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Yet another collider

International

/ \UON Collider
/ Collaboration
Muons are fundamental point-like particles:

# well defined initial state and cleaner final states;
# collision energy fully available in the hard-scattering process.

Muons can be accelerated to a multi-TeV energy:
= low synchrotron radiation losses (m,/m, ~ 200)

compact circular machine with a relatively small footprint
= no significant beam-strahlung.
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Therefore, muon collider is most power-efficient machine
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International Muon Collider Collaboration
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» IMCC started officially on July 37 2020: Web site

» Several institutions are collaborating, US via the Snowmass process

» Muon collider is part of European Accelerator R&D Roadmap Yellow Report

» A lot of contributions submitted to the Snowmass process

(&) . ) https://arxiv.org/abs/2203.07964

March 16, 2022
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Timeline
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Proton-driven Muon Collider Concept

Muon Accelerator Program

International
ﬂ\UON Collider ] . . .
/'Collaboration Proton Driver ] Front Cooling Acceleration Collider Ring
c End woou
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= 3 |®»Sl € & 2 o E 1.5 TeV
2 5 |Cg| 5 5 8 S 5 ©
£ s |-3|8 3 < S o S 8 3 TeV
o E g2l » g S ¢®» § o
< © & g o ! I § & 2 Accelerator Types: Linac,
Tzl o a- o Recirculating Linacs (RLAs),
S Rapid Cycling Synchrotrons (RCS)

e Basedon 6-8 ¢ high power e RF cavities e« Jonization  Fast o put decay
GeV Linac target bunch & cooling 6D acceleration background
Source * 1 production phase e MICE « UseRFand « (ritical Machine

* H- stripping in high-field rotate u* SC Detector
requirements solenoid into bunch Interface
similar to train

neutrino ones
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https://map.fnal.gov/index.shtml

Baseline Facility Tentative target parameters

Comparison:

Internaal Scaled from MAP parameters CLIC at 3 TeV: 28 MW
ﬂUON Collider
/ Collaboration
Target Integrated Luminosity in 5 years o
one eXperiment L 10°* cm—s 1.8 20 40
\/g fﬁdt N 1012 2.2 1.8 1.8
3 TeV 1 ab1 f, Hz 5 5 5
10 TeV 10 ab—l Ppeam MW 5.3 14.4 20
14 TeV | 20 ab~ 1! C km 4.5 10 14
W <B> T 7 10.5 10.5
Ky IP1
! £, MeV m 7.5 7.5 7.5
[/
pnjecor 1A Mion Collider ) dectitr o/ E % 0.1 0.1 0.1
~10km circumference : OZ mm 5 1. 5 1. 07
— e 1 g B mm 5 1.5 1.07
: I s ¢
i 4 GeV Target, nDecay uCooling ~ Low Energy ¢ € Km 25 25 25
Proton & ytBunching Channel  u Acceleration & g“"
T === o, um 3.0 0.9 0.63

Donatella Lucchesi HiggsPairs 2022 June 2. 2022 _ I‘nﬁ v




Every rose has its thorn

/’\U‘éirgiﬂ?d”ea :
7/ Collaboration
Muons decays with N,,~2 - 102 per bunch with Ey,,= 0.750 TeV produce 4x10°decays/meter of lattice

. . F. Collamati et al., 2021 JINST 15 P11009
Mainly: electrons/positrons, photons, neutrons, :

charged hadrons and muons

Current solution to mitigate particle fluxes effects

on detector 1s the nozzles, two conical tungsten

shieldings (nozzles) cladded with borated

polyethylene:

» reduce the background particle flux into the
detector by 2-3 orders of magnitude;

» filter out the high-energy tails of the
electromagnetic BIB component;

» but reduce detector acceptance.

detector

detector

0 6 | 13 [m]




Beam-Induced Background
and Detector
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Beam-Induced Background Main Properties
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/'\UON Collider N Bartosik et al 2020 JINST 15 P05001

7 Collaboration
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= Low momentum particles
= Partially out of time with respect to beam crossing t,




~ hadronic calorimeter tracking system
= _ | ¥ 60 layers of 19-mm steel ¢ Vertex Detector:

Inter absorber + plastic * double-sensor layers
/Z«OH?E scintillating tiles; AN (4 barrel cylinders and

2 : 4+4 endcap disks);
¥ 30x30 mm°” cell size; s 25%25 i pixel Si
» 15\, Sensors.

¢ Inner Tracker:
naEa oy . SO AT « 3 barrel layers and
electromagnetic calorimetel

7+7 endcap disks;
« 50 um x 1 mm macro-
pixel Si sensors.

¢ 40 layers of 1.9-mm W |
absorber + silicon pad 1

Sensors; — ¢ Outer Tracker:

* 3 barrel layers and
4+4 endcap disks;

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

¥ 5x5 mm? cell granularity;

muon detectors

¢ 7-barrel, 6-endcap RPC
layers interleaved in the =

magnet's iron yoke; » Tungsten cones + borated
% 30%x30 mm? cell size. polyethylene cladding.
superconducting solenoid (3.57T) = *
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: —— BIB in HCAL barrel i
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Detector Performance

Donatella Lucchesi HiggsPairs 2022 June 2. 2022 I‘ % : |




ﬂlnternational
UON Collider
/ Collaboration
Despite:
= Use shieldings to mitigate beam-induced background

= Track reconstruction algorithms not optimize yet
Track reconstruction performance already satisfactory

Tracks reconstruction performance

Vs =1.5TeV
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Jets reconstruction performance

~ . Resolution
International
/'\UONCoHider S 045\ T T T T
/' Collaboration g u ]
: 2 04F 3
Jets reconstruction proceeds: Z E \g. Muon Colider :
. . . . — 035 — imuiation —
= Filter ”on time” calorimeter hits T :
. . . . o 03 ]
= Combine track and calorimeter information to S :
. 025F -
reconstruct particles : -
. . o« e 02F -
= Use k; algorithm to cluster particles in jets : :
. . 0.15F -
= Apply requirements to remove fake jets (max 0.7%) T LR
= (Correct energy . true jet p_[GeV]
Efficiency

> ' - ] gk T E
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é 05 E_ _E E 0.88 ;_ -—l— Muon Collider _;

% - 3 @ 0.86F Simulation =

5§ 04F 3 § hi<1.5 -

9 - 3 2 084 —

L 03 — E L 0.82 - _l_ ]

S 02F — B 082F ]

s 02E | L E & 08B S

0 1 2 50 100 150 200
true jet m true jet p. [GeV]

T
Donatella Lucchesi HiggsPairs 2022 June 2. 2022 II-%




Heavy Flavor Jets Identification
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/ \UON Collider
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Heavy flavor jets identification :

= Primary vertex (PV) reconstruction
= Secondary vertex (SV) identification: use tracks not compatible with PV rejecting as much as

possible fake tracks

= Apply requirements to further reject fake SV
. 0.9F . N F - - 0.
< oo Tracks coming frem o edren < 1ol Muon Collider Tracks coming fom e et 27 Muon Collider ol
0.7; BIB tracks E BIB tracks 0.2 }_ meten — light + fake jets
0.6F Muon Collider 'F F
05 ; Simulation 10 ; 0.15
0.4? g g
0.3F 1()-2Eﬁ 0.1::
0.2 ?_ 103 ; 0.05}
0.1 E B
OT%:‘—A —— et . I ” |I|-|-L”J-‘ | |IL||-| . . . 0" T L ! !
0 2 4 6 8 10 12 14 -15 -10 -5 0 5 10 15 0 0.5 1 1.5 2 25 3
P; [GeV] Z, [mm] T [ns]
Definitions
. Ny sy : __ Nc¢,ight/fake),sv
Efficiency €, = —=~ Mistag ¢ iighey Me,(tight/fake) = —
Np c (light/fake)
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b-quark

_Muon Collider

Simulation
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c-quark
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H — bb decay channel reconstruction

/'\[TéeNrEiﬁil?d”Sr'
/' Collaboration
For /S > 1.5 TeV Higgs production dominated by WW fusion
Whizard used to generate at VS =3 TeV:
> ut u~ - Hvv - bbvv
» utpT - Zvv > bbvv
> ut u= - bbvv, utu~ - ccvv removing the above processes

For theory see Zhen Liu talk

Samples reconstructed taking into
account the beam-induced background

In 1 ab! (5 years) expected: o ————
. < M Collid -
» 59.5k signal events S0 Yo ot + pandedat
» 65.4k background events g 3000 F (o3 Tev —H-bb
= 2500 — background
. . Z p.(j) > 40 GeV/c

Pseudo-data, generated by using signal & background 5 2000 <2
. . . . > )
invariant mass models, fitted by using unbinned m 1500
maximum likelihood fit 1000

. . : 500
uncertainty on the signal yield: 0.75% . R

0 50 100 150 200
dijet invariant mass [GeV/c’]
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ptu- — Hx — bbx with Beam-Induced Background at 3 TeV
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ECAL

/green tracks: Montecarlo particles

Vertex Detector

: Event 1300, Run 13 /) [
Event display after the reconstruction \ A/ \\ A
‘ No cleaning cuts, no analysis requirements ST v
Fake jets with contributions of beam background /
removed during the analysis ‘“-—*
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Double and Triple Higgs
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Whizard used to generate at VS = 3 TeV: ) _ — ,_—‘ _:l:
Signal utu~ — HHvV — bbbbvv bbH
Background utu~ — Hbbvv — bbbbvv o8t — “
Background utu~ — bbbbvv “E J

oosf- - —

. — PRI S R o e e
—%.4 -0.3 -0.2 -0.1 0 0.1 02 0.3 0.4 0.5
BDT output

* Signal and background reconstructed in the detector:
- pr®>20 GeV, at least two SV-tagged jets
* Boosted Decision Tree trained to separate signal from background
exploiting kinematical information.

Preliminary
M Bkg
B HH
- Data

5
H

-
n
o

*  Minimize the figure of merit F = \/(77112 — my)?+ (M3, — my)?
* Expected: 50 events signal, 430 events background
* Fit pseudo-data to extract precision on cross-section

Events/(0.1)
g 8 8
WH WHT

&
o

Preliminary result:
Uncertainty of 30% on cross section x BR with | ab"! R R A

BDT
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Trilinear coupling evaluation at VS = 3 TeV

International 5 0.2
UON Collider <-0-
7 Collaboration 0.2

0.18

Two Multi-Layer Perceptrons to: 0.16

0.14

- distinguish HH signal from background 0.12

0.1
- select events with trilinear coupling among all HH events o0s
0.04
o 0.02
0

—— HH trilinear only

—HH

O_LII‘\\I|H\|I\\‘II\‘HI‘HI'\H|IH|II\‘\II‘\

ALL

Muon Collider 3 TeV preliminary

3 0.12 —— HH trilinear only

—HH

0.1

0.08

lllllllllllllllllllll

>

0.06

0.04

ro
llll]llllll]llllIlllllllllll

Tlllll

| L L L L | L L L L |

1.5
A

III|II\‘\\\‘\\({({['III|I

S

3 3.5 4
0. [radl

|

=5
3
OA
oL
ol
NS
-
oF
NA
'\)4
3

Produced and analyzed sample with Whizard with A; varied respect to Standard Model:
statistical uncertainty ~20% at 68% CL with 1 ab"!
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Trilinear coupling evaluation at High Energies

International

/ \UON Collider

/' Collaboration

Machine interaction region, machine detector interface, detector design and events reconstruction
algorithms at S = 10 TeV 1n progress.

HH : o .. :
Detector acceptance: Wm = 81% (using the same shielding structure, it is expected to be improved)
3

Phenomenological evaluation

A
V = 2mah® + Asm(L 4 0r3)vh® + 25 (1 + Srq) b’ B, Franceschini, Wulzer 2012.11555
Costantini et al. 2005.10289

Results based on “old” detector performance, improved during last year!
Han et al. 2008.12204

E[TeV] |Z [ab ] Nrec 56 ~ N\ OK3
3 5 170 ~7.5% ~10%
10 10 620 ~ 4% ~ 5%
14 20 1340 ~2.7% ~ 3.5%
30 90 6'300 ~1.2% ~1.5%
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\~) Triple Higgs Production Cross Section and
.\me}na{na. Quadrilinear Coupling evaluation

UON Collider
/Collaboration

*¢ Produced a signal sample utu~ - HHHvV — bbbbbbvv with Whizard at VS = 10 TeV to
investigate the topology;

= Machine interaction region, machine detector interface, detector design and events reconstruction
algorithms at V'S = 10 TeV that are in progress;

= Dedicate events/jets reconstruction/identification algorithm is needed.

fat jet

o Vo . X Generation of the irreducible background pu*tu~ — bbbbbbvv
| v\ not an easy task... Whizard never ends...
e X Ideas of using Whizard and/or AlpGen...

|

‘cjet“‘

sV
sV

~ fatjet
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5:—% 2H2 (1+53)]\24—51H3— (1+54)

#* No background considered
# No BR applied
# No selections optimization

Sensitivity evaluated in term
of standard deviation from

standard model
IN — Nyl

Nsm

Donatella Lucchesi HiggsPairs 2022

Quadrilinear Coupling evaluation M. Chiesaetal. JHEP 98, 2020

One sigma exclusion plots
v 1

! Y, B NO cuts
/5 =6 TeV &, V5 =10 TeV S
L=12 ab~! 7 L=20 ab~! 4,
M2 gs| ol bl 05 | el <1 Iv m Mupg <1TeV
_H Nsm A //
Su?2 K |
7 4
S 0 o S 0 /u,
7 7/
l7 7
~0.5 4 ~0.5 , 53 =0
y SM e L/ SM e
Oto / Oto
ﬁ/ Ol Mppn<l1 retvg L’ OlMppn<1 retv; 6 TeV 54 ~/ [_0.45708]
_1 Vi _1 y
—0.3 —0.15 0 0.15 0.3 —0.2 0.1 0 0.1 0.2
5 5 -
1 : , R 10 TeV 64 ~[—0.4,0.7]
V5 =14 TeV | 04 L VE=30TeV / s )
=33 ab~! Iy ' i ab~! / o/
IN—Nem| <1 -
05 | Ml oy i L - 14 TeV 84 ~ [—0.35,0.6]
/’ (Z / /l[
7/
< ‘ < 0 o r
s 0 . 2 / 30 TeV 84 ~ [—0.2,0.5]
// / ‘ S~ )
—0.5 = - ¥///
S SM e _04 ! SM e
%v//’, o o ! oo
", [Myum<l TeV] ’ O[Mpuui<l TeV
_1 Vi VA
—-0.2 -0.1 0 0.1 0.2 -0.15 -0.1 —-0.05 0 005 0.1 0.15

Mauro Chiesa

June 2, 2022

Muon collider: quartic Higgs coupling
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https://doi.org/10.1007/JHEP09%282020%29098

Summary

International

’ \UON Collider
/ Collaboration
v/ Two different muon collider energies options considered so far:

*  First stage at VS = 3 TeV and then go to VS = 10 + TeV
Deep screen during the European Accelerator R&D Roadmap, not showstopper identified
Feasibility has been addressed

v
v

v/ Muon collider offers unique possibility for high energy leptons interactions, for a complete review
The MuonsSmasher 's Guide

Community Summer Study

SN SR WMASS
S e

6

v Currently efforts are focused to Scattle Community Summer Study Workshop

Muon Collider 1s an opportunity not to be missed and

“Nothing is more expensive than a missed opportunity”
Jackson Brown Jr.
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https://doi.org/10.48550/arXiv.2103.14043
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Beam-Induced Background affects mainly tracker and electromagnetic calorimeter

ECAL

Inner Tracke

nozzle nozzle

=2000 -=1000 2000
Vertex Detector z [mm] Vertex Detector

Inner/Outer Tracker
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Neutrino Flux Mitigation

/’\wéeNrgiﬁll?dnsrl v Legal limit 1 mSv/year
* Collaboration MAP goal < 0.1 mSv/year
“hotspot | Our goal: arcs below threshold for legal
R procedure < 10 pSv/year
o1y, | LHCachieved <5 pSv/year

muon collider

.

straight section

arc

3 TeV, 200 m deep tunnel is about OK

Need mitigation of arcs at 10+ TeV:

idea of Mokhov, Ginneken to move beam in aperture

our approach: move collider ring components, e.g. vertical
bending with 1% of main field

Opening angle £ 1 mradiant

= ~2 X 600 M S 14 TeV, in 200 m deep tunnel
T 1] comparable to LHC case
1]

b i TT1]
Working on different approaches

tz E I
for experimental insertion
Dubronik, June 2, 2022 Iﬂlﬂu

Need to study mover system,
magnet, connections
and impact on beam




Neutrino Flux ©

International
UON Collider

'\b‘ /Collaboration

Team of RP experts, civil engineers, beam
physicist and FLUKA experts

Internatlc_)nal
/c \UON Collider  Gpal to be similar to LHC: i.e. negligible, “fully
/' Collaboration
optimised” (10 x better than MAP goal, 100 x C. Ahdida, P. Vojtyla, M. Widorski, H. Vincke

better than legal requirements) o
o ) MC simulations Dose surface map Ve
* With indirect effects (alr, ground water, ) — presentation G. Lemer —»presentauonG Lacerda

Dose assessment

Addressed by:
Site choice in direction of experiments g::;:::g:a' ' Sensitivity analysis
* toolsin preparation

Mechanical mover system in arcs

Demonstration of

* allows 14 TeV in 200 m deep tunnel comolise
Folding wuth realistic P
source term
_ G. Lerner, D. Calzolarl A. Lechner, C. Ahdida G. Lacerda Y. Robert N. Guilhaudin
1070 INPUT /" Scenario - Theoretical
101 1 |Scenario Tunnel Point Radiation Line

o g MAD X : < o :
1072 9 . .n n 1 i
s Survey ' Derive ' i
1018 § Command " / )
2 Based .
1014 & “8 Geolocate “8 Intersect -
15 g E Coordinate System Transformation E Digital Terrain Model
10 ‘o Initial Position and Orientation 3
1016 § GeodesyTools 078
" % : Scenario - Geolocated : ". Display (+] @0 AN S
10 S H Scenario Tunnel Point Radiation : o P Q D
' 3 VTN
18 = <O <0 ' Hotspot <f ieyrin
10 H 1 o.n 1 o.n H A Reben
' . . H q Z C
3 - " - H -(Gonwlle Vernier
'
8000 9000 10000 11000 12000 \______________________________________________________,L‘ _______________ 0

z [cm]

Mover system and impact on beam will be addressed in the coming years before end if

2025 R
Donatella Lucc _ _ D
D. Schulte Muon Collider, Muon Collider Agora, February 16, 202
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® A muon collider detector must be radiation-hard.

@® Radiation levels in the detector will strongly depend
on the collider operation mode.
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Detector design for a multi-TeV muon collider - PM 2022 - May 23, 252%

Assumptions:

¢ collision energy: 1.5 TeV,

@ collider circumference: 2.5 km;

¢ average beam intensity: 1.1x10" p/bunch;
¢ average bunch crossing frequency: 15 kHz;
@ days of operation per year: 200.
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What the nozzles do? charged hadrons
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