erator Physics

e \
Studies 1N Acce _
et '\ntemat'\ona\ symposium

International
UON Collider
/ Collaboration

Dipartimento
di Fisica .
e Astronomia
Galileo Galilel

mber 2023
,padua,ﬂaw

Future muon collider physics prospects

Donatella Lucchesi
For International Muon Collider Collaboration

Ry,
;"% 853 UNIVERSITA
=l ﬁ 5 =)=l pEGLI STUDI
‘f;,\d\/\-g.}_,;;;%c"" DI PADOVA

L —‘%éptember 28, 20k&

Istituto Nazionale dl Fisica Nucleare



. CLIC ——
. MuColl - ennene

al
e r
bn

Muon Collider: a new concept machine [
e s 1
Muons do not suffer synchrotron radiation in this energy range =2 0;
o 9l
, , - - 5 o7
High center of mass energy & high luminosity & power efficient: | |& o6
. . . = 05+
luminosity increase per beam power | | = o4 |
A 0_8 03t
5 0.2
0.1
| Parameter Symbol Unit Target value
Centre-of-mass energy FEcm TeV 3 10 14
Luminosit £ 1x103%ecm—2s71 | 2 | 20 | 40
Collider circumference Ceoll km 4.5 10 14 |
Muons/bunch Ny 1 x 1012 22 | 1.8 | 1.8
Repetition rate fr Hz 5 5 )
Total beam power P+ P, MW 5.3 | 14 20
Longitudinal emittance €1 MeV m 75 | 75 | 7.5 ]
Transverse emittance €1 pm 25 25 25 CompaCt'
IP bunch length o mm 5 1.5 | 1.1 || cost effective
IP beta-function T mm 5 1.5 | 1.1 :
IP beam size ol pm 3 0.9 | 0.6 & SUStalnable

September 28, 2023 Donatella Lucchesi
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F. Maltoni

PhyS|C processes two Colhders in one "Physics Overview" Annual Meeting IMCC

,‘\ntemationa\
\UON Collider
Collaboration

Multi-TeV muon collider opens a completely new regime :

£
‘ e
Y"Z: —E M/rrr E

S 1 S

O-NWlognM

Standard Model coupling measurements
Discovery light and weakly interacting particles

Energetic final states
(heavy particle or very boosted)

Different physics can be probed in the two channels

September 28, 2023 Donatella Lucchesi 3


https://indico.cern.ch/event/1175126/contributions/5056279/attachments/2526133/4345414/MC-Physics-maltoni.pdf

F. Maltoni

Muon Collider: luminosity, energy and phySiCS  physics Overview" Annual Meeting IMCC

International

E 2 "“C |UlC)%CoIItiloler
- cm
L =10ab71 ( )
10 TeV
1035— """""""""""""""""""" 108;‘ ‘ T LI B R T —— I
N WW™ = h : AT
107 ¢ T — 7 107;
; WT™W~— — tt ; ; UV s 4
. WW~ — hh | 105 |
& 0 o i VV — hh
S (0 =17 10
_]_' 1 E
0 o7 T
N ("0~ — tth 10° -7 - // - -
1077 b T Pt
5 10 15 2 25 30 D G S
5 10 15 20 ( 25 30
Eem [TeV] Ee [TeV]

Possibility t'%) determine

= -1 I
Vs =3 TeV 1 ab' 5 years one experiment Higgs potential

s =10 TeV 10 ab"' 5 years one experiment
September 28, 2023 Donatella Lucchesi 4

Integrated luminosity:


https://indico.cern.ch/event/1175126/contributions/5056279/attachments/2526133/4345414/MC-Physics-maltoni.pdf

Muon Collider Facility

A International
Y YYYYY) UON Collider
hv‘v"‘v‘v"‘v Collaboration

;o u Muon Collider Accelerator
seLIjector >10TeV CoM Ring
[ ~10km circumference 5
H
.......................................... I3

VVVVVVVVV

YY)
VUOA el ] 20202020292 D .\ MAAAA AA

4 GeV Target, 7:Dec u Cooling  Low Energy
: Proton & pBunching Channel  uAcceleration
s Source Channel

.
---------------------------------------------------------------------
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Beam-Induced Background sources in the detector region

ollamati et al. 2U

= Muon decay along the ring, u~ — e~ v,v, produces
huge fluxes of particles arriving on the detector.

» Introduction of conical-shaped absorbers, nozzles,
eliminate the high energy component of particles

D. Calzolari

IMCC Ann.
meeting

Orsay 2023

Nozzle:
-Outer boron layer to stop
neutrons

-Tungsten core for the
electromagnetic showers

Beam line

September 28, 2023 Donatella Lucchesi 6



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

Particles arriving on the detector with the nozzle: N Bartosik of NST1E P Collaborstion
»  Muon beam 0.75 TeV, IR designed by MAP - Bartosik et /2020 JINST15 POS001
- BIB generated with MARS15

750-GeV p* beams
T T T | T T T T ]

750-GeV p* beams 750-GeV p* beams o0 F T ot

OD T | LI L | LI L | OD T T T T I T T T T B o— 8 L —_—

g 10° g 7 ] %10 : neutrons

§ : photons § 10 neutrons E B 107 é ________ electrons —é
Q 10 .......... electrons Q e ch. hadrons % E """" ch. hadrons

% "S 10°F g 1 06 3 . muons E
S10¢ = | Ensl B
= F | 5107k =
s 5 ;"1 3 o é H §

[ 3 i

Q'lo o i Nindl g h
7] wn | 2 1 0 E ; \ E
2 " 0)1 i Q F
.210 o F =

E £ S

< £ [
Q"103 Q-do2 102§EE
102 102k 10k _
I N N N NN N A N SN ST RN A AR (N1 : 1 I 1 1 - | 1 ] l 1 1 1
0 0.05 0.1 0.15 0.2 0 50 100
momentum [GeV] time [ns]

momentum [GeV]

Detector read-out window [-1ns,15ns]

Low momentum particles Partially out of time vs beam crossing t,

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

September 28, 2023 Donatella Lucchesi 7



First detector concept

hadronic calorimeter

4

4

L4

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

30x30 mm? cell size;
75\,

electromagnetic calorimeter

4

A 4

\ 4

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

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

muon detectors

4

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

30x30 mm? cell size.

September 28, 2023

VS =3 Tev

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 ym x 10 mm micro-
strip Si sensors.

shielding nozzles

¢ Tungsten cones + borated
polyethylene cladding.

Donatella Lucchesi

International

BIB affects:
= tracker system
= ECAL

= Forward muon

Detector for S = 10 Tev
in progress together
with BIB



Track reconstruction performance
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Average number of hits / cm?

400

Background hits overlay in [-360, 480] ps range

Tight timing requirements reduce

occupancy due by BIB hits

Vs=1.5TeV

LA B S B IR B B B B NN RN B B R AL R N B B HL B BB R |

o/*® =30 ps Preliminary
IT,OT _
6~ =60ps . No time window

Time window [ -30,, +50,]

VXD disks IT disks

O
3

disks

VXD barrel
ITbarreI
OT barrel

lllllllllllllllllllll

A International
\UON Collider
Collaboration

BIB

R
double layers filtering
reduce BIB hits but bias

secondary tracks efficiency

large A

, SIGNAL

(tight)

v bﬂamspor

200
c L 1 L
0 10 20 30 40 50
Layer
A0 ey
% E MUOI‘l CO"ldel‘ Single p* +BIB @ 15TeV
O, Simulation #-p=1GeV
= 1 - & p=10GeV =
N - #-p = 100 GeV 3
= —o— -
© 8 ———o— E
C ++ .
0 e R
L e ]
ol ——
- e =
r ——
= ——
= -
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10 20 30 40 50 60 70 80
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Photon/electron & jets reconstruction performance

L rpnl T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T
Eot 3
2 E —— BIB in ECAL barrel 3
> F ]
s - — BIB in HCAL barrel .
3 s
8107 - —
(@] - 3
10°* == —
C ./ P TR -I | YR S TN T TN ST SR N ST TR MO ST T S 1 o o
1600 1800 2000 2200 2400 2600 2800 3000

1 40(y

distance from the beam axis [mml

High level of BIB

Vs = 3 TeV p+- collisions, Vs = 1.5 TeV BIB overlay
‘n —I l 17T l T 1 7T l L I T 17T I T 1 71 I T 17T I T 171 l LI . I 17T I ]
E 0.3— -
(3:') . — Signal jets ]
i 025E ——BIB B
o - -
& o2 ]
5 F No time resolution effects 3
S ]
T 0.15 -
b Muon Collider E
. Simulation ]
0.05— =
c:' | P e = | P L L

04 02 0 02 04 06 08 1 12 14

September 28,

Normalised hit time [ns]

time information helps
2023

Photon reconstruction efficiency

Ehit> 2 MeV

International
UON Collider
Collaboration

Vs = 3 TeVu* u collisions, Vs = 1.5 TeV BIB overlay
— T T T T 1 T T T T 7

08 ........................................................................

%'_ —— ys = 1.5 TeV BIB overlay b
07__ ........................................................................ h l
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C Simulation ]
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rlobal assessment
of dark matter
searches abt muon
collider is still to

be done.

September 28, 2023

| picked up few examples,
personal choice.

Donatella Lucchesi

AN 4
International
UON Collider

Collaboration
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M. Casarsa, et al. Monochromatic single photon events at the muon collider

Dark phOton and Axion-Like Particle g re b 1057). 7153 075008 (2022)

International
UON Collider

MOdel Collaboration
pt ¥
magnetic-dipole bortal operator Signhature: monochromatic photon
like interaction function aﬂa .
N\
° N,
/~" Both depending on fs=toTev IL,?tT1IOab1
interaction scale A 300 ! ! ! '

" DP (A =450 TeV)

0 bkgd

250

Full detector simulation including BIB 200 E

Dominant background u*u = - yvv E 150 —f

Event requirements: 100 —

40.4° <6, - <139.6° 50 E

E, > 1450(4800) GeV for /s = 3(10) TeV ]

(Maximize S/+/S + B) 0" 3500 4000 4500 5000 5500
pl [GeV/c]
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https://doi.org/10.1103/PhysRevD.105.075008

Dark photon and Axion-Like Particle results

M. Casarsa, et al. Monochromatic single photon events at the muon collider
Phys. Rev. D 105(7), 7153 075008 (2022)

AA International
UON Collider

Collaboration

\LP) =1 GeV

Significance
62
50 discovery
{53 SRS N N
al
3t
— N\
4 M(DP/,
- : : : . A[TeV]
60 80 100 120 140 160
Significance
6Z
. =10 TeV
AR NN So discovery (V*=10™)
41l
310
| - S - 35% CL.
ALP DP
1L
0 - - - - - : A[TeV]
200 250 300 350 400 450 500
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10 e 1

100 f g2
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1070 ' ' ' :

0.001 0.010 0.100 1 10 100
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10 .
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I\ o (s
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https://doi.org/10.1103/PhysRevD.105.075008

R. Capdevilla et al., Hunting wino and higgsino dark matter at the

D | Sa p p ed ri n g TraC kS ( D T) muon collider with disappearing tracks.

Model: pure case of MSSM, wino (W) or higgsino (H)

Low energy spectrum: chargino, ¥%,+1(2) neutral particle(s) for W (H)

Full detector simulation including BIB
Default tracks reconstruction:

= 30 <60 <150duetoBIB

" dy <0.05mm

Special tuning for DT:

* hit arrival time

Background hits overlay in [-360, 360] ps range Vs =10 TeV Background hits overlay in [-360, 360] ps range Vs =10 TeV
2 06r———7T——— 71— 7 7 T 2 O.G: L L B S S B S S S B
= [ Time measurements at VXDO  ---- Beam-induced background hits < 08 E Time measurements at VXD3  ---- Beam-induced background hits 3
; 0.5 :_ — Signal, m%") = 0.5 TeV ; ’ § — Signal, m(y") = 0.5 TeV
£ - — Signal, m(%’) = 4 TeV g 0.7 — Signal, m(x}) = 4 TeV
2 04F 2 06F =
3 % ol
2 C 2 05F -
< 0.3 f © E ]
E L : E o04f =
2 r 5 S E E
0.2~ : 0.3 E
- i 0.2F 3
0.1 E E 3
- : 0.1 =
TR ST e LT R =SUURREN RRSEETCITR B
0 L il P S i ot M B well B SR o= el ekl ek el ekl s ekl et skl
-0.1 0.2 0.3 -0.1 0 0.1 0.2 0.3
Corrected hit time [n Corrected hit time [ns]

* No hits starting from Inner Tracker

September 28, 2023 Donatella Lucchesi

JHEP 06, 133 (2021)

International
UON Collider
Collaboration

Event selection

Requirement / Region SR, SR,
Vetoes leptons and jets
Leading tracklet pr [GeV] > 300 > 20
Leading tracklet 6 [rad] [2/97,7/97]

Subleading tracklet pr [GeV] — > 10
Tracklet pair Az [mm] — < 0.1
Photon energy [GeV] > 25 > 25

Physics background:
* hadron scattering negligible
* photon bremsstrahlung included

14


https://doi.org/10.1007/%20JHEP06(2021)133

International

Disappearing tracks results

R. Capdeuvilla et al., Hunting wino and higgsino dark matter at the muon collider with disappearing tracks. Collaboration
JHEP 06, 133 (2021)

~

')ZT ’)ZT production, W %T %T production, H
— IIII_II.I.IIIIIIIIIIIII|IIII|IIII|IIII|IIIII - IIII_II.I.IIIIIIIIIIIII|IIII|IIII|IIII|IIIII
2 [ W collisions B HL-LHC 95% CL limit 2 L[ W collisions B HL-LHC 95% CL limit
e 10°E Vs =10 TeV, 10 ab™ MuC3 95% CL limit e 10°={s =10 TeV, 10 ab™ MuC3 95% CL limit
S S
3 3
2 2
S S
= =
8 8
5 T
£ £
2 g
¥ ¥
1073 ~--* SR, 95% CL limit — SR; 56 - SR; 50 (N, x10) 107 ===+ SR; 95% CL limit — SR; 56 - SR, 50 (N, _x10)
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII
500 1000 1500 2000 2500 3000 3500 4000 4599 5000 500 1000 1500 2000 2500 3000 3500 4000 4599 5000
m(¥,) [GeV] m(¥,) [GeV]

 Lifetime coverage determined by tracking detector configuration and track reconstruction
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https://doi.org/10.1007/%20JHEP06(2021)133

Mono-X searches model T Han, etal. wimps at high energy muon colliders Phys. Rev. D 103(7). 075004 (2021).

International
UON Collider
Collaboration

4o Standard Model particle: y, W, Z, u®, uu
Hu -

DM particle or generic DM n-plet state

Electroweak multiplet (1,n,Y) under SU(3)QSU(2);,®U(1)y dimensionn <7

Notation:
« Oddn: Dirac — (1,n,&) e&:small hypercharge Majorana — (1,n,0)

« Evenn:Y = §—> neutral lightest eigenstate

Not complete signals diagrams examples

mono- y mono- U

September 28, 2023 Donatella Lucchesi 16


https://doi.org/10.%206945%201103/PhysRevD.103.075004

20 significance

Required luminosity at 95% C.L. [ab™]

Mono-X results

Required luminosity at 95% C.L. [ab™!]

T. Han, et al. WIMPs at high energy muon colliders Phys. Rev. D 103(7), 075004 (2021).

| International
UON Collider

103} ‘
102_ mono- ]/
mono- u
...... HE .
(1,n,Y) | Thermal
target
101
ol (1,2,1/2) [ 1.1 TeV
01 (1,3,e) |2.0TeV
102 (1,5,¢) | 6.6 TeV
10-3 > V= 10 TeV o (1,7,¢) |16 Tev
107 5 g i
m, [TeV]
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Donatella Lucchesi

Colla

Detector coverage: 10° < 6 < 170°
No BIB considered

2 — 2
Mpmissing = Pu+ T Pu+ — Dy > 4mX

mono- y
Main background: low energy ISR photon
E, > 50 GeV

mono- u

Dominant backgrounds: yu = - u “vv,
yut-yu*

E, > 0.71,2.3 GeV (/s = 3,10 TeV)

10° <6, - <90°90°<6,+<170°

Hu
Dominant background: u*tu = - utu “vv
my+, - > 300 GeV

17
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https://doi.org/10.%206945%201103/PhysRevD.103.075004

Weakly Interacting Massive Particles (WIMP) in standard model measurements ~ —

R. Franceschini, X. Zhao, Going all the way in the search for WIMP dark matter at the muon collider through precision measurements. C dHS’E oC : al lti fjoenr
Eur. Phys. J. C 83(6), 552 (2023) .
g X £
= Interference SM-DM >““QN< MualumIHOSlty
+,,— I £ d 5 o S | |
wrum o ff+X ol 2 T ST
|- /, l'j Q

utu= > Zh/Wr*w-+X

S
= SMsyst. uncert. 0.1%-1% & /&;\;' / %
= Observables: g,do/d cos§ £ " < )\ ¥ 3
:J\O ° 3 Q%A 74 =
= tt, W*W~:hadronicand 2 E \ /] - ki
semileptonic decay % g / = 5
* HZ,H->bbZ - 4% ¢~ =y % =

" qq:u,d,s,¢b &qgging = 100%
= ete”,utu": 100% efficiency

= 1717 50% efficiency | o
= Particles 8° < 6 < 172° 2 b it ’ i

Dark/light curves unpolarized/polarized beams (30%)
WIMP thermal mass for each process in ()
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.%20https:/doi.org/10.%201140/epjc/s10052-023-11724-3

You may think that measurements at Muon Collider are far in time... ~ &
... true but we are asking the community to support the construction of a demonstrator UGN oiider
faCiIity_ Collaboration

Demonstrator facility needed:
- muon cooling system for 6D cooling principle at low emittance including re-acceleration

- high gradients and relatively high-field solenoids
- high-power target

Possibility around TT10

Not only technology demonstrator

Physics measurements may be possible

C. Cesarotti, et al. Probing New Gauge Forces with a High-Energy
Muon Beam Dump Phys. Rev. Lett. 130, 7 071803 2023

el
T

Dark photon search
Ltar Lsh Ldec

3 M. Benedikt, LHC Performance Workshop, Chamoni;
B CERN-AB-2007-061

¥
<>
DETECTOR
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https://link.aps.org/doi/10.1103/PhysRevLett.130.071803

, /’\U‘émiﬁ%?’;;'
... and that’s all | have. #'col|zbioration
| conclude:

First detector concept at Muon Collider has physics object
reconstruction performance already sufficient to explore several
model of DM.

The situation (of DM searches) at colliders is changed dramatically

by the possibility to build high energy muon collider.
(R. Franceschini, X. Zhaob Eur. Phys. J. C 83(6), 552 (2023))

Demonstrator can enable physics measurements well before the final machine.

September 28, 2023 Donatella Lucchesi 20


.%20https:/doi.org/10.%201140/epjc/s10052-023-11724-3

' International
UON Collider
y Collaboration

Additional Slides

) {
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C.Aime et al. Dark-SUSY channels to study muon

Pre“m | nary Study Of d ark S U SY at \/— _3 TeV rEeF?gnzsérzlqctlon performance at the Muon Collider

A International

- ’” = Lightest MSSM neutralino - dark Higgs — dark photons
T T » = Final state: 8 u
B }< ' # = Background 8 u negligeable
S ' # = Background 8 u + v impossible to generate, under study
w = Full simulation of the detector, BIB negligeable effect
> 0.8
%075_ Efficiency for signal samples
= 06b . - Signal yield for 1 ab
- : >
0.5F @ ™
0.4F g o0
0.3i— T 3
E \ H, mass (GeV) 0.5
0.2F 4 70
& 4 50
015 lower muonp, — * % Limits under evaluation
| ST I T R W

0 5 10 15 20 25  30. 35
massydPGeV?
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https://doi.org/10.22323/1.398.0644

Track reconstruction performance
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Photon & electron reconstruction performance
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Jet reconstruction performance
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Muon reconstruction performance

BIB: mainly neutrons & photons
Affects endcap around the beamline
Not important as for tracker and ECAL
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Dark photon and Axion-Like Particle

M. Casarsa, et al. Monochromatic single photon events at the muon collider
Phys. Rev. D 105(7), 7153 075008 (2022)

Full detector simulation including
beam-induced background
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