

05 10 15 2.0
(with time cut [-1:15]ns):

* 0108 y (>100 keV),
*  0(10") n(>10%eV)
* 0109 e+ & e- (>100 keV) K /

MDI and BIB studies for a 10 TeV muon collider 10 ’
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" Muon decays occurring in the final focus generate the most relevant part of the background
" The chicane removes most of the contribution from the previous straight section

" The different lattices options offer similar performances. Several changes in various aspect of the MDI (nozzle
composition, lattice configuration) give results consistent with colliders at different energies.

Muon decay z position (dashed: -5e-09 s < t < 1.5e-08 s)
e e

80000 Table: number of particles entering the detector per bunch crossing
[ — photons
70000 F | eutrons - ; Collider 1.5 TeV 3 TeV 10 TeV 10 TeV 10 TeV 10 TeV
60000 F et ‘ i i energy (v0.4) (v0.7) (v 0.8) (EU24%)
= ook Photons  7.1E+07 9.6E+07 9.6E+07 1.6E+08 1.6E+08 9.9E+07
| r
g - Neutron 4. 7E+07 5.8E+07 9.2E+07 1.5E+08 1.4E+08 1.1E+08
40000 |
3 _ e+le- 7.1E+05 9.3E+05 8.3E+05 9.2E+05 8.9E+05 1.2E+06
> o
< 30000¢ Ch.hadrons 17E+04  2.0E+04  3.0E+04  4.9E+04  52E+04 \ 4.2E+04
20000¢ Muons 3.1E+03  3.3E+03  29E+03  5.0E+03  3.3E+03 9.6E+0
10000 :‘ H 13 N 7
; i Data for 1.5 and 3 TeV options from “Towards a muon collider
_foo00 8000 —6000  —4000 ~2000 0

7z [cm]

*EU24 considers the lattice v 0.8 with the nozzle shown in the previous slides

MDI and BIB studies for a 10 TeV muon collider 11 ,


https://doi.org/10.1140/epjc/s10052-023-11889-x
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Incoherent pair production

.

Pair creation through the collision of two real or virtual
photons emitted by muons of counter-rotating bunches

Incoherent ee* pair
production

High energy = non negligible beam-beam effects.

The most important phenomenon is due to the

incoherent beam-beam pair production p+pu-

—>utHu-ete-.

® 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

Relevance as background

Electron energy spectrum

60000

1072

saaal L PR
10!
E (GeV)

| L PR
10°

10t

102
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= Incoherent e+e- produced at bunch crossing — difficult to remove with time and
directional cuts

= The contribution from these secondary particles is not a dominant factor in the overall
background, but plays a major role in the innermost tracker layers.

= Dominant sources of hits in the first layers (described in this talk)

Fluence comparison (decay vs pair production)

20000 ¢
17500 _ T Muon decay (baseline)
Electron,/positron fluences with 3.57 T solenoid (w nozzle) 1 Pair prod. (B =3.57T)
19 6000 15000 ¢ 1 Pair prod. (B =5T)
10 — 5000 & g 12500 F
_8 = 4000 = g 10000 ¢
EL L — = :
T[} 3000 ¢ £ 7s00F .
4 2000 I M _I%H'% T &l—
. E F e B
] 0 2500
60 40 -20 0 20 40 60 F R L !
0
—6 -4 -2 0 2 4 6
z [cm] 7z [cm]

MDI and BIB studies for a 10 TeV muon collider


https://indico.cern.ch/event/1402725/contributions/6002429/attachments/2884023/5053877/Incoherent_pairs_MDI_ws.pdf
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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 14 >



https://doi.org/10.1063/1.56430

Radiation damage in detectors cEn)
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For IMCC lattice version v0.4

Total ionizing dose 1 MeV neutron equivalent in Silicon [n em™2 y™?]

Radiation damage 160
estimates for 10 TeV

(MAP nozzle, CLIC- 140
like detector) 120
Includes only =) 100
contribution of decay- 2. {()
induced background! =~ 60

40
20
—200 —100 0 100 200 \ —200 —100 O 100 200 *
z [cm] z [cm]
Per year of lonizing | Si 1 MeV neutron-equiv. IMCC plans for.ﬁn.al ESPPU report: , _
operation (140d) dose fluence ® Redo radiation damage calculations with
optimized 10 TeV nozzle and lattice (and new

Vertex detector 200 kGy 3X 10 n/cm? detector design)
Inner tracker 10 kGy 1X10% n/cm? " Calculate contribution of other source terms
ECAL 2 kGy 1% 10™ n/cm? (e.g. incoherent pairs, halo losses)

MDI and BIB studies for a 10 TeV muon collider 15 >
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/‘C Conclusions )

Several lattice option for the final focusing of the muon collider have been
considered and simulated

Final focusing magnets — shielding design guarantees integrated radiation load
compatible with magnet operations

BIB from muon decay — assessed with various machine and nozzle configuration.

Results used for detector performances studies
Nozzle optimization process ongoing, with aim beyond ESPPU

Pair production background has been assessed. Despite the low counts, those
electrons play a dominant role in the innermost tracker layers

The radiation damage in detectors assessed with previous lattice versions and
expected to be similar also with the latest lattice version.

MDI and BIB studies for a 10 TeV muon collider
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T=2.2X10%s
Beam parameters Mean muon lifetime 0.031s 0.104 s
in lab system (yt)
Muon energy 1.5 TeV 5TeV .
Luminosity lifetime 1039 turns 1558 turns
Bunches/beam 1 -
i o . .
Bunch intensity (at injection) 2.2X10% 1.8 X 10" 33 oL i‘;{:ﬁ'e?eam intensity — 10 TeV
Norm. transverse emittance 25 um = ( g Tev
Repetition rate (inj. rate) 5 Hz § 1f \
Collider ring specs %0;. YN O UY O
Circumference 4.5 km 10 km f 0.0 0.2 0.4 0.6 0.8 1.0
Revolution time 15.0 s 33.4 us c\:nm 8 Inst. lunjinosity vsftime: '10 S
Luminosity Rl 3 TeV
Target integrated luminosity 1ab? 10 ab? = 4 !
ER Average 10 TeV\ _ _ |
Average instantaneous 2x 103 cm?s 2x 10%* cm?s? =7 UL
luminosity (5/10 yrs of op.) /1x10% cm2st /1x10% cm2st < ok AR S A
2 0. 0.6 0.8 1.0
t [s]

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

MDI and BIB studies for a 10 TeV muon collider
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» The radial build of the magnets for the Name L |Magnet aperture
version 0.8 is listed in table radius [cm]

o Still conflicting requirements in terms of IB2 6 16

field strengths and magnet apertures IB1 10 16

Radial build Thickness IB3 6 16

(mm) IQF2 6 14

beam screen 0.01 IQF2_1 6 13.3

Sieid @ 1QD1 9 14.5

shield support +thermal insulation 1.1 Increased 1QD1 1 9 145

cold bore 0.3 o 4_53 for IQF1B 5 10.2

insulation (kapton) 0.05 the dipoles
IQF1A 3 8.6
clearance + liquid helium 0.01 5 .

IQF1
Sum °

MDI and BIB studies for a 10 TeV muon collider




N /"C Conflicting requirement for magnet cEn)
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JABER Muco shielding

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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" 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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/4C Nozzles optimization process )

= The nozzle optimization is a complex problem with
several conflicting requirements:

- Shielding must be feasible from the engineering
point of view (for structural support, accessibility,
machinability)

- Minimum amount of blind angle for the detectors

- Thickness capable of minimizing the amount of
background going in the detector area

= Current nozzle configuration developed from MAP one
with small adjustment and froze for the European
particle strategy. -

= Optimization process will continue in the upcoming -
months

uuuuuu

llllll

llllll

nnnnnnn

Automatized scripts to
modify geometry

Various options and strategies
for the nozzle optimization

MDI and BIB studies for a 10 TeV muon collider
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Radiation damage (v 0.4)

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!

Si 1 MeV neutron-
equiv. fluence

lonizing
dose

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

Total ionizing dose

160
140
120
= 100

160
140
120
= 100
= 80

g
S,

—

40
20

z [cm)]

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

Total ionizing dose

z [cm)]

1 MeV neutron equivalent in Silicon

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

20
15
10

5

0
—150 —=100 =50 O

z [cm)]

50

100

150

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

\29)
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