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Muon Collider: a new concept machine

LHC
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CLIC

MC
10 TeV

MC 3 TeV

Compact: 
cost effective 
& sustainable
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Table 1: Tentative target parameters for MuCs of different energies based on the MAP design with modifications.

Parameter Symbol Unit Target value
Centre-of-mass energy Ecm TeV 3 10 14

Luminosity L 1 ⇥ 10
34

cm
�2

s
�1 2 20 40

Collider circumference Ccoll km 4.5 10 14
Muons/bunch N± 1 ⇥ 10

12 2.2 1.8 1.8
Repetition rate fr Hz 5 5 5

Total beam power P� + P+ MW 5.3 14 20
Longitudinal emittance "l MeVm 7.5 7.5 7.5
Transverse emittance "? µm 25 25 25

IP bunch length �z mm 5 1.5 1.1
IP beta-function �

⇤
? mm 5 1.5 1.1

IP beam size �? µm 3 0.9 0.6

by particles that are not at the focus [116]. For example,1452

when the RMS bunch length is not zero, but �z = �⇤
?,1453

eq. (11) is replaced by1454

�? =
r

mµc�z"?
pfhg

, (12)

with a hourglass factor fhg ⇡ 0.76. The RMS longi-
tudinal emittance is "l = �mµc2���z where �� is the
fractional RMS energy spread, so the luminosity may
be expressed as

L ⇡
e⌧µ

(4⇡mµc)2
fhg��B̄

"?"L
Eµ

2N+N�nbfr , (13)

where Eµ = �mµc2 is the energy of the collding muons.1455

Naively, the number of muons reaching the accel-1456

erator may be obtained from the number and energy1457

of protons, i.e. from the proton beam power. This as-1458

sumes proton energy is fully converted to pions and1459

the capture and beam cooling systems have no losses.1460

In reality pion production is more complicated; practi-1461

cal constraints such as pion reabsorption, other particle1462

production processes and geometrical constraints in the1463

target have a significant effect. Decay and transmission1464

losses occur in the ionisation cooling system that sig-1465

nificantly degrades the efficiency.1466

The final number of muons per bunch in the collider,
N±, can be related to the proton beam power on target
Pp and the conversion efficiency per proton per unit
energy ⌘± by

N± =
⌘⌧⌘±Pp

nbfr
. (14)

Overall the luminosity may be expressed as

L ⇡
e⌧µ

(4⇡mµc)2
| {z }

KL

fhg��B̄

"?"Lnbfr
⌘+⌘�(⌘⌧PpEµ)2

| {z }
P+P�

, (15)

where KL = 4.38 ⇥ 1036 MeV MW�2 T�1 s�2 and P±1467

is the muon beam power per species.1468

This luminosity dependence yields a number of con-1469

sequences. The luminosity improves approximately with1470

the square of energy at fixed average bending field. We1471

thus find the desired scaling in eq. (1) that entails,1472

as discussed in the previous section, a constant rate1473

for very massive particles pair-production, as well as1474

a growing VBF rate for precision measurements. The1475

quadratic scaling of the luminosity with energy is pecu-1476

liar of muon colliders and it is not present, for example,1477

in a linear collider. This is because the beam can be1478

recirculated many times through the interaction point1479

and beamstrahlung has a negligible affect on the fo-1480

cusing that may be achieved at the interaction point of1481

the muon collider. This yields an improvement in power1482

efficiency with energy.1483

The luminosity is highest for collider rings having1484

strong dipole fields (large B̄), so that the circumference1485

is smaller and muons can pass through the interaction1486

region many times before decaying. For this reason a1487

separate collider ring with the highest available dipole1488

fields is proposed after the final acceleration stage, as1489

in Figure 9.1490

The luminosity is highest for a small number of very1491

high intensity bunches. The MAP design demanded a1492

single muon bunch of each charge, which yields the1493

highest luminosity per detector. Such a design would1494

enable detectors to be installed at two interaction points.1495

The luminosity decreases linearly with the facility1496

repetition rate, assuming a fixed proton beam power.1497

For the baseline design, a low repetition rate has been1498

chosen relative to equivalent pulsed proton sources.1499

The luminosity decreases with the product of the1500

transverse and longitudinal emittance. It is important1501

to achieve a low beam emittance in order to deliver1502

satisfactory luminosity, while maintaining the highest1503

possible efficiency ⌘± of converting protons to muons.1504

High center of mass energy & high luminosity & power efficient:
 luminosity increase per beam power
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Physic processes: two colliders in one

IMCC -  11-14 Oct - CERN Fabio Maltoni - Physics 

Muon collider physics
The essentials #1 : two colliders in one

σs ∼ 1
s

σs ∼ 1
M2 logn s

M

A completely new regime opening for a multi-TeV muon collider
Different physics being probed in the two channels  

Energetic final states  
(either heavy or very boosted)

‘

‘

O(10) TeV muon collider energy  allows to have two colliders in one: 

Large production rates,  
SM coupling measurements 

Discovery light and weakly interacting

5

Multi-TeV muon collider opens a completely new regime :

IMCC -  11-14 Oct - CERN Fabio Maltoni - Physics 

Muon collider physics
The essentials #1 : two colliders in one

σs ∼ 1
s

σs ∼ 1
M2 logn s

M

A completely new regime opening for a multi-TeV muon collider
Different physics being probed in the two channels  

Energetic final states  
(either heavy or very boosted)

‘

‘

O(10) TeV muon collider energy  allows to have two colliders in one: 

Large production rates,  
SM coupling measurements 

Discovery light and weakly interacting

5

𝜎~
1
𝑠

Energetic final states
(heavy particle or very boosted)

𝜎~
1
𝑀! 𝑙𝑜𝑔

𝑛
𝑠
𝑀

Standard Model coupling measurements 
Discovery light and weakly interacting particles

Different physics can be probed in the two channels

F. Maltoni 
"Physics Overview" Annual Meeting IMCC

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


September 28, 2023 Donatella Lucchesi 4

Muon Collider: luminosity, energy and physics
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Fig. 5 Left panel: schematic representation of vector boson fusion or
scattering processes. The collinear V bosons emitted from the muons
participate to a process with hardness

√
ŝ " Ecm. Right panel: number

of expected events for selected SM processes at a muon collider with
variable Ecm and luminosity scaling as in Eq. (1)

In several cases the muon collider direct reach compares725

favourably to the one of the most ambitious future proton col-726

lider project. This is not a universal statement, in particular at727

a muon collider it is obviously difficult to access heavy parti-728

cles that carry only QCD interactions. One might also expect729

a muon collider of 10 TeV to be generically less effective730

than a 100 TeV proton collider for the detection of particles731

that can be produced singly. For instance, for additional Z ′
732

massive vector bosons, that can be probed at the FCC-hh well733

above the 10 TeV mass scale. We will see in Sect. 2.4 that734

the situation is slightly more complex and that, in the case735

of Z ′s, a 10 TeV MuC sensitivity actually exceeds the one736

of the FCC-hh in most of the parameter space (see the right737

panel of Fig. 7).738

2.3 A vector bosons collider739

When two electroweak charged particles like muons col-740

lide at an energy much above the electroweak scale mw ∼741

100 GeV, they have a high probability to emit electroWeak742

(EW) radiation. There are multiple types of EW radiation743

effects that can be observed at a muon collider and play a744

major role in muon collider physics. Actually we will argue in745

Sect. 2.5 that the experimental observation and the theoretical746

description of these phenomena emerges as a self-standing747

reason of interest in muon colliders.748

Here we focus on the practical implications [11,22–24,749

55–57] of the collinear emission of nearly on-shell massive750

vector bosons, which is the analog in the EW context of751

the Weizsäcker–Williams emission of photons. The vector752

bosons V participate, as depicted in Fig. 5, to a scattering753

process with a hard scale
√

ŝ that is much lower than the754

muon collision energy Ecm. The typical cross-section for V V755

annihilation processes is thus enhanced by E2
cm/ŝ, relative 756

to the typical cross-section for µ+µ− annihilation, whose 757

hard scale is instead Ecm. The emission of the V bosons 758

from the muons is suppressed by the EW coupling, but the 759

suppression is mitigated or compensated by logarithms of the 760

separation between the EW scale and Ecm (see [22,23,55] 761

for a pedagogical overview). The net result is a very large 762

cross-section for VBF processes that occur at
√

ŝ ∼ mw, 763

with a tail in
√

ŝ up to the TeV scale. 764

We already emphasised (see Fig. 3) the importance of 765

VBF for the direct production of new physics particles. The 766

relevance of VBF for probing new physics indirectly sim- 767

ply stems for the huge rate of VBF SM processes, sum- 768

marised on the right panel of Fig. 5. In particular we see that 769

a 10 TeV muon collider produces ten million Higgs bosons, 770

which is around 10 times more than future e+e− Higgs fac- 771

tories. Since the Higgs bosons are produced in a relatively 772

clean environment, without large physics backgrounds from 773

QCD, a 10 TeV muon collider (over-)qualifies as a Higgs 774

factory [23,56–59]. Unlike e+e− Higgs factories, a muon 775

collider also produces Higgs pairs copiously, enabling accu- 776

rate and direct measurements of the Higgs trilinear coupling 777

[22,24,56] and possibly also of the quadrilinear coupling 778

[60]. 779

The opportunities for Higgs physics at a muon collider 780

are summarised extensively in Sect. 5.1.1. In Fig. 6 we report 781

for illustration the results of a 10-parameter fit to the Higgs 782

couplings in the κ-framework at a 10 TeV MuC, and the 783

sensitivity projections on the anomalous Higgs trilinear cou- 784

pling δκλ. The table shows that a 10 TeV MuC will improve 785

significantly and broadly our knowledge of the properties of 786

the Higgs boson. The combination with the measurements 787

performed at an e+e− Higgs factory, reported on the third 788

123
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IMCC -  11-14 Oct - CERN Fabio Maltoni - Physics 

[Buttazzo, Franceschini, Wulzer 2012.11555] 

The essentials #2 : luminosity with energy
Muon collider physics

7

ℒ = 10𝑎𝑏!"
𝐸#$

10	𝑇𝑒𝑉

%

Integrated luminosity:
𝑠 = 3 TeV 1 ab-1 5 years one experiment
𝑠 = 10 TeV 10 ab-1 5 years one experiment

F. Maltoni 
"Physics Overview" Annual Meeting IMCC

Possibility to determine 
Higgs potential

https://indico.cern.ch/event/1175126/contributions/5056279/attachments/2526133/4345414/MC-Physics-maltoni.pdf
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Muon Collider Facility
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2021 JINST 16 P11009

Figure 2. Interaction region. The passive elements, the nozzles and the pipe around the interaction point
are constituted by iron (Fe), borated polyethylene (BCH2), berillium (Be), tungsten (W) and concrete. The
detector outer shape is a 11.28 m long cylinder of 6.3 m radius. The space between the outer shape and the
nozzles is considered as a perfect particle absorber (“blackhole”). The bunker is a 26 m-long cylinder with a
radius of 9 m.

Figure 3. Detailed geometry and material description of the nozzles from [21].

In order to have a reasonable statistics, the muon decay has been biased, increasing the decay
probability; decay products are assigned a weight later used for estimating results, to compensate
for the bias. Decay products are further transported in the geometry, with accurate description
of electromagnetic and hadronic processes. Hadrons (mostly neutrons) are generated through
electronuclear and photonuclear interactions.

The scoring is performed by saving in a dump file tracks exiting the machine, either from the
tungsten nozzle or from any of the IR components. In particular, these quantities are registered:
particle type, energy, momentum, statistical weight, position, time, position of the decaying muon,

– 5 –

F. Collamati et al. 2021 JINST 16 P11009

Designed by MAP (Muon Accelerator Program)
N.V. Mokhov et al. Fermilab-Conf-11-094-APC-TD

D. Calzolari
IMCC Ann. 
meeting 
Orsay 2023

Beam-Induced Background sources in the detector region

§ Muon decay along the ring, 𝜇" → 𝑒"𝜈̅#𝜈$ produces 
huge fluxes of particles arriving on the detector.

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

https://indico.cern.ch/event/1250075/timetable/
https://indico.cern.ch/event/1250075/timetable/
https://indico.cern.ch/event/1250075/timetable/
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Survived beam-Induced background (BIB) properties

N. Bartosik et al 2020 JINST 15 P05001

2020 JINST 15 P05001

Figure 2. Characteristics of the beam-induced background particles at the detector entry point: the momen-
tum spectra for photons and electrons and for neutrons and charged hadrons are shown in the left and central
panels, respectively; the time of arrival with respect to the beam crossing time is shown on the right.

3 Detector performance

The detector model and software framework used for the studies presented in this paper can also be
found in ref. [7, 8]. Figure 3 presents a schematic view of the detector components, as implemented
in the ILCRoot framework [9]. These studies focus on the tracking and calorimeter systems, a full
simulation of the muon detector is not currently available. Both the tracker and the calorimeter are
immersed in a solenoidal magnetic field of 3.57 T.

The tracking system consists of a vertex detector (VTD), an outer silicon tracker (SiT) and a
forward tracker (FTD). The vertex detector, located just outside a 400-µm thick Beryllium beam
pipe of 2.2-cm radius, is 42-cm long with five cylindrical layers at distances from 3 to 12.9 cm in
the transverse plane to the beam axis and four disks on each end. Outside the VTD, a 330-cm long
silicon tracker is comprised of five cylindrical layers at radial distances between 25 and 126 cm and
7 + 7 forward disks.

Figure 3. Schematic view of the detector, with each component identified by the label.

– 3 –
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– 3 –

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

Particles arriving on the detector with the nozzle:
• Muon beam 0.75 TeV, IR designed by MAP
• BIB generated with MARS15

Detector read-out window [-1ns,15ns]
Partially out of time vs beam crossing t0
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First detector concept 

BIB affects:
§ tracker system
§ ECAL
§ Forward muon 

𝑺 = 𝟑 TeV

Detector for 𝑺 = 𝟏𝟎 TeV 
in progress together 
with BIB
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Track reconstruction performance
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_####_ Page 42 of 111 Eur. Phys. J. C  _#####################_

Fig. 22 Average hit density per bunch crossing in the tracker as a
function of the detector layer

function of the radial distance from the beam-line, as shown2909

in Fig. 22.2910

It is clear from these numbers that high granularity of2911

silicon pixels is necessary in order to achieve hit occupancy2912

level of a few %. In addition, various handles to reduce the2913

BIB should be explored for both on- and off-detector filtering.2914

Possible filtering schemes include:2915

– Timing: Removing hits incompatible with the main2916

bunch crossing time could reduce the data load by about2917

a factor of 3. Timing information will eventually be used2918

in the event reconstruction, but an initial on-detector fil-2919

tering could be implemented as well.2920

– Clustering: Pixel clustering to reduce the number of sin-2921

gle pixels to be read out. This requires more on-detector2922

processing and results in more bits per cluster and a higher2923

power budget, but can reduce the number of hits read out.2924

Selection requirements can also be applied to the cluster2925

shape. The effectiveness needs to be assessed for each2926

BIB cluster type.2927

– Energy deposition: Each of the backgrounds has a char-2928

acteristic energy deposition signature. For example neu-2929

trons have low, localised energy deposits. On-detector2930

filters could efficiently exploit this quantity.2931

– Correlation between layers: This is a powerful handle2932

for background rejection. However, an implementation2933

may be complex and costly, doubling the number of chan-2934

nels. For on-detector filtering, it also requires transfer of2935

data between layers in a very busy environment.2936

– Local track angle: Track angle measurement can be2937

made in a single detector if the thickness/pitch ratio dis-2938

tributes the signal over several pixels. This avoids the2939

complexity of inter-detector connections and could pro-2940

vide a monolithic solution [167,168].2941

– Pulse shape: Signals from BIB can come with a vari-2942

ety of angles and may not give the deposit profile and2943

pulse shape of a typical minimum ionising particle (MIP). 2944

Appropriate pulse processing, such as multiple sampling, 2945

RC-CR filters, zero crossing, or delay line clipping can 2946

be used to reduce the data load. 2947

The basic trade-offs are between the complexity, power, 2948

and mass needed to implement a on-detector filter, and the 2949

benefit of reduced data rate. Particular caution should be 2950

taken when it comes to on-detector filtering: overly aggres- 2951

sive front-end filtering schemes can introduce irrecoverable 2952

inefficiencies and biases in track reconstruction and can limit 2953

acceptance for some beyond the Standard Model signatures, 2954

such as those of long-lived particles. 2955

A study was conducted in simulation to determine the 2956

granularity and timing requirements for the tracker sensors 2957

in order to reduce the hit occupancy to under the 1% target 2958

level. In this study, the pixel size and per hit timing resolu- 2959

tion were independently varied in each layer of the detector. 2960

The detector hits were integrated in the time period of 1 ns 2961

following the bunch crossing. It was found that for the ver- 2962

tex detector granularity of 25 × 25 µm2 and time resolution 2963

of 30 ps are needed to achieve the desired occupancy goal. 2964

The inner tracker was relying on asymmetric macropixels 2965

with 50 × 100 µm2 size and 60 ps timing resolution were 2966

sufficient to satisfy the requirement, while the outer tracker 2967

assumed either macropixels or microstrips with the size of 2968

50 µm×10 mm and a 60 ps time resolution. It is thus evi- 2969

dent that R&D efforts towards 4D tracking are necessary to 2970

achieve the required spacial granularity and timing resolu- 2971

tion. 2972

Silicon-based sensors have come to dominate the tech- 2973

nology for collider detector tracking systems. This is likely 2974

to continue into the muon collider era. In the past decade 2975

there have been a number of technological developments that 2976

promise to achieve many of the capabilities discussed in the 2977

previous section. They address different aspects of the needs 2978

for space and time resolution, pattern recognition, electronics 2979

integration, radiation hardness, and low cost. A description of 2980

promising technologies for achieving such goals is provided 2981

below. 2982

Monolithic devices (CMOS MAPS) 2983

CMOS Monolithic Active Pixel Sensors (MAPS) are based 2984

on standard CMOS process flows with thick (20–50 µm) epi- 2985

taxial layers. Charge is collected from electron–hole pairs 2986

generated in the epitaxy. There is a small area n-type collec- 2987

tion electrode with the CMOS circuitry embedded in a deep 2988

p-well to avoid parasitic charge collection by the CMOS 2989

transistors. The geometry of the electrodes and associated 2990

circuitry means that the epitaxy is difficult to deplete evenly. 2991

The first such devices used diffusion rather than drift to col- 2992

lect charge. Recent prototypes, shown in Fig. 23a, have added 2993

123
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Tight timing requirements reduce 
occupancy due by BIB hits

/16

Tracking R&D

8

Higher occupancies than LHC detectors are expected
but 100 kHz crossing rate vs 40 MHz

• Timing: to suppress out-
of-time BIB hits

• Directional information: 
BIB does not come from 
the interaction point

• Energy depositions: 
pulse shape analysis for 
rejecting soft component 

Key featuresBaseline tracking geometry
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Fig. 38 Track reconstruction efficiency as a function of pT for single-
muon events overlaid with BIB

Fig. 39 Momentum resolution ∆pT/p2
T as a function of θ for single-

muon events overlaid with BIB

Fig. 40 Transverse impact parameter resolution as a function of θ for
single muon events overlaid with BIB

well as future optimisations of the tracker layout will miti-3890

gate such localised degradation to negligible levels.3891

Figure 40 shows the resolution on the transverse impact3892

parameter D0, while Fig. 41 the resolution on the longitudi-3893

nal impact parameter Z0 as a function of the polar angle θ .3894

Similarly to the case of the resolution on pT, the resolution on3895

D0 and Z0 slightly degrades in the barrel-endcap transition3896

region, around θ ≈ 35◦.3897

Fig. 41 Longitudinal impact parameter resolution as a function of θ
for single muon events overlaid with BIB

Conformal tracking with double layers 3898

The Vertex Detector is constructed using double-layers (DL). 3899

A double-layer consists of two silicon detector layers sepa- 3900

rated by a small distance (2 mm for the MCD). This concept 3901

will also be used by the CMS Phase-II tracking detector [232] 3902

to reduce the hit combinatorics for a fast track reconstruc- 3903

tion in their trigger system. It works by selecting only those 3904

hits that can form a pair with a hit from the neighbouring 3905

layer that is aligned with the IP. If there is no second hit in 3906

the double-layer to form a consistent doublet the hit is dis- 3907

carded. This approach is particularly effective for rejecting 3908

BIB hits, because BIB electrons are very likely to either stop 3909

in the first layer due to their very low momentum, or to cross 3910

the double-layer at shallow angles, creating doublets that are 3911

not aligned with the IP. The DL filtering implemented in the 3912

simulation software is based on the angular distance between 3913

the two hits of a doublet when measured from the interaction 3914

point, as shown in Fig. 42. For simplicity the two variables 3915

used for filtering are the polar (∆θ ) and azimuthal (∆φ) angle 3916

differences. 3917

In practice there are several limitations to the precision of 3918

alignment that can be imposed by the DL filtering while main- 3919

taining high efficiency for signal tracks. The first is driven by 3920

the finite spatial resolution of the pixel sensors, which limits 3921

the minimum resolvable displacement between the two hits 3922

Fig. 42 Illustration of the doublet-layer filtering used for the rejection
of BIB-induced hits in the Vertex Detector. The horizontal black lines
represent double layers of pixel sensors that are crossed by signal (green)
and BIB (grey) particle tracks. Hit doublets created by BIB particles are
characterised by larger angular difference than those created by signal
particles, due to their shallow crossing angle and more displaced origin
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Fig. 38 Track reconstruction efficiency as a function of pT for single-
muon events overlaid with BIB

Fig. 39 Momentum resolution ∆pT/p2
T as a function of θ for single-

muon events overlaid with BIB

Fig. 40 Transverse impact parameter resolution as a function of θ for
single muon events overlaid with BIB

well as future optimisations of the tracker layout will miti-3890

gate such localised degradation to negligible levels.3891

Figure 40 shows the resolution on the transverse impact3892

parameter D0, while Fig. 41 the resolution on the longitudi-3893

nal impact parameter Z0 as a function of the polar angle θ .3894

Similarly to the case of the resolution on pT, the resolution on3895

D0 and Z0 slightly degrades in the barrel-endcap transition3896

region, around θ ≈ 35◦.3897

Fig. 41 Longitudinal impact parameter resolution as a function of θ
for single muon events overlaid with BIB

Conformal tracking with double layers 3898

The Vertex Detector is constructed using double-layers (DL). 3899

A double-layer consists of two silicon detector layers sepa- 3900

rated by a small distance (2 mm for the MCD). This concept 3901

will also be used by the CMS Phase-II tracking detector [232] 3902

to reduce the hit combinatorics for a fast track reconstruc- 3903

tion in their trigger system. It works by selecting only those 3904

hits that can form a pair with a hit from the neighbouring 3905

layer that is aligned with the IP. If there is no second hit in 3906

the double-layer to form a consistent doublet the hit is dis- 3907

carded. This approach is particularly effective for rejecting 3908

BIB hits, because BIB electrons are very likely to either stop 3909

in the first layer due to their very low momentum, or to cross 3910

the double-layer at shallow angles, creating doublets that are 3911

not aligned with the IP. The DL filtering implemented in the 3912

simulation software is based on the angular distance between 3913

the two hits of a doublet when measured from the interaction 3914

point, as shown in Fig. 42. For simplicity the two variables 3915

used for filtering are the polar (∆θ ) and azimuthal (∆φ) angle 3916

differences. 3917

In practice there are several limitations to the precision of 3918

alignment that can be imposed by the DL filtering while main- 3919

taining high efficiency for signal tracks. The first is driven by 3920

the finite spatial resolution of the pixel sensors, which limits 3921

the minimum resolvable displacement between the two hits 3922

Fig. 42 Illustration of the doublet-layer filtering used for the rejection
of BIB-induced hits in the Vertex Detector. The horizontal black lines
represent double layers of pixel sensors that are crossed by signal (green)
and BIB (grey) particle tracks. Hit doublets created by BIB particles are
characterised by larger angular difference than those created by signal
particles, due to their shallow crossing angle and more displaced origin
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BIB hits, because BIB electrons are very likely to either stop 3909

in the first layer due to their very low momentum, or to cross 3910

the double-layer at shallow angles, creating doublets that are 3911

not aligned with the IP. The DL filtering implemented in the 3912

simulation software is based on the angular distance between 3913

the two hits of a doublet when measured from the interaction 3914

point, as shown in Fig. 42. For simplicity the two variables 3915
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In practice there are several limitations to the precision of 3918

alignment that can be imposed by the DL filtering while main- 3919

taining high efficiency for signal tracks. The first is driven by 3920

the finite spatial resolution of the pixel sensors, which limits 3921
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Fig. 42 Illustration of the doublet-layer filtering used for the rejection
of BIB-induced hits in the Vertex Detector. The horizontal black lines
represent double layers of pixel sensors that are crossed by signal (green)
and BIB (grey) particle tracks. Hit doublets created by BIB particles are
characterised by larger angular difference than those created by signal
particles, due to their shallow crossing angle and more displaced origin
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Fig. 70 Misidentification rate for light jets as a function of the jet
pT. The rate was evaluated in qq̄ dijet events in µ+µ− collisions at√

s = 3 TeV

Fig. 71 Misidentification rate for light jets as a function of the jet θ . The
rate was evaluated in qq̄ dijet events in µ+µ− collisions at

√
s = 3 TeV

between 10◦ and 170◦, and in the full azimuthal angle range.4329

The sample was then processed with the detector simulation4330

and reconstruction software.4331

Prior to track reconstruction, the tracker hits were pro-4332

cessed with the Double Layer filter. Moreover, to get rid of4333

most of the fake tracks due to the spurious hits from the back-4334

ground, a track quality selection is applied before the track4335

refitting step, which requires at least three hits in the vertex4336

detector and at least two hits in the inner tracker. To reject part4337

of the background hits in the calorimeters, an energy thresh-4338

old of 2 MeV is applied to both the ECAL and HCAL hits.4339

Photons are reconstructed and identified with the Pandora4340

Particle Flow algorithm [179].4341

The energy threshold of the calorimeter hits and the pres-4342

ence of the beam-induced background affect the energy scale4343

of the reconstructed photons. A correction factor is applied4344

Fig. 72 Photon reconstruction efficiency as a function of the photon
energy

Fig. 73 Photon reconstruction efficiency as a function of the photon
polar angle θ

to the reconstructed photon energy to make the detector 4345

response uniform as a function of the photon energy and 4346

the photon polar angle. The correction was calculated from 4347

the ratio of the reconstructed photon energy with the photon 4348

energy at generator level in an independent set of events. 4349

Figure 72 shows a comparison of the photon reconstruc- 4350

tion efficiency as a function of the generated photon energy, 4351

with and without the BIB overlay. The dependency on the 4352

polar angle θ is shown instead in Fig. 73. 4353

The efficiencies are defined as the fraction of generated 4354

photons in the range 10◦ and 170◦ that are matched to a 4355

reconstructed photon within∆R < 0.05. A decrease of about 4356

10% in the reconstruction efficiency in the presence of BIB is 4357

observed in the angular region corresponding to the transition 4358

between the barrel and endcap calorimeters, and is reflected 4359

in the efficiency below 400 GeV. 4360

The effect of BIB on the photon energy resolution has 4361

also been evaluated, and is shown in Figs. 74 and 75 as a 4362

function of the energy and polar angle of the photon. The BIB 4363

was found to affect more significantly the forward region, 4364

where the energy resolution is degraded by a factor of two, 4365
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Fig. 74 Energy resolution of the reconstructed photon as a function of
the photon energy

Fig. 75 Energy resolution of the reconstructed photon as a function of
the photon polar angle θ

and the transition region between the barrel and the endcap4366

calorimeters.4367

The development of a dedicated algorithm to recover the4368

effects on both the reconstruction efficiency and energy reso-4369

lution is ongoing. However, the results demonstrate an excel-4370

lent level of expected performance across the full investigated4371

energy spectrum.4372

Figure 76 reports the fraction of photons that are recon-4373

structed and identified as electrons. The resulting inefficiency4374

from misidentifications was found to be at the level of 0.3%4375

and relatively unaffected by the presence of BIB.4376

The performance of electron reconstruction and identifi-4377

cation was studied in single electron events, with the elec-4378

trons produced at the nominal collision point. The gener-4379

ated electrons are uniformly distributed in energy between 14380

and 1500 GeV, in polar angle between 10◦ and 170◦, and in4381

azimuthal angle over the whole range. The sample was then4382

processed with the detector simulation and reconstruction4383

software.4384

Electrons are identified by means of an angular match-4385

ing of the electromagnetic clusters with tracks reconstructed4386

Fig. 76 Fraction of photons misidentified as electrons as a function of
the photon energy

Fig. 77 Comparison of the electron reconstruction efficiency as a func-
tion of the electron energy in the cases of no beam-induced background
and with the BIB added to the event

with the CKF algorithm, as described in Sect. 4.4.1 in a 4387

R = 0.1 cone. A Double Layer filter was used to reject 4388

BIB hits upstream of the track reconstruction and tracks are 4389

required to have χ2/ndof < 10. In the presence of the beam- 4390

induced background, the energy thresholds of the calorimeter 4391

hits play a dominant role for an efficient and precise cluster 4392

reconstruction. In this study, a threshold of 5 MeV was set. 4393

The electron reconstruction and identification efficiencies 4394

as a function of the electron generated energy and polar angle 4395

are shown in Figs. 77 and 78. 4396

The efficiency drops at θ < 20◦ and ∼ 40◦ are caused 4397

by tracking inefficiencies related to the application of the 4398

Double-Layer filter in the forward region and in the transition 4399

region between the VXD barrel and endcap. 4400

An excellent performance is observed across the inves- 4401

tigated energy range. New developments and more sophis- 4402

ticated algorithms will be required to further improve the 4403

cluster reconstruction and cluster-to-track association, par- 4404

ticularly in the lower energy regime. 4405
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Fig. 50 Normalised hit time in ECAL barrel, for b-jets and BIB. Both
distributions are normalised to the same area. The time is not smeared
for the detector time resolution. The time window of ±250 ps applied
in the jet reconstruction is shown

uniform dijet pT distribution from 20 to 200 GeV. Samples4066

of µ+µ− → H(→ bb̄) + X and µ+µ− → Z(→ bb̄) + X4067

at
√

s = 3 TeV are also used to study the dijet invariant mass4068

resolution.4069

Calorimeter hit selection4070

Calorimeter hits are filtered depending on the normalised hit4071

time, defined as tN = t − t0 − cD, where t is the absolute4072

hit time, t0 is the collision time, c is the speed of light, and4073

D is the hit distance from the origin of the reference system.4074

A time window of ±250 ps is applied to remove most of the4075

BIB hits but preserving the signal, as can be seen in Fig. 50.4076

A time window of width ∆ is generally applicable if the4077

Full Width at Half Maximum (FWHM) of the time reso-4078

lution of the calorimeter cell is below ∆/3. Therefore, in4079

this particular case, a FWHM of at least 167 ps is assumed,4080

which should be achievable by state-of-the-art calorimeter4081

technologies.4082

Several calorimeter hit energy thresholds have been tested,4083

in order to reduce hits produced by BIB. The computing time4084

of the jet algorithm exponentially grows with the number of4085

calorimeter hits: therefore, with the current resources it is not4086

possible to reduce the thresholds far below 2 MeV. A thresh-4087

old of 2 MeV is hence applied to both ECAL and HCAL. This4088

requirement reduces the average number of ECAL Barrel hits4089

from 1.5 million to less than 104.4090

Particle flow, jet clustering and fake jet removal4091

Calorimeter hits and tracks are given as input to the Pan-4092

doraPFA algorithm, that produces as output reconstructed4093

particles known as particle flow objects. The PandoraPFA4094

algorithm is described in detail in Ref. [179]. The particle4095

Fig. 51 Number of tracks associated to real b-jets and to fake jets from
BIB

Fig. 52 Jet selection efficiency as a function jet pT for b-jets, c-jets
and light jets in the central region |η| < 1.5. The differences between
the jet flavours are mainly due to different jet η distributions in the three
samples

flow objects are then clustered into jets by the kT algorithm. 4096

A cone radius of R = 0.5 is used. 4097

An average of 13 fake jets from BIB energy deposits per 4098

event is reconstructed, which need to be removed by applying 4099

additional quality criteria. The number of tracks in the jet has 4100

been found to be the most discriminating feature between real 4101

and fake jets, as shown in Fig. 51. 4102

Most of the fake jets from BIB have no tracks associated to 4103

them. Therefore, requiring at least one track allows to reduce 4104

the rate of fake jets by more than two orders of magnitude, 4105

with a moderate cost, at the level of 5–10%, in terms of 4106

real jet selection efficiency. Figure 52 shows the jet selection 4107

efficiency as a function of the true jet pT in the region |η| < 4108

1.5, for different jet flavours. The overall efficiency varies 4109

between 82% at low pT to 95% at higher pT. 4110

The dependency of the selection efficiency on the jet polar 4111

angle θ is shown in Fig. 53 for a sample of b-jets. The effi- 4112

ciency is around 90% in the central region. A significant drop 4113

is observed for |θ | < 0.5, where the efficiency is below 30%. 4114

This effect is mainly due to the track requirement, since many 4115
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Fig. 57 Relative difference between reconstructed and true jet pseudo-
rapidity

Fig. 58 Jet pT resolution as a function jet pT for b-jets, c-jets and light
jets in the central region 0.44 < θ < 2.70. The differences between the
jet flavours are mainly due to different jet θ distributions in the three
samples

Jet reconstruction performance4153

The jet reconstruction performance is evaluated with a simu-4154

lated sample of dijets events. The relative difference between4155

reconstructed and true jet θ is shown in Fig. 57: the standard4156

deviation of this distribution, directly related to the jet-axis4157

angular resolution, is 14%.4158

The jet pT resolution as a function of the true jet pT is4159

shown in Fig. 58 for different jet flavours. The resolution4160

goes from 35% for jet pT around 20 GeV to 20% for high jet4161

pT.4162

Simulated event samples of H → bb̄ and Z → bb̄ are4163

used to evaluate the dijet invariant mass reconstruction. The4164

invariant mass separation between these two processes is of4165

paramount importance for physics measurements at the muon4166

collider. In this study both jets are required to have pT >4167

40 GeV and 0.44 < θ < 2.70. The distributions for the two4168

processes are fitted with double Gaussian functions, and the4169

shapes are compared in Fig. 59. A relative width, defined as4170

the standard deviation divided by the average value of the4171

Fig. 59 Fitted dijet invariant mass distributions for H → bb̄ and Z →
bb̄. The distributions are normalised to the same area

mass distribution, of 27% (29%) for H → bb̄(Z → bb̄) is 4172

found. 4173

Future prospects on jet reconstruction 4174

Several ongoing studies are aimed at improving the jet recon- 4175

struction performance targeting several aspects, such as: 4176

– track filter: the track filter has a different impact in the 4177

central and the forward region, in particular the efficiency 4178

in the forward region is lower. An optimised selection will 4179

be defined to mitigate the efficiency loss in the forward 4180

region; 4181

– cell energy threshold: the hit energy threshold has been 4182

set to the relatively high value of 2 MeV, as a compromise 4183

between computing time and jet reconstruction perfor- 4184

mance. This is a major limitation in the jet performance as 4185

can be seen in Fig. 60, where the H → bb̄ dijet invariant 4186

mass, reconstructed without the BIB overlay, is compared 4187

between 2 MeV and 200 keV thresholds. Reducing this 4188

threshold is not an easy task, given the large number of 4189

calorimeter hits selected from the BIB that contaminate 4190

the jet reconstruction. 4191

4192

To tackle this problem an optimised algorithm should 4193

be developed: as an example thresholds that depend on 4194

the sensor depth could by applied, since the longitudinal 4195

energy distribution released by the BIB is different from 4196

the signal jets as shown in Fig. 61. A generalisation of this 4197

idea could be the application of a multivariate-algorithm 4198

trained to select signal hits and reject BIB hits; 4199

– fake jet removal: the fake jet removal applied in this 4200

study has an impact in reducing the jet efficiency in the 4201

forward region. Moreover this issue is highly dependent 4202

from the calorimeter thresholds. A fake removal tool 4203

based on machine learning and with jet sub-structure 4204
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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)

Dominant background 𝜇%𝜇 " → 𝛾𝜈𝜈̅

Event requirements:
40.4& < 𝜃$ ! < 139.6&

𝐸' > 1450(4800) GeV for  𝑠 = 3(10) TeV 
(Maximize S/ 𝑆 + 𝐵)

Full detector simulation including BIB

LSþB ¼ e−N
ðSÞ
obs−N

ðBÞ
obs ×

YNobs

i

½NðSÞ
obs × pdfSðpT

i Þ

þ NðBÞ
obs × pdfBðpT

i Þ&; ð9Þ

where the events pT
i are taken from the S and B popula-

tions. In this way, it is possible to randomly generate Nobs
events and compute the logarithm of the likelihood ratio
(LLR) defined by

LLR ¼ −2 log
LB

LSþB
: ð10Þ

By repeating this pseudoexperiment Nps times, we con-
struct a sample that can be used to compute the LLR
statistical distribution for the two hypotheses. We take
Nps ¼ 105.
We construct two statistical samples for the LLR, the first

one with events characterized by the value of pT
i generated

according to the background-only population, the second
one with pT

i generated according to the signal plus back-
ground population. Figure 7 shows the pγ

T distribution for
signal and background events and the result for the LLR
analysis in the case of the dark photon at

ffiffiffi
s

p
¼ 10 TeV.

To quantify the difference in terms of statistical signifi-
cance, we compute the p value of the median of the
signal-plus-background LLR distribution by integrating the
background-only curve from the median value (indicated

3500 4000 4500 5000 5500

 [GeV/c]γ
T

p

0

50

100

150

200

250

300

E
ve

nt
s

 = 10 TeVs -1 = 10 abintL

 = 450 TeV)ΛDP (

bkgd

10− 8− 6− 4− 2− 0 2 4 6 8 10

 )S+B / L
B

-2 log( L

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

A
.U

.

S+B hyp.

B only hyp.

 = 450 TeVΛ

FIG. 7. Distribution of the photon transverse momenta at
ffiffiffi
s

p
¼ 10 TeV (left). A dark photon signal, corresponding to Λ ¼ 450 TeV,

is stacked on top of the background distribution. The pγ
Ts reconstructed above 5000 GeV are due to detector resolution effects and a

remnant of the energy correction procedure. In the right panel, the LLR distributions for the background-only and background-plus-
signal hypotheses are shown.
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FIG. 8. Significance for DP and ALP at
ffiffiffi
s

p
¼ 3 TeV (left) and at

ffiffiffi
s

p
¼ 10 TeV (right) as a function of the interaction scale Λ. Red

dashed line corresponds to 95% CL, orange dashed line to 5σ (discovery reach). The curves are obtained by running the simulation with
a mass of 1 GeV for the DP or the ALP. The cross section is independent of the mass of the DP or ALP, in the regime of several TeV we
are exploring, as long as they are below 100 GeV.

TABLE I. Explorable values of the effective energy scale Λ for
DP and ALP (95% CL) for the two benchmark scenarios of the
future muon collider under consideration.

ffiffiffi
s

p
¼ 3 TeV

ffiffiffi
s

p
¼ 10 TeV

DP (TeV) ALP (TeV) DP (TeV) ALP (TeV)

Limit 141 112 459 375
Discovery 92 71 303 238

MONOCHROMATIC SINGLE PHOTON EVENTS AT THE MUON … PHYS. REV. D 105, 075008 (2022)

075008-7

Signature: monochromatic photonmagnetic-dipole 
like interaction 

Model

portal operator 
function 𝜕"𝑎 

Both depending on 
interaction scale Λ 

https://doi.org/10.1103/PhysRevD.105.075008
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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)
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signal hypotheses are shown.
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FIG. 8. Significance for DP and ALP at
ffiffiffi
s

p
¼ 3 TeV (left) and at

ffiffiffi
s

p
¼ 10 TeV (right) as a function of the interaction scale Λ. Red

dashed line corresponds to 95% CL, orange dashed line to 5σ (discovery reach). The curves are obtained by running the simulation with
a mass of 1 GeV for the DP or the ALP. The cross section is independent of the mass of the DP or ALP, in the regime of several TeV we
are exploring, as long as they are below 100 GeV.

TABLE I. Explorable values of the effective energy scale Λ for
DP and ALP (95% CL) for the two benchmark scenarios of the
future muon collider under consideration.

ffiffiffi
s

p
¼ 3 TeV

ffiffiffi
s

p
¼ 10 TeV

DP (TeV) ALP (TeV) DP (TeV) ALP (TeV)

Limit 141 112 459 375
Discovery 92 71 303 238
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M(DP/ALP) =1 GeV

Eqs. (1) and (3). In a similar manner, the ALP-photons
interaction in Eq. (4) is usually expressed in the literature
by means of the coefficient gaγ ¼ 4=Λ.

B. Constraints

The possibility of seeing DP or ALP at a collider
experiment depends on the size of the effective scale Λ
controlling their interaction with ordinary matter and
photons. For the interaction between muons and DP, this
scale is mostly constrained by the value of the anomalous
magnetic moment (g − 2), the number of relativistic species
in the early Universe [Cosmic Microwave Background
(CMB)] and the energy emission of Supernova 1987A
(SN). Figure 1 summarizes these three constraints for the
DP in terms of the effective coupling 1=Λ and gives the
relative references.
The very strong SN bound makes impossible even for a

muon collider to explore this interaction. For this reason,
we mostly assume that the dark sector particles are massive
with a mass of at least 10 MeV, an energy scale that makes
their production in cosmological and astrophysical process
suppressed.
The coupling between ALP and photons is constrained

by direct searches and from SN1987A data. In this case,
however, the limit stops for stronger couplings leaving
values 102 < Λ=GeV < 105 possible (again, for a mass
larger than 10 MeV). Figure 2 summarizes the current
limits in terms of gaγ ¼ 4=Λ and shows future bounds,
those in this article included.
We assume that DP and ALP decays are dominated by

those into dark sector particles so that their signature
remains as missing energy. For this reason, bounds like
those from beam dump and other experiments, coming
from the decay into visible states are not included. We
comment below on what range of masses and coupling are
consistent with a non-negligible branching rate into
Standard Model states.

The relevant Feynman diagrams are shown in Fig. 3.
These two are the only diagrams contributing in the high-
energy regime because the direct coupling of the ALP to
muons is not enhanced by going to large c.m. energies.

C. The background: μ+ μ− → γνν̄

The Standard Model process μþμ− → γνν̄ gives rise to
the same signature as the signal we are after. The analytical
expression for the double differential cross section in the
solid angle and photon energy is provided in [19] and in the
low energy regime in [20]. Figure 4 shows the Eγ and
cosðθγÞ distributions for the background events. The cross
section grows with the c.m. energy but the number of
events with a high-energy photon decreases. Events at the
end of the photon energy spectrum around

Eγ ¼
ffiffiffi
s

p
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are enhanced by the radiative return of the Z-boson
pole. This feature (unfortunate, for our analysis) reduces
the sensitivity to the signal that—it being a two-body
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FIG. 2. Limits on gaγ ¼ 4=Λ as a function of the ALP massma:
NA64a [38], Delphi [39], and BABAR [40] are actual limits.
Belle-II [41,42], NA64b [38], and μCollider [this paper] are
future estimates. The limit indicated by E137 is the one from [43]
as modified for a small (10−4) visible branching fraction [25]. For
masses up to 100 GeV the μCollider limits are for all practical
purposes mass independent.

FIG. 3. The diagrams contributing to the processes μþμ− →
γA0

μ (left) and μþμ− → γa (right) in the high-energy regime. For
masses up to 100 GeV the μCollider limits are mass independent.
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FIG. 1. Limits on DP effective coupling Λ to muons as defined
in Eq. (1), as a function of the dark-photon mass mA0 : for SN the
scale of the coupling to muons has been set at 104.4 TeV [34] by
the effect of dark radiation on supernovae dynamics. For CMB
see Ref. [35]. For g − 2 see Refs. [36,37]. For masses up to
100 GeV the μCollider limits are for all practical purposes mass
independent.
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in the early Universe [Cosmic Microwave Background
(CMB)] and the energy emission of Supernova 1987A
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relative references.
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their production in cosmological and astrophysical process
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by direct searches and from SN1987A data. In this case,
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comment below on what range of masses and coupling are
consistent with a non-negligible branching rate into
Standard Model states.
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LSþB ¼ e−N
ðSÞ
obs−N

ðBÞ
obs ×

YNobs

i

½NðSÞ
obs × pdfSðpT

i Þ

þ NðBÞ
obs × pdfBðpT

i Þ&; ð9Þ

where the events pT
i are taken from the S and B popula-

tions. In this way, it is possible to randomly generate Nobs
events and compute the logarithm of the likelihood ratio
(LLR) defined by

LLR ¼ −2 log
LB

LSþB
: ð10Þ

By repeating this pseudoexperiment Nps times, we con-
struct a sample that can be used to compute the LLR
statistical distribution for the two hypotheses. We take
Nps ¼ 105.
We construct two statistical samples for the LLR, the first

one with events characterized by the value of pT
i generated

according to the background-only population, the second
one with pT

i generated according to the signal plus back-
ground population. Figure 7 shows the pγ

T distribution for
signal and background events and the result for the LLR
analysis in the case of the dark photon at

ffiffiffi
s

p
¼ 10 TeV.

To quantify the difference in terms of statistical signifi-
cance, we compute the p value of the median of the
signal-plus-background LLR distribution by integrating the
background-only curve from the median value (indicated
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FIG. 7. Distribution of the photon transverse momenta at
ffiffiffi
s

p
¼ 10 TeV (left). A dark photon signal, corresponding to Λ ¼ 450 TeV,

is stacked on top of the background distribution. The pγ
Ts reconstructed above 5000 GeV are due to detector resolution effects and a

remnant of the energy correction procedure. In the right panel, the LLR distributions for the background-only and background-plus-
signal hypotheses are shown.
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FIG. 8. Significance for DP and ALP at
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s

p
¼ 3 TeV (left) and at

ffiffiffi
s

p
¼ 10 TeV (right) as a function of the interaction scale Λ. Red

dashed line corresponds to 95% CL, orange dashed line to 5σ (discovery reach). The curves are obtained by running the simulation with
a mass of 1 GeV for the DP or the ALP. The cross section is independent of the mass of the DP or ALP, in the regime of several TeV we
are exploring, as long as they are below 100 GeV.

TABLE I. Explorable values of the effective energy scale Λ for
DP and ALP (95% CL) for the two benchmark scenarios of the
future muon collider under consideration.

ffiffiffi
s

p
¼ 3 TeV

ffiffiffi
s

p
¼ 10 TeV

DP (TeV) ALP (TeV) DP (TeV) ALP (TeV)

Limit 141 112 459 375
Discovery 92 71 303 238
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Disappearing Tracks (DT)
Model: pure case of MSSM, wino ( B𝑊) or higgsino (B𝐻)
           Low energy spectrum: chargino, E𝜒±,+1(2) neutral particle(s) for B𝑊(B𝐻) 
 Full detector simulation including BIB
Default tracks reconstruction:
§ 30 < 𝜃 < 150 due to BIB
§ 𝑑) < 0.05	mm
Special tuning for DT:
• hit arrival time
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3

Requirement / Region SRγ
1t SRγ

2t

Vetoes leptons and jets
Leading tracklet pT [GeV] > 300 > 20
Leading tracklet θ [rad] [2/9π, 7/9π]
Subleading tracklet pT [GeV] — > 10
Tracklet pair ∆z [mm] — < 0.1
Photon energy [GeV] > 25 > 25

Table 2. Definition of the signal regions used in the analysis.

SRγ
1t SRγ

2t

Total background 187.8± 0.6 0.16± 0.05
W̃ , 2.7TeV, τ = 0.2ns 201± 5 199± 4
H̃, 1.1TeV, τ = 0.02ns 253± 4 170.5± 2.1

Table 3. Expected numbers of events in the signal regions for an integrated luminosity of 10 ab−1

of √
s = 10TeV muon collisions. Statistical uncertainties due to the number of generated events

are given.

5.2 Results

The expected SR yields, for the total background contribution and for the wino and hig-
gsino thermal targets, are reported in table 3 for an integrated luminosity of 10 ab−1 of√
s = 10 TeV muon collisions. The expected number of events in the wino and higgsino sce-

narios are similar due to the disappearing condition, which causes a significant inefficiency
for signals with long lifetimes.

Sensitivity curves are shown in figure 14 as a function of the χ̃± mass and lifetime. A
set of likelihoods is built for each signal mass and lifetime hypothesis and SR selection. Each
likelihood is a product of a Poisson probability density function, describing the observed
number of events in the SR, and a single Gaussian probability density function distribu-
tion that describes a nuisance parameter associated with the total background systematic
uncertainty. A systematic uncertainty of 30% (100%) on the total background prediction
has been assumed for SRγ

1t (SR
γ
2t) for the

√
s = 3TeV data-taking run. When considering

the √
s = 10TeV data-taking run, the systematic uncertainty on the total background

prediction in SRγ
1t has been reduced to 10%. The pyhf software package [94, 95] was used

to evaluate the discovery significance from the expected discovery p-value and to set limits
at 95% CL using the CLs method [96]. Additional lines show the sensitivity of the conser-
vative scenario inflating the background estimates by an order of magnitude. Note that in
SRγ

2t the expected background is relatively small. Hence enlarging the background in that
region by an order of magnitude does not have a significant impact on the sensitivity. A
proper treatment of the small background is achieved due to the use of Poissonian statis-
tics. The sensitivity is shown separately for the √

s = 3TeV and √
s = 10TeV data-taking
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Figure 5. Distribution of the measured detector hit times in the first layer, VXD0 (a), and the
fourth layer, VXD3 (b), of the vertex detector corrected by the time of flight that a particle moving
at the speed of light would need to reach the hit position if originating from the centre of the
interaction region. The red and green lines represent different signal masses, for √

s = 10TeV
collisions. The dashed blue line represents the distribution of the arrival time for hits from the BIB.
The vertical dashed gray lines indicate the accepted time window for the nominal time selection cuts.

procedure aimed at reconstructing tracks in the event considering only hits compatible with
a certain interval of β, to recover the inefficiencies from the timing cuts, is assumed to be
put in place. Such a procedure would allow to fully recover the signal track reconstruction
efficiency while keeping a roughly constant level of BIB hits surviving the selection, at
the cost of increased computational time due to the need to re-reconstruct the same event
several times. Realistic limitations of the maximum duration of the read-out window of
the tracking sensors, or the need to apply selections within the detector electronics could
limit the detection efficiency for χ̃± masses close to √

s/2. For this reason, in the spirit
of maximising the discovery opportunities at such a high-energy exploration machine, it is
advisable to minimise as much as possible the use of timing requirements before the data
is read out and saved to disk for offline analysis. In the following, it is assumed that the
inefficiency due to the timing requirements can be minimised and it is therefore neglected.

The second handle to reject hits from the BIB is their spatial correlation in subsequent
layers of the detector. The double-layer layout of the vertex detector can be exploited to
reconstruct “stub” tracks from the pairs of hits in the neighbouring detector layers. The
angular direction of such stub tracks can be exploited to reject pairs of hits that do not
point back to the interaction region. The procedure is as follows: for each double-layer in
the vertex detector, only the hits in the inner layer of the pair that have a corresponding
hit in the outer layer within fixed thresholds in polar and azimuthal angle are retained.
Assuming that particles propagate outward, for each of those retained inner hits, all hits
within the same thresholds are retained as well. Figure 6 illustrates the power of such a
selection by showing the distribution of the polar angle difference in the innermost double-
layer of the vertex detector for signal and BIB hits. Signal hit pairs in the outer double
layers are characterised by smaller angular separations due to the longer distance from the
interaction region. The hit pairs are accepted if they have a polar angular difference below
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Figure 5. Distribution of the measured detector hit times in the first layer, VXD0 (a), and the
fourth layer, VXD3 (b), of the vertex detector corrected by the time of flight that a particle moving
at the speed of light would need to reach the hit position if originating from the centre of the
interaction region. The red and green lines represent different signal masses, for √

s = 10TeV
collisions. The dashed blue line represents the distribution of the arrival time for hits from the BIB.
The vertical dashed gray lines indicate the accepted time window for the nominal time selection cuts.

procedure aimed at reconstructing tracks in the event considering only hits compatible with
a certain interval of β, to recover the inefficiencies from the timing cuts, is assumed to be
put in place. Such a procedure would allow to fully recover the signal track reconstruction
efficiency while keeping a roughly constant level of BIB hits surviving the selection, at
the cost of increased computational time due to the need to re-reconstruct the same event
several times. Realistic limitations of the maximum duration of the read-out window of
the tracking sensors, or the need to apply selections within the detector electronics could
limit the detection efficiency for χ̃± masses close to √

s/2. For this reason, in the spirit
of maximising the discovery opportunities at such a high-energy exploration machine, it is
advisable to minimise as much as possible the use of timing requirements before the data
is read out and saved to disk for offline analysis. In the following, it is assumed that the
inefficiency due to the timing requirements can be minimised and it is therefore neglected.

The second handle to reject hits from the BIB is their spatial correlation in subsequent
layers of the detector. The double-layer layout of the vertex detector can be exploited to
reconstruct “stub” tracks from the pairs of hits in the neighbouring detector layers. The
angular direction of such stub tracks can be exploited to reject pairs of hits that do not
point back to the interaction region. The procedure is as follows: for each double-layer in
the vertex detector, only the hits in the inner layer of the pair that have a corresponding
hit in the outer layer within fixed thresholds in polar and azimuthal angle are retained.
Assuming that particles propagate outward, for each of those retained inner hits, all hits
within the same thresholds are retained as well. Figure 6 illustrates the power of such a
selection by showing the distribution of the polar angle difference in the innermost double-
layer of the vertex detector for signal and BIB hits. Signal hit pairs in the outer double
layers are characterised by smaller angular separations due to the longer distance from the
interaction region. The hit pairs are accepted if they have a polar angular difference below
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Event selection

• No hits starting from Inner Tracker

Physics background:
• hadron scattering negligible
• photon bremsstrahlung included

Wino and higgsino dark matter with disappearing tracks
● Signal (MG5+ Pythia): pairs of charged LLPs (chargino) with decay lengths < 1 m, 

at √s = 3 TeV (1 ab-1) and √s = 10 TeV (10 ab-1) 

○ track with no hits in outermost layers of the tracking system

○ no energy deposits in calorimeters or muon system associated to it

● Background:

○ BIB: disappearing tracks from fake hits combination, fully simulated 

○ SM: most significant is μ+μ- →νν
● Average number of fake tracks due to BIB ~ 0.08/event exploiting                 

double layer layout and quality requirements on tracks

● Efficiency on signal disappearing tracks: 90% in the central region

● Two signal regions, based on tracklet multiplicity

https://doi.org/10.1007/JHEP06(2021)133
19

https://doi.org/10.1007/%20JHEP06(2021)133
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Disappearing tracks results
R. Capdevilla et al., Hunting wino and higgsino dark matter at the muon collider with disappearing tracks. 
JHEP 06, 133 (2021)

• Lifetime coverage determined by tracking detector configuration and track reconstruction
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Figure 14. Expected sensitivity using 1 ab−1 of 3TeV or 10 ab−1 of 10TeV µ+µ− collision data as
a function of the χ̃± mass and lifetime. Models including χ̃±χ̃∓ are considered assuming pure-wino
scenarios (a and c) and pure-higgsino scenarios (b and d). The χ̃± lifetime as a function of the χ̃±

mass is shown by the dashed grey line: in the pure-wino scenario it was calculated at the two-loops
level [98], in the pure-higgsino scenario it was calculated at the one-loop level [30, 64].

runs, and for wino and higgsino multiplets. Available HL-LHC prospects [62, 97] are also
included for comparison. Limits at 95% CL extracted from the √

s = 3TeV data-taking
are overlaid on the √

s = 10TeV discovery prospects.
In the most favourable scenarios, the analysis of the full muon collider dataset is

expected to allow the discovery χ̃± masses up to value close to the kinematic limit of √
s/2.

The interval of lifetimes covered by the experimental search directly depends on the layout
of the tracking detector and the choices made in the reconstruction and identification of
the tracklets. In particular, the setup presented in this work should allow to probe lifetimes
down to 10−2 ns for a wide range of χ̃± masses. Given the requirement of having at least
four hits associated to the tracklet, this sensitivity limit depends of the radial position of the
fourth tracking layer. In the detector used for this study, this corresponds to the position
of the second double layer of the vertex detector. The reduced sensitivity at small lifetimes
for the signal models with masses larger than 800 (2700) GeV for the √

s = 3 (10)TeV
configuration is caused by the reduced average βγ of the produced χ̃±. Most notably this
affects the reach for pure higgsino models, as the shorter expected lifetime falls into this

– 22 –
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Mono-X searches model

𝜇&𝜇! → 𝜒𝜒 + X
Standard Model particle:	𝛾,𝑊, 𝑍, 𝜇±, 𝜇𝜇 

DM particle or generic DM n-plet state

Electroweak multiplet 1, 𝑛, 𝑌  under 𝑆𝑈(3)*⨂𝑆𝑈(2)+⨂𝑈(1),	 dimension 𝑛 ≤ 7

Notation:
• Odd 𝑛:  Dirac  → 1, 𝑛, 𝜀    𝜀: small hypercharge  Majorana  → 1, 𝑛, 0  
• Even 𝑛: 𝑌 = -

!
 → neutral lightest eigenstate 

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

by the gauge symmetries. We show the representative
FeynMan diagrams for the mono-photon signal correspond-
ing to the above processes in Fig. 1. Apart from the initial
state radiation (ISR) or final state radiation (FSR) photon,
the signal rate and kinematics are mainly determined by the
underlying two-to-two processes. For a heavy χ, the direct
μþμ− annihilation remains to be the dominant production
source via γ", Z" → χχ [dubbed as a Drell-Yan (DY)
process due to its similarity to pp → γ"=Z" → lþl− at
hadron colliders]. For the next two processes in γγ and γW
fusion, photons are treated as initial state partons. This is
appropriate since there are large fluxes of photons coming
from collinear radiation of the high energy muon beams.
We modify MADGRAPH to include photons from muons
using its encoded improved effective photon approximation
[36] with a dynamical scale Q ¼

ffiffiffi
ŝ

p
=2, where

ffiffiffi
ŝ

p
is the

partonic c.m. energy. The process (d) in Fig. 1 inherits both
theWW VBF and χχZ with Z → νν̄. For simplicity, we will
not invoke the EW parton distribution functions (PDFs) for
the massive vector bosons [37] in this study and will
perform the tree-level fixed order calculations.
As for the signal identification, we first require a photon

in the final state to be in the detector acceptance,

10° < θγ < 170°: ð3:6Þ

Taking into account the invariant mass of the dark matter
pair system being greater than 2mχ , we impose further
selective cuts on the energy of the photon and on the
missing mass,

Eγ >50GeV; m2
missing≡ðpμþ þpμ− −pγÞ2>4m2

χ : ð3:7Þ

The missing-mass cut is equivalent to an upper limit on the
energy of the photon Eγ < ðs − 4m2

χÞ=2
ffiffiffi
s

p
, where

ffiffiffi
s

p
is

the collider c.m. energy.
We consider multiple sources of the SM background,

with some representative FeynMan diagrams shown in Fig. 2.
The most significant SM background, after the selection
cuts, is

μþμ− → γνν̄; ð3:8Þ

dominantly fromcontributions via the t-channelW-exchange.

In Fig. 3, we show the cross sections for the signal
processes with a variety of the EW multiplets as labeled on
the figures. For simplicity, we only plot the Dirac EW
multiplets. The pair-production cross section for Majorana
fermions will be a factor of 2 smaller than the Dirac
fermions with same quantum numbers. The dominant
process is the Drell-Yan pair production with an additional
ISR or FSR photon. For a fixed muon collider center-of-
mass energy, the DY process cross section is rather
insensitive to the DM mass except for the near threshold
regime with βχ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

χ=s
p

suppression, as an s-wave
process. The VBF production for the EW multiplet, on the
other hand, is characterized by the infrared behavior of the
initial state gauge bosons and the cross section is thus
scaled with the heavy DM mass as approximately 1=m4

χ for
mχ ≪

ffiffiffi
s

p
=2. This scaling can be understood as the

following. From the vector boson PDF point of view,
the parton luminosity scales as 1=τ. Near the threshold,
τ ∝ m2

χ . In addition, the underlying VV → χχ cross section
of the hard partonic cross section is suppressed by the flux
factor of 1=ð4m2

χÞ. The SM backgrounds are dominated by
low energy ISR photons and hence insensitive to the DM
mass-dependent missing-mass cut. The postcut background
rate shown in Fig. 3 in purple line is hence flat. As the
energy of the muon collider increases, the Drell-Yan
process rate will decrease. At the same time, the rate of
the VBF process will increase and asymptote to increasing
logarithmically with energy as

ffiffiffi
s

p
≫ 2mχ . This renders the

relative importance between different signal production
channels to change.

(a) (b) (c) (d)
FIG. 1. Representative FeynMan diagrams for the mono-photon signal from a variety of χχ production channels (a) μþμ− annihilation,
(b) γγ fusion, (c) γW fusion, and (d) WW fusion.

(a) (b)

FIG. 2. Representative FeynMan diagrams for the SM mono-
photon background (a) from W exchange and (b) from Z → νν̄.
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FeynMan diagrams of such a signal, from γZ fusion and
WZ=Wγ fusion, are shown in Fig. 6.
The main background comes from processes in which a

charged particle (mostly muon) escapes detection in the
forward direction, due to the finite angular acceptance of
the detector. The dominant process is

γμ! → μ!νν̄; ð3:11Þ

resulting from both Z → νν̄ and W → μν̄, where the muon
from which the photon radiates missed the detection, as
shown in Fig. 7.
Many other processes also have the property that some

final state particles prefer to go forward, and they can
potentially contribute to the background. This leads us to
consider high-rate processes with muons and missing
energy in the final state, such as

γμ! → γμ!; ð3:12Þ

where the photon is missed. There are also various di-boson
production processes with subsequent leptonic decays to
contribute to the backgrounds. The WþW− background is
clearly orders of magnitude smaller than other processes
discussed above. The process shown in Fig. 7 for the
dominant background γμ− → μ−νν̄ yields very different
kinematic behavior. The initial state photon is radiated off
an incoming muon and tends to be soft. The process in the
left panel is dominated by the soft W exchange, and hence
the final state W decay into muons is more symmetric. The
process in the right panel is also dominated by the soft μ
exchange, and hence the final state muon is soft as well.
With a hard muon energy cut, the backgrounds in both
Eqs. (3.11) and (3.12) can be effectively suppressed, as
shown in panel (a) of Fig. 8. Hence, we require

Eμ! > 0.71; 1.4; 2.3; 3.2; 6.9; 22.6 TeV;

for
ffiffiffi
s

p
¼ 3; 6; 10; 14; 30; 100 TeV: ð3:13Þ

With respect to the dominant background γμ− → μ−νν̄ and
the subdominant background γμ! → γμ!, the signal sig-
nificance can also be enhanced somewhat by requiring the

μ− to be in the forward direction (with respect to the initial
μ−), as shown in Fig. 8(b). Therefore, the following
selection cuts are applied:

10° < θμ− < 90°; 90° < θμþ < 170°; ð3:14Þ

where the polar angle is defined with respect to the
incoming μ−.
The missing mass is also very useful for the mono-

muon channel as shown in panel (c) of Fig. 8, where we see
the threshold effect near twice of the EW multiplet mass.
This sharp rise could serve as the characteristic signature
for the signal identification. We will impose the missing-
mass cut

m2
missing ¼ ðpin

μþ þ pin
μ− − pout

μ! Þ
2 > 4m2

χ : ð3:15Þ

In Fig. 9(a), we show the cross sections for the signal
processes with a variety of the EW multiplets after the
selection cuts above. In comparison with the Drell-Yan
production in the case of mono-photon signal, the cross
section of mono-muon decreases significantly for larger
dark matter masses as ∼1=m4

χ , for the same reason as
discussed in the previous section about the VBF component
of the mono-photon signal. In comparison with the mono-
photon, a notable feature of the mono-muon channel is that
the background is much lower, resulting a much larger S=B,
making it more robust against systematic uncertainties.
In Fig. 9(b), we show the significance of the mono-muon

processes. For relatively light dark matter mass, the reach in
the mono-muon channel is better than the mono-photon.
This is particularly interesting for the lower-dimensional
multiplets, such as the Higgsino, where the target thermal
mass is relatively low. Figure 5(b) shows the integrated
luminosities needed to reach 2σ statistical significance for
the mono-muon channel at

ffiffiffi
s

p
¼ 14 TeV, in the absence of

systematic uncertainties. We see that with a luminosity of
about 2 ab−1, we could reach the 2σ sensitivity with this
channel alone for the doublet (Dirac triplet) EW DM to its
thermal target mass of 1.1 (2.0) TeV. The coverage for the
higher representations would be better.

(a) (b)

FIG. 6. Representative FeynMan diagrams for the mono-muon
signal (a) from γZ fusion and (b) from WZ=Wγ fusion.

(a) (b)
FIG. 7. Representative FeynMan diagrams for the SM mono-
muon backgrounds (a) from W → μν̄ and (b) from Z → νν̄.
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Not complete signals diagrams examples
mono- 𝛾 mono- 𝜇

𝜇𝜇

C. VBF di-muon

Beyond the single muon signature, one could also
consider to tag both muons in the final state to account
for other additional contributing channels via the VBF,

μþμ−→ μþμ−χχ via fusion γ"γ";γ"Z;ZZ→ χχ; ð3:16Þ

where χ represents any state within the n-plet, as depicted
in Fig. 10(a). We require both final state muons to be in the
detector coverage as in Eq. (3.6). This effectively sup-
presses the backgrounds that are dominated by low
momentum transfer. For a γ" initiated process, the cross
section with finite angle scattering falls at higher energies
of the final state muons as 1=ðpμ

TÞ2 for each tagged muon.
Although pμ

T ∼MZ for a Z-initiated process, the muons can
still be highly boosted due to the large beam energy, with a
scattering angle of the order θμ ∼MZ=Eμf [38], likely
outside the detector coverage. The energy of the muons in
the low energy-transfer processes is almost the beam
energy. For a final state muon to be observable, our
requirement in Eq. (3.6) can be translated into sin θ >
0.17 and the corresponding pT is then Oð1Þ TeV for a
14 TeV muon collider, providing the huge suppression of
background.3 Similarly, this angular requirement also
causes some signal efficiency loss. For heavier EW
multiplets, due to the large momentum transfer, and lower
final state muon energy, the efficiency loss due to the
angular cut is much less severe.4

The leading irreducible background is

μþμ− → μþμ−νν̄: ð3:17Þ

The dominant contributions are from both γ"γ"; γ"Z; ZZ
fusion processes as well as ZZ → μþμ−νν̄, as shown in
Fig. 10(b). To suppress the large nonfusion background
primarily from a Z decay to leptons, the muons are required
to have

mμþμ− > 300 GeV;

mmissing ¼ ðpin
μþ þ pin

μ− − pout
μþ − pout

μ− Þ2 > 4m2
χ : ð3:18Þ

In Fig. 11(a), we show the cross sections for the
signal processes with a variety of the EW multiplets.
We see that the cross sections span over a large range
and at a fixed muon collider energy, fall as high power
of the EW multiplet mass. For comparison, the back-
ground cross section is also shown as the curve on top. In
Fig. 11(b), we show the statistical significance of the di-
muon signals.

D. Disappearing tracks and other signatures

In our phenomenological analyses thus far, we have
considered the most pessimistic scenario that all the
members of an EW multiplet cannot be detected after
being produced, yielding a large missing mass. With a pair
of missing particles in the final state and an unknown mass,
the signal events cannot be fully kinematically recon-
structed. In this sense, the minimal dark matter under
consideration serves as a “nightmare” scenario for weakly
interacting dark matter. In this section, we take a step
beyond the inclusive signals.
First, we briefly summarize the mass splittings and

transition rates between different states, validating the
assumption that the EW multiplets cannot be recon-
structed as SM particle objects. Furthermore, the
charged &1 states have a macroscopic lifetime in
collider detectors, resulting in a “disappearing track”
upon its decay which is an additional unusual signature
to enhance the reach. Afterwards, we proceed with
some basic considerations of properties of the disap-
pearing track signatures at a high energy muon collider
and provide an estimate of the sensitivity reach from
the mono-photon plus disappearing track. In the last
part of this section, we comment on the backgrounds
and possible new signatures to explore in the future.
Ultimately, the collider design and the detector perfor-
mance will dictate the reach for this kind of searches.
Being at this very early stage on planning for a high
energy muon collider, we will focus on the performance
target and highlight the challenges to achieve those
goals. We show the enhancement of the reach if such
goals are achieved with the main purpose for motivating
the design effort.
For the EW multiplet minimal dark matter, EW-loop

effects induce a universal mass splitting among the

(a) (b)
FIG. 10. Representative FeynMan diagrams for (a) the di-muon
signal and (b) the SM background.

3One can go beyond our conservative assumption of effective
experimental detector coverage of jηj < 2.5 (correspond
to 10° < θ < 170°), and try to tag muons in the more forward
regions if advanced detector designs allows for it. Covering the
forward region will improve the signal efficiency and help further
separating different types of background for the searches dis-
cussed in this section.

4This can also be seen in Fig. 8 for the signal energy and
angular distribution, although it is strictly for the process where
only one final state muon is detectable.
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Fig. 89 Direct reach on electroweak states in mono-X signals. Left:
Luminosity needed to exclude a Dirac fermion DM candidate for zero
systematics [45] for X = γ (solid), X = µ (dotted), X = µµ (dashed).
Right: Mass reach on a fermionic DM candidate (assumed Majorana

when Y = 0, Dirac otherwise) at fixed 1 ab−1 luminosity for the 3 TeV
and 10 ab−1 for 10 TeV muon collider in the channels X = γ and
X = W for 0.1% systematics [39,46]. Black vertical lines denote the
thermal mass for each DM candidate

by unitarity for n = 9 and a Landau pole for weak interactions5417

emerges at energies less than two orders of magnitude from5418

the mass of the n = 9 dark matter candidate [39,46]. There-5419

fore, for n ≥ 9 we do not possess a valid EFT description of5420

the minimal scenario for DM in which the WIMP multiplet5421

is the only new particle beyond the Standard Model. The SM5422

plus a WIMP for n ≥ 9 can be considered, but it should be5423

interpreted as very rough sketch of some other non-minimal5424

theory of dark matter that features more dynamics than what5425

it is entailed by just adding one particle to the SM.5426

Keeping this caveat in mind, the overall picture is clear:5427

WIMPs can be good dark matter candidates over a large range5428

of masses from the TeV to the PeV. A muon collider pro-5429

gramme where the energy is progressively raised in stages5430

can probe the resonant production of heavier and heavier can-5431

didates, but a complete coverage of the heaviest WIMPs will5432

have to exploit off-shell effects in precision measurements5433

of SM processes, with a mass reach that is potentially above5434

the direct production threshold. This indirect search strategy5435

can be effectively pursued at the muon collider through the 5436

measurement of high energy cross sections [48]. These mea- 5437

surements benefit from a boosted sensitivity to new physics 5438

above the collider reach as explained in Sect. 2.4, and they 5439

fall in the same category of those employed in Sect.5.1.2 for 5440

EFT searches. 5441

In what follows we consider as concrete examples the 5442

dark matter candidates with Y = 0, 1/2, 1 listed in Table 9. 5443

We refer to [49] for a study encompassing a larger set of 5444

candidates. The search strategy that we adopt leverages the 5445

observable effects that DM candidates can leave due to their 5446

propagation as virtual states, which modify the rate and the 5447

distributions of SM processes such as 5448

µ+µ− → f f̄ , (41) 5449

µ+µ− → Zh, (42) 5450

µ+µ− → W +W −, (43) 5451
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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. 
Eur. Phys. J. C 83(6), 552 (2023)
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Fig. 91 Minimal luminosity to exclude a thermal pure higgsino or wino
dark matter (left panel) a 2.84 TeV Dirac triplet, 4.79 TeV Dirac 4-plet,
a 13.6 TeV Majorana 5-plet (right panel) as function of the collider
center of mass energy [49]. Lighter color lines are for polarized beams.
The thickness of the wino, Dirac 3-plet, Dirac 4-plet, and Majoarana

5-plet bands covers the uncertainty on the thermal mass calculations.
Diagonal lines mark the precision at which the total rate of the labeled
channels are going to be measured. The shaded area indicates that at
least one channel is going to be measured with 0.1% uncertainty and
systematic uncertainties need to be evaluated

as well as 2 → 3 processes like5452

µ+µ− → W W h, (44)5453

µ+µ− → f f̄ ′W. (45)5454

Measuring the total rate of Eqs. (41–45) and using differential5455

information on the angular distribution of the channels in5456

which the charge of the final states, e.g. f = e, µ, can be5457

tagged reliably, it is possible to probe the existence of new5458

matter n-plets.5459

It should be noted that the 2 → 3 processes cross sec-5460

tions, while formally of higher order in the EW loop expan-5461

sion, are not suppressed relative to the 2 → 2 cross sections,5462

at the high energy MuC. This is a manifestation of the EW5463

radiation enhancement that we described in Sect. 2.5. The5464

enhancement emerges in the phase-space region where a W5465

boson is emitted with low energy and collinear to one of the5466

initial muons or to one of the two other final state particles,5467

which are instead energetic and central. The EW radiation5468

enhancement offers novel opportunities to search for new5469

physics. In the case at hand, it enables the high-rate produc-5470

tion of new hard 2-body final states (namely W h and f f̄ ′ for5471

Eqs. (44) and (45), respectively) to be exploited for WIMP5472

searches. However, EW radiation effects also challenge theo-5473

retical predictions as they require not yet available systematic5474

resummation techniques, as discussed in Sect. 2.5. The esti-5475

mates that follow do not include resummation. More work5476

will thus be needed to turn them into fully quantitative sen- 5477

sitivity projections. 5478

In Fig. 91 (left panel) we report the minimal luminosity 5479

needed to exclude a thermal pure wino DM (i.e., a Majorana 5480

triplet with 2.9 TeV mass) and the higgsino (a Dirac doublet 5481

of 1.1 TeV) as a function of the collider centre of mass energy. 5482

The luminosity curves feature a minimum around the direct 5483

production threshold Ecm = 2Mχ , which provides the opti- 5484

mal energy for detection. For smaller Ecm, more luminosity 5485

is needed as the effect of virtual n-plets decreases as E2
cm/M2

χ 5486

below the production threshold. A larger luminosity is also 5487

needed moving above the threshold because the loop func- 5488

tion (see [48]) that describes the virtual DM exchange in the 5489

di-fermion final state happens to cross zero for some value 5490

of Ecm above 2 Mχ . After crossing this second threshold, 5491

the required luminosity smoothly decreases with Ecm as the 5492

figure shows. A similar behaviour is observed for the other 5493

candidates considered in the right panel of Fig. 91. 5494

These studies are helped by the presence of left-handed 5495

fermions initial states, which source larger weak-boson medi- 5496

ated scattering. Therefore it is interesting to study the effect 5497

of beam polarization. In Fig. 91 the lighter colored lines give 5498

the necessary luminosity for an exclusion at a machine capa- 5499

ble of 30% left-handed polarization on the µ− beam and 5500

− 30% for the µ+ beam. Even this modest polarization of 5501
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✦ All EW multiplets contribute to high-energy 2 → 2 fermion scattering: 
effects that grow with energy, can be tested at µ collider or FCC-hh


✦ Complex multiplets need mass splittings from higher dim. operators


‣ Charged-neutral splitting (to make DM stable):


‣ Inelastic splitting (suppress Z-induced scattering):


can be tested at FCC-ee

Indirect effects at colliders
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§ 𝑞𝑞: u, d, s, c, b 𝜀5622/12 = 100%
§ 𝑒%𝑒", 𝜇%𝜇":	100% efficiency
§ 𝜏%𝜏": 50% efficiency
§ Particles 8& < 𝜃 < 172&
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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 
facility. 
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 

Test'Facility'CERN'Site'Example'

D.'Schulte' Muon'Collider,'July'9,'2021' 25'

 Possibility around TT10 

11/02/2021 M. Calviani // Consideration on MUC Test Facility Target Systems costs 11 

M
U

C
 Test 

Facility 

100 m 

200 m
 

M. Benedikt, LHC Performance Workshop, Chamonix 2010 

TT10 line to S
P

S
 

BA1 

sLHC Project Note 0013  

CERN-AB-2007-061  
Dimension & location indicative 

Could'use'CERN'land'close'to'TT10'and'inject'beam'from'PS'(1013'20'GeV'protons'in'5'ns,'
O(10%)'of'collider,'with'O(1'Hz))'
'
Would'be'in'molasse'(no'radiaPon'to'ground'water),'could'later'accommodate'4'MW'
'
Could'alternaPvely'use'SPL'with'accumulator'ring'to'have'full'power'opPon'

Strong'synergies'
with'nuSTORM'
and'ENUBET'
'
Could'even'imagine'
to'share'part'of'the'
test'facility'with'
nuSTORM''

+

TARGET
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MAGNET

Beam Dump Setup

 2202.12302 CC, S. Homiller, R. Mishra, M. Reece

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

Not only technology demonstrator
Physics measurements may be possible

Dark photon search

https://link.aps.org/doi/10.1103/PhysRevLett.130.071803
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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.

… and that’s all I have.
I conclude: 

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



September 28, 2023 Donatella Lucchesi 22

Preliminary study of dark SUSY at 𝑠=3 TeV 

§ Lightest MSSM neutralino →	dark Higgs → dark photons 
§ Final state: 8 𝜇
§ Background 8 𝜇 negligeable
§ Background 8 𝜇 + 𝜈 impossible to generate, under study
§ Full simulation of the detector, BIB negligeable effect

Study of dark-SUSY at 3 TeV
● Signal generated with MG5

● A MSSM lightest neutralino decays in two dark photons through a dark 

Higgs boson (8 final state muons)

● Events full simulated without BIB and selected:

○ 8 muons in the final state

○ muons paired by requiring a minimum difference between  the 

reconstructed dark photon and dark Higgs masses

● 8 muons background found to be negligible

● 8 muons + 2 neutrinos background not possible to generate

lower muon p
T

Signal yield for 1 ab-1

➔ Reconstruction efficiency of 
processes with n-muons in final state 
with BIB to be determined!

C. Aimè
https://doi.org/10.22
323/1.398.0644
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Efficiency for signal samples
Signal yield for 1 ab-1

Limits under evaluation

C.Aimè et al. Dark-SUSY channels to study muon 
reconstruction performance at the Muon Collider 
EPS-2021

https://doi.org/10.22323/1.398.0644


September 28, 2023 Donatella Lucchesi 23

Track reconstruction performance
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Fig. 38 Track reconstruction efficiency as a function of pT for single-
muon events overlaid with BIB

Fig. 39 Momentum resolution ∆pT/p2
T as a function of θ for single-

muon events overlaid with BIB

Fig. 40 Transverse impact parameter resolution as a function of θ for
single muon events overlaid with BIB

well as future optimisations of the tracker layout will miti-3890

gate such localised degradation to negligible levels.3891

Figure 40 shows the resolution on the transverse impact3892

parameter D0, while Fig. 41 the resolution on the longitudi-3893

nal impact parameter Z0 as a function of the polar angle θ .3894

Similarly to the case of the resolution on pT, the resolution on3895

D0 and Z0 slightly degrades in the barrel-endcap transition3896

region, around θ ≈ 35◦.3897

Fig. 41 Longitudinal impact parameter resolution as a function of θ
for single muon events overlaid with BIB

Conformal tracking with double layers 3898

The Vertex Detector is constructed using double-layers (DL). 3899

A double-layer consists of two silicon detector layers sepa- 3900

rated by a small distance (2 mm for the MCD). This concept 3901

will also be used by the CMS Phase-II tracking detector [232] 3902

to reduce the hit combinatorics for a fast track reconstruc- 3903

tion in their trigger system. It works by selecting only those 3904

hits that can form a pair with a hit from the neighbouring 3905

layer that is aligned with the IP. If there is no second hit in 3906

the double-layer to form a consistent doublet the hit is dis- 3907

carded. This approach is particularly effective for rejecting 3908

BIB hits, because BIB electrons are very likely to either stop 3909

in the first layer due to their very low momentum, or to cross 3910

the double-layer at shallow angles, creating doublets that are 3911

not aligned with the IP. The DL filtering implemented in the 3912

simulation software is based on the angular distance between 3913

the two hits of a doublet when measured from the interaction 3914

point, as shown in Fig. 42. For simplicity the two variables 3915

used for filtering are the polar (∆θ ) and azimuthal (∆φ) angle 3916

differences. 3917

In practice there are several limitations to the precision of 3918

alignment that can be imposed by the DL filtering while main- 3919

taining high efficiency for signal tracks. The first is driven by 3920

the finite spatial resolution of the pixel sensors, which limits 3921

the minimum resolvable displacement between the two hits 3922

Fig. 42 Illustration of the doublet-layer filtering used for the rejection
of BIB-induced hits in the Vertex Detector. The horizontal black lines
represent double layers of pixel sensors that are crossed by signal (green)
and BIB (grey) particle tracks. Hit doublets created by BIB particles are
characterised by larger angular difference than those created by signal
particles, due to their shallow crossing angle and more displaced origin
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Technically limited timeline
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Fig. 12 A technically limited
timeline for the muon collider
R&D programme that would see
a 3 TeV muon collider
constructed in the 2040s

to be consistent with the development of high field solenoid1492

and dipole magnets that could be exploited for both the final1493

stages of cooling and the collider ring development. A techni-1494

cal design phase would follow in the early 2030s with a con-1495

tinuing programme focusing on prototyping and pre-series1496

development before production for construction begins in the1497

mid-2030s, to enable delivery of a 3 TeV MuC by 2045. The1498

programme is flexible, in order to match the prioritisation and1499

timescales defined by the next ESPPU, the Particle Physics1500

Projects Prioritization Panel (P5) in the US and equivalent1501

processes.1502

3.1.6 Principle technical challenges1503

The timeline described above is technically limited by the1504

time required to address a number of key technical chal-1505

lenges.1506

– The collider can potentially produce a high neutrino flux1507

that might lead to neutron showering far from the col-1508

lider. A scheme is under study to ensure that the effect is1509

negligible.1510

– Beam impurities such as products of muon decay may1511

strike the detector causing beam-induced background.1512

The detector and machine need to be simultaneously opti-1513

mised in order to ensure that the physics reach is not1514

limited by this effect.1515

– The collider ring and the acceleration system that follows1516

the muon cooling can limit the energy reach. These sys-1517

tems have not been studied for 10 TeV or higher energy.1518

The collider ring design impacts the neutrino flux and the 1519

design of the machine-detector interface. 1520

– The production of a high-quality muon beam is required 1521

to achieve the desired luminosity. Optimisation and 1522

improved integration are required to achieve the perfor- 1523

mance goal, while maintaining low power consumption 1524

and cost. The source performance also impacts the high- 1525

energy design. 1526

The technology options and mitigation measures that can 1527

address these challenges are described in some detail below. 1528

Further dedicated studies of the key technologies would pro- 1529

vide a robust quantitative assessment of their maturity and 1530

technical risk, for example based on Technical Readiness 1531

Levels (TRL) as described in [14]. 1532

3.2 Proton driver 1533

The MuC proton driver has similarities with existing and 1534

proposed high intensity proton facilities such as those used 1535

for neutron and neutrino production. The main parameters of 1536

the MuC proton source are listed in Table 2. The technology 1537

choices for the MuC, in particular for acceleration and bunch 1538

compression, have not yet been determined. 1539

The main part of the proton source follows existing pulsed 1540

proton driver designs, for example similar to JPARC, Fermi- 1541

lab or ISIS. H− ions are created in an ion source, accelerated 1542

through a radiofrequency quadrupole followed by a series 1543

of drift-tube linacs. Acceleration proceeds through a linear 1544

accelerator using conventional RF cavities before the ions 1545
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Photon & electron reconstruction performance

High level of BIB /16

Calorimeter R&D

10

BIB hits in the calorimeters

Occupancy in ECAL > 10 times occupancy in HCAL

• Flux of 300 particles per cm2 

through the ECAL surface
• 96% photons and 4% neutrons
• Average photon energy 1.7 MeV

Key features

• Timing: BIB hits are out-of-time a 
resolution in the order of 100 ps is 
desiderable

• Longitudinal segmentation: 
different profile for signal and BIB

• Granularity: helps in separating 
BIB particles from signal, avoiding 
overlaps in the same cell

• Energy resolution: target ΔE
E

≃ 10 %
E[GeV]
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Fig. 70 Misidentification rate for light jets as a function of the jet
pT. The rate was evaluated in qq̄ dijet events in µ+µ− collisions at√

s = 3 TeV

Fig. 71 Misidentification rate for light jets as a function of the jet θ . The
rate was evaluated in qq̄ dijet events in µ+µ− collisions at

√
s = 3 TeV

between 10◦ and 170◦, and in the full azimuthal angle range.4329

The sample was then processed with the detector simulation4330

and reconstruction software.4331

Prior to track reconstruction, the tracker hits were pro-4332

cessed with the Double Layer filter. Moreover, to get rid of4333

most of the fake tracks due to the spurious hits from the back-4334

ground, a track quality selection is applied before the track4335

refitting step, which requires at least three hits in the vertex4336

detector and at least two hits in the inner tracker. To reject part4337

of the background hits in the calorimeters, an energy thresh-4338

old of 2 MeV is applied to both the ECAL and HCAL hits.4339

Photons are reconstructed and identified with the Pandora4340

Particle Flow algorithm [179].4341

The energy threshold of the calorimeter hits and the pres-4342

ence of the beam-induced background affect the energy scale4343

of the reconstructed photons. A correction factor is applied4344

Fig. 72 Photon reconstruction efficiency as a function of the photon
energy

Fig. 73 Photon reconstruction efficiency as a function of the photon
polar angle θ

to the reconstructed photon energy to make the detector 4345

response uniform as a function of the photon energy and 4346

the photon polar angle. The correction was calculated from 4347

the ratio of the reconstructed photon energy with the photon 4348

energy at generator level in an independent set of events. 4349

Figure 72 shows a comparison of the photon reconstruc- 4350

tion efficiency as a function of the generated photon energy, 4351

with and without the BIB overlay. The dependency on the 4352

polar angle θ is shown instead in Fig. 73. 4353

The efficiencies are defined as the fraction of generated 4354

photons in the range 10◦ and 170◦ that are matched to a 4355

reconstructed photon within∆R < 0.05. A decrease of about 4356

10% in the reconstruction efficiency in the presence of BIB is 4357

observed in the angular region corresponding to the transition 4358

between the barrel and endcap calorimeters, and is reflected 4359

in the efficiency below 400 GeV. 4360

The effect of BIB on the photon energy resolution has 4361

also been evaluated, and is shown in Figs. 74 and 75 as a 4362

function of the energy and polar angle of the photon. The BIB 4363

was found to affect more significantly the forward region, 4364

where the energy resolution is degraded by a factor of two, 4365
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Fig. 74 Energy resolution of the reconstructed photon as a function of
the photon energy

Fig. 75 Energy resolution of the reconstructed photon as a function of
the photon polar angle θ

and the transition region between the barrel and the endcap4366

calorimeters.4367

The development of a dedicated algorithm to recover the4368

effects on both the reconstruction efficiency and energy reso-4369

lution is ongoing. However, the results demonstrate an excel-4370

lent level of expected performance across the full investigated4371

energy spectrum.4372

Figure 76 reports the fraction of photons that are recon-4373

structed and identified as electrons. The resulting inefficiency4374

from misidentifications was found to be at the level of 0.3%4375

and relatively unaffected by the presence of BIB.4376

The performance of electron reconstruction and identifi-4377

cation was studied in single electron events, with the elec-4378

trons produced at the nominal collision point. The gener-4379

ated electrons are uniformly distributed in energy between 14380

and 1500 GeV, in polar angle between 10◦ and 170◦, and in4381

azimuthal angle over the whole range. The sample was then4382

processed with the detector simulation and reconstruction4383

software.4384

Electrons are identified by means of an angular match-4385

ing of the electromagnetic clusters with tracks reconstructed4386

Fig. 76 Fraction of photons misidentified as electrons as a function of
the photon energy

Fig. 77 Comparison of the electron reconstruction efficiency as a func-
tion of the electron energy in the cases of no beam-induced background
and with the BIB added to the event

with the CKF algorithm, as described in Sect. 4.4.1 in a 4387

R = 0.1 cone. A Double Layer filter was used to reject 4388

BIB hits upstream of the track reconstruction and tracks are 4389

required to have χ2/ndof < 10. In the presence of the beam- 4390

induced background, the energy thresholds of the calorimeter 4391

hits play a dominant role for an efficient and precise cluster 4392

reconstruction. In this study, a threshold of 5 MeV was set. 4393

The electron reconstruction and identification efficiencies 4394

as a function of the electron generated energy and polar angle 4395

are shown in Figs. 77 and 78. 4396

The efficiency drops at θ < 20◦ and ∼ 40◦ are caused 4397

by tracking inefficiencies related to the application of the 4398

Double-Layer filter in the forward region and in the transition 4399

region between the VXD barrel and endcap. 4400

An excellent performance is observed across the inves- 4401

tigated energy range. New developments and more sophis- 4402

ticated algorithms will be required to further improve the 4403

cluster reconstruction and cluster-to-track association, par- 4404

ticularly in the lower energy regime. 4405
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Fig. 74 Energy resolution of the reconstructed photon as a function of
the photon energy

Fig. 75 Energy resolution of the reconstructed photon as a function of
the photon polar angle θ

and the transition region between the barrel and the endcap4366

calorimeters.4367

The development of a dedicated algorithm to recover the4368

effects on both the reconstruction efficiency and energy reso-4369

lution is ongoing. However, the results demonstrate an excel-4370

lent level of expected performance across the full investigated4371

energy spectrum.4372

Figure 76 reports the fraction of photons that are recon-4373

structed and identified as electrons. The resulting inefficiency4374

from misidentifications was found to be at the level of 0.3%4375

and relatively unaffected by the presence of BIB.4376

The performance of electron reconstruction and identifi-4377

cation was studied in single electron events, with the elec-4378

trons produced at the nominal collision point. The gener-4379

ated electrons are uniformly distributed in energy between 14380

and 1500 GeV, in polar angle between 10◦ and 170◦, and in4381

azimuthal angle over the whole range. The sample was then4382

processed with the detector simulation and reconstruction4383

software.4384

Electrons are identified by means of an angular match-4385

ing of the electromagnetic clusters with tracks reconstructed4386

Fig. 76 Fraction of photons misidentified as electrons as a function of
the photon energy

Fig. 77 Comparison of the electron reconstruction efficiency as a func-
tion of the electron energy in the cases of no beam-induced background
and with the BIB added to the event

with the CKF algorithm, as described in Sect. 4.4.1 in a 4387

R = 0.1 cone. A Double Layer filter was used to reject 4388

BIB hits upstream of the track reconstruction and tracks are 4389

required to have χ2/ndof < 10. In the presence of the beam- 4390

induced background, the energy thresholds of the calorimeter 4391

hits play a dominant role for an efficient and precise cluster 4392

reconstruction. In this study, a threshold of 5 MeV was set. 4393

The electron reconstruction and identification efficiencies 4394

as a function of the electron generated energy and polar angle 4395

are shown in Figs. 77 and 78. 4396

The efficiency drops at θ < 20◦ and ∼ 40◦ are caused 4397

by tracking inefficiencies related to the application of the 4398

Double-Layer filter in the forward region and in the transition 4399

region between the VXD barrel and endcap. 4400

An excellent performance is observed across the inves- 4401

tigated energy range. New developments and more sophis- 4402

ticated algorithms will be required to further improve the 4403

cluster reconstruction and cluster-to-track association, par- 4404

ticularly in the lower energy regime. 4405
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Fig. 74 Energy resolution of the reconstructed photon as a function of
the photon energy
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software.4384

Electrons are identified by means of an angular match-4385
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Fig. 77 Comparison of the electron reconstruction efficiency as a func-
tion of the electron energy in the cases of no beam-induced background
and with the BIB added to the event

with the CKF algorithm, as described in Sect. 4.4.1 in a 4387

R = 0.1 cone. A Double Layer filter was used to reject 4388

BIB hits upstream of the track reconstruction and tracks are 4389

required to have χ2/ndof < 10. In the presence of the beam- 4390

induced background, the energy thresholds of the calorimeter 4391

hits play a dominant role for an efficient and precise cluster 4392

reconstruction. In this study, a threshold of 5 MeV was set. 4393

The electron reconstruction and identification efficiencies 4394

as a function of the electron generated energy and polar angle 4395

are shown in Figs. 77 and 78. 4396

The efficiency drops at θ < 20◦ and ∼ 40◦ are caused 4397

by tracking inefficiencies related to the application of the 4398

Double-Layer filter in the forward region and in the transition 4399

region between the VXD barrel and endcap. 4400

An excellent performance is observed across the inves- 4401

tigated energy range. New developments and more sophis- 4402

ticated algorithms will be required to further improve the 4403
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Fig. 50 Normalised hit time in ECAL barrel, for b-jets and BIB. Both
distributions are normalised to the same area. The time is not smeared
for the detector time resolution. The time window of ±250 ps applied
in the jet reconstruction is shown

uniform dijet pT distribution from 20 to 200 GeV. Samples4066

of µ+µ− → H(→ bb̄) + X and µ+µ− → Z(→ bb̄) + X4067

at
√

s = 3 TeV are also used to study the dijet invariant mass4068

resolution.4069

Calorimeter hit selection4070

Calorimeter hits are filtered depending on the normalised hit4071

time, defined as tN = t − t0 − cD, where t is the absolute4072

hit time, t0 is the collision time, c is the speed of light, and4073

D is the hit distance from the origin of the reference system.4074

A time window of ±250 ps is applied to remove most of the4075

BIB hits but preserving the signal, as can be seen in Fig. 50.4076

A time window of width ∆ is generally applicable if the4077

Full Width at Half Maximum (FWHM) of the time reso-4078

lution of the calorimeter cell is below ∆/3. Therefore, in4079

this particular case, a FWHM of at least 167 ps is assumed,4080

which should be achievable by state-of-the-art calorimeter4081

technologies.4082

Several calorimeter hit energy thresholds have been tested,4083

in order to reduce hits produced by BIB. The computing time4084

of the jet algorithm exponentially grows with the number of4085

calorimeter hits: therefore, with the current resources it is not4086

possible to reduce the thresholds far below 2 MeV. A thresh-4087

old of 2 MeV is hence applied to both ECAL and HCAL. This4088

requirement reduces the average number of ECAL Barrel hits4089

from 1.5 million to less than 104.4090

Particle flow, jet clustering and fake jet removal4091

Calorimeter hits and tracks are given as input to the Pan-4092

doraPFA algorithm, that produces as output reconstructed4093

particles known as particle flow objects. The PandoraPFA4094

algorithm is described in detail in Ref. [179]. The particle4095

Fig. 51 Number of tracks associated to real b-jets and to fake jets from
BIB

Fig. 52 Jet selection efficiency as a function jet pT for b-jets, c-jets
and light jets in the central region |η| < 1.5. The differences between
the jet flavours are mainly due to different jet η distributions in the three
samples

flow objects are then clustered into jets by the kT algorithm. 4096

A cone radius of R = 0.5 is used. 4097

An average of 13 fake jets from BIB energy deposits per 4098

event is reconstructed, which need to be removed by applying 4099

additional quality criteria. The number of tracks in the jet has 4100

been found to be the most discriminating feature between real 4101

and fake jets, as shown in Fig. 51. 4102

Most of the fake jets from BIB have no tracks associated to 4103

them. Therefore, requiring at least one track allows to reduce 4104

the rate of fake jets by more than two orders of magnitude, 4105

with a moderate cost, at the level of 5–10%, in terms of 4106

real jet selection efficiency. Figure 52 shows the jet selection 4107

efficiency as a function of the true jet pT in the region |η| < 4108

1.5, for different jet flavours. The overall efficiency varies 4109

between 82% at low pT to 95% at higher pT. 4110

The dependency of the selection efficiency on the jet polar 4111

angle θ is shown in Fig. 53 for a sample of b-jets. The effi- 4112

ciency is around 90% in the central region. A significant drop 4113

is observed for |θ | < 0.5, where the efficiency is below 30%. 4114

This effect is mainly due to the track requirement, since many 4115
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Fig. 57 Relative difference between reconstructed and true jet pseudo-
rapidity

Fig. 58 Jet pT resolution as a function jet pT for b-jets, c-jets and light
jets in the central region 0.44 < θ < 2.70. The differences between the
jet flavours are mainly due to different jet θ distributions in the three
samples

Jet reconstruction performance4153

The jet reconstruction performance is evaluated with a simu-4154

lated sample of dijets events. The relative difference between4155

reconstructed and true jet θ is shown in Fig. 57: the standard4156

deviation of this distribution, directly related to the jet-axis4157

angular resolution, is 14%.4158

The jet pT resolution as a function of the true jet pT is4159

shown in Fig. 58 for different jet flavours. The resolution4160

goes from 35% for jet pT around 20 GeV to 20% for high jet4161

pT.4162

Simulated event samples of H → bb̄ and Z → bb̄ are4163

used to evaluate the dijet invariant mass reconstruction. The4164

invariant mass separation between these two processes is of4165

paramount importance for physics measurements at the muon4166

collider. In this study both jets are required to have pT >4167

40 GeV and 0.44 < θ < 2.70. The distributions for the two4168

processes are fitted with double Gaussian functions, and the4169

shapes are compared in Fig. 59. A relative width, defined as4170

the standard deviation divided by the average value of the4171

Fig. 59 Fitted dijet invariant mass distributions for H → bb̄ and Z →
bb̄. The distributions are normalised to the same area

mass distribution, of 27% (29%) for H → bb̄(Z → bb̄) is 4172

found. 4173

Future prospects on jet reconstruction 4174

Several ongoing studies are aimed at improving the jet recon- 4175

struction performance targeting several aspects, such as: 4176

– track filter: the track filter has a different impact in the 4177

central and the forward region, in particular the efficiency 4178

in the forward region is lower. An optimised selection will 4179

be defined to mitigate the efficiency loss in the forward 4180

region; 4181

– cell energy threshold: the hit energy threshold has been 4182

set to the relatively high value of 2 MeV, as a compromise 4183

between computing time and jet reconstruction perfor- 4184

mance. This is a major limitation in the jet performance as 4185

can be seen in Fig. 60, where the H → bb̄ dijet invariant 4186

mass, reconstructed without the BIB overlay, is compared 4187

between 2 MeV and 200 keV thresholds. Reducing this 4188

threshold is not an easy task, given the large number of 4189

calorimeter hits selected from the BIB that contaminate 4190

the jet reconstruction. 4191

4192

To tackle this problem an optimised algorithm should 4193

be developed: as an example thresholds that depend on 4194

the sensor depth could by applied, since the longitudinal 4195

energy distribution released by the BIB is different from 4196

the signal jets as shown in Fig. 61. A generalisation of this 4197

idea could be the application of a multivariate-algorithm 4198

trained to select signal hits and reject BIB hits; 4199

– fake jet removal: the fake jet removal applied in this 4200

study has an impact in reducing the jet efficiency in the 4201

forward region. Moreover this issue is highly dependent 4202

from the calorimeter thresholds. A fake removal tool 4203

based on machine learning and with jet sub-structure 4204
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Fig. 66 Efficiency of the b-tagging algorithm as a function of the jet
pT. The efficiency was evaluated in bb̄ dijet events in µ+µ− collisions
at

√
s = 3 TeV

Fig. 67 Efficiency of the b-tagging algorithm as a function of the jet
θ . The efficiency was evaluated in bb̄ dijet events in µ+µ− collisions
at

√
s = 3 TeV

change in the presence of the BIB. The b-tagging efficiency4300

is shown as a function of the jet pT in Fig. 66 and and as a4301

function of the jet θ in Fig. 67.4302

The efficiency is around 50% at low pT and increases up4303

to 70% at high pT.4304

The mis-tagging rate for c-jets is shown in Figs. 68 and 694305

and is found to be around 20%. As for b-jet efficiency, the c4306

mistag increases in the central region of the detector.4307

Figures 70 and 71 show the mis-tagging rates for the light4308

and fake jets as a function of the jet pT and θ . This rate is4309

found to be lower than 1% for a jet pT below 50 GeV and4310

increase to 5% at higher jet pT.4311

An initial b-jet identification algorithm based exclusively4312

on the identification of secondary vertices has been put in4313

place, demonstrating the effectiveness of one of the basic4314

Fig. 68 Misidentification rate for c-jets as a function of the jet pT. The
rate was evaluated in cc̄ dijet events in µ+µ− collisions at

√
s = 3 TeV

Fig. 69 Misidentification rate for c-jets as a function of the jet θ . The
rate was evaluated in cc̄ dijet events in µ+µ− collisions at

√
s = 3 TeV

components used in flavour tagging techniques in the com- 4315

plex muon collider environment. Further work is ongoing to 4316

take advantage of improved tracking methods, such as the 4317

CKF algorithm described in Sect. 4.4.1 to improve the inputs 4318

to secondary vertex finding, or on the exploitation of addi- 4319

tional handles, such as the presence of charged leptons within 4320

the jet, or the impact parameter of the track associated to the 4321

jet. 4322

4.4.4 Photons and electrons 4323

The photon reconstruction and identification performance of 4324

the muon collider detector is assessed in a sample of single 4325

photon events. The photons were generated in the nominal 4326

collision vertex at the centre of the detector, uniformly dis- 4327

tributed in energy between 1 and 1500 GeV, in polar angle 4328

123
Journal: 10052 MS: 11889 TYPESET DISK LE CP Disp.:2023/8/12 Pages: 111 Layout: Large

un
co

rr
ec

te
d 

pr
oo

f

_####_ Page 64 of 111 Eur. Phys. J. C  _#####################_

Fig. 66 Efficiency of the b-tagging algorithm as a function of the jet
pT. The efficiency was evaluated in bb̄ dijet events in µ+µ− collisions
at

√
s = 3 TeV

Fig. 67 Efficiency of the b-tagging algorithm as a function of the jet
θ . The efficiency was evaluated in bb̄ dijet events in µ+µ− collisions
at

√
s = 3 TeV

change in the presence of the BIB. The b-tagging efficiency4300

is shown as a function of the jet pT in Fig. 66 and and as a4301

function of the jet θ in Fig. 67.4302

The efficiency is around 50% at low pT and increases up4303

to 70% at high pT.4304

The mis-tagging rate for c-jets is shown in Figs. 68 and 694305

and is found to be around 20%. As for b-jet efficiency, the c4306

mistag increases in the central region of the detector.4307

Figures 70 and 71 show the mis-tagging rates for the light4308

and fake jets as a function of the jet pT and θ . This rate is4309

found to be lower than 1% for a jet pT below 50 GeV and4310

increase to 5% at higher jet pT.4311

An initial b-jet identification algorithm based exclusively4312

on the identification of secondary vertices has been put in4313

place, demonstrating the effectiveness of one of the basic4314

Fig. 68 Misidentification rate for c-jets as a function of the jet pT. The
rate was evaluated in cc̄ dijet events in µ+µ− collisions at

√
s = 3 TeV

Fig. 69 Misidentification rate for c-jets as a function of the jet θ . The
rate was evaluated in cc̄ dijet events in µ+µ− collisions at

√
s = 3 TeV

components used in flavour tagging techniques in the com- 4315

plex muon collider environment. Further work is ongoing to 4316

take advantage of improved tracking methods, such as the 4317

CKF algorithm described in Sect. 4.4.1 to improve the inputs 4318

to secondary vertex finding, or on the exploitation of addi- 4319

tional handles, such as the presence of charged leptons within 4320

the jet, or the impact parameter of the track associated to the 4321

jet. 4322

4.4.4 Photons and electrons 4323

The photon reconstruction and identification performance of 4324

the muon collider detector is assessed in a sample of single 4325

photon events. The photons were generated in the nominal 4326

collision vertex at the centre of the detector, uniformly dis- 4327

tributed in energy between 1 and 1500 GeV, in polar angle 4328
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Goal separate W and Z in dijet channel 
(3-4% jet energy resolution for pt >100 GeV)

Procedure 
• Tracks reconstructed with CKF
• calorimeter hits selected (hit time window + 

energy threshold – 2 MeV)
• PandoraPFA algorithm for particle 

reconstruction
• Particles clustered into jets with kt algorithm 
• Fake jets removed
• Energy correction applied

Bias due to Ehit> 2 MeV
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Fig. 78 Comparison of the electron reconstruction efficiency as a func-
tion of the electron polar angle in the cases of no beam-induced back-
ground and with the BIB added to the event

4.4.5 Muons4406

The performance of muon reconstruction and identification4407

was studied in single muon events. The muons were produced4408

at the nominal collision point. The generated muons are uni-4409

formly distributed in energy in the range 100 MeV–50 GeV,4410

in polar angle between 8◦ and 172◦, and in azimuthal angle4411

over the whole range.4412

The muons are reconstructed and identified with the Pan-4413

dora Particle Flow algorithm [179], by matching track in the4414

inner detector reconstructed from the Combinatorial Kalman4415

Filter approach with clusters of hits in the muon system. A4416

cluster is defined as a combination of hits (one hit per layer)4417

inside a cone extending to the neighbouring layers. A detailed4418

description of the muon reconstruction algorithm is reported4419

in [162].4420

The cluster finding efficiency, defined as the ratio between4421

generated particles associated with a cluster and total gen-4422

erated particles, was found to be higher than 99% for pT >4423

10 GeV and higher than 98% for 8◦ < θ < 172◦.4424

Figures 79 and 80 show the muon reconstruction effi-4425

ciency respectively as a function of the muon pT polar angle4426

θ .4427

The muon pT resolution is shown in Fig. 81 where∆pT is4428

the difference between the generated muon pT and the pT of4429

the corresponding reconstructed particle. It results to be less4430

than 10−4 GeV−1 for pT > 30 GeV and around a factor of 74431

better in the barrel region compare to the endcap.4432

The BIB was found not to strongly affect the muon recon-4433

struction performance: the efficiency is lower only in the4434

endcaps where all the BIB hits are concentrated, and the4435

pT resolution is just a few percent worse. Additional work4436

is planned to improve the reconstruction efficiency for low4437

transverse momenta.4438

Fig. 79 Muon reconstruction efficiency as a function of transverse
momentum in a sample of single muon events

Fig. 80 Muon reconstruction efficiency as a function of the polar angle
θ in a sample of single muon events

Fig. 81 Muon track transverse momentum resolution as a function of
the muon transverse momentum in a sample of single muon events
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Fig. 78 Comparison of the electron reconstruction efficiency as a func-
tion of the electron polar angle in the cases of no beam-induced back-
ground and with the BIB added to the event

4.4.5 Muons4406

The performance of muon reconstruction and identification4407

was studied in single muon events. The muons were produced4408

at the nominal collision point. The generated muons are uni-4409

formly distributed in energy in the range 100 MeV–50 GeV,4410

in polar angle between 8◦ and 172◦, and in azimuthal angle4411

over the whole range.4412

The muons are reconstructed and identified with the Pan-4413

dora Particle Flow algorithm [179], by matching track in the4414

inner detector reconstructed from the Combinatorial Kalman4415

Filter approach with clusters of hits in the muon system. A4416

cluster is defined as a combination of hits (one hit per layer)4417

inside a cone extending to the neighbouring layers. A detailed4418

description of the muon reconstruction algorithm is reported4419

in [162].4420

The cluster finding efficiency, defined as the ratio between4421

generated particles associated with a cluster and total gen-4422

erated particles, was found to be higher than 99% for pT >4423

10 GeV and higher than 98% for 8◦ < θ < 172◦.4424

Figures 79 and 80 show the muon reconstruction effi-4425

ciency respectively as a function of the muon pT polar angle4426

θ .4427

The muon pT resolution is shown in Fig. 81 where∆pT is4428

the difference between the generated muon pT and the pT of4429

the corresponding reconstructed particle. It results to be less4430

than 10−4 GeV−1 for pT > 30 GeV and around a factor of 74431

better in the barrel region compare to the endcap.4432

The BIB was found not to strongly affect the muon recon-4433

struction performance: the efficiency is lower only in the4434

endcaps where all the BIB hits are concentrated, and the4435

pT resolution is just a few percent worse. Additional work4436

is planned to improve the reconstruction efficiency for low4437

transverse momenta.4438

Fig. 79 Muon reconstruction efficiency as a function of transverse
momentum in a sample of single muon events

Fig. 80 Muon reconstruction efficiency as a function of the polar angle
θ in a sample of single muon events

Fig. 81 Muon track transverse momentum resolution as a function of
the muon transverse momentum in a sample of single muon events
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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)

Eqs. (1) and (3). In a similar manner, the ALP-photons
interaction in Eq. (4) is usually expressed in the literature
by means of the coefficient gaγ ¼ 4=Λ.

B. Constraints

The possibility of seeing DP or ALP at a collider
experiment depends on the size of the effective scale Λ
controlling their interaction with ordinary matter and
photons. For the interaction between muons and DP, this
scale is mostly constrained by the value of the anomalous
magnetic moment (g − 2), the number of relativistic species
in the early Universe [Cosmic Microwave Background
(CMB)] and the energy emission of Supernova 1987A
(SN). Figure 1 summarizes these three constraints for the
DP in terms of the effective coupling 1=Λ and gives the
relative references.
The very strong SN bound makes impossible even for a

muon collider to explore this interaction. For this reason,
we mostly assume that the dark sector particles are massive
with a mass of at least 10 MeV, an energy scale that makes
their production in cosmological and astrophysical process
suppressed.
The coupling between ALP and photons is constrained

by direct searches and from SN1987A data. In this case,
however, the limit stops for stronger couplings leaving
values 102 < Λ=GeV < 105 possible (again, for a mass
larger than 10 MeV). Figure 2 summarizes the current
limits in terms of gaγ ¼ 4=Λ and shows future bounds,
those in this article included.
We assume that DP and ALP decays are dominated by

those into dark sector particles so that their signature
remains as missing energy. For this reason, bounds like
those from beam dump and other experiments, coming
from the decay into visible states are not included. We
comment below on what range of masses and coupling are
consistent with a non-negligible branching rate into
Standard Model states.

The relevant Feynman diagrams are shown in Fig. 3.
These two are the only diagrams contributing in the high-
energy regime because the direct coupling of the ALP to
muons is not enhanced by going to large c.m. energies.

C. The background: μ+ μ− → γνν̄

The Standard Model process μþμ− → γνν̄ gives rise to
the same signature as the signal we are after. The analytical
expression for the double differential cross section in the
solid angle and photon energy is provided in [19] and in the
low energy regime in [20]. Figure 4 shows the Eγ and
cosðθγÞ distributions for the background events. The cross
section grows with the c.m. energy but the number of
events with a high-energy photon decreases. Events at the
end of the photon energy spectrum around

Eγ ¼
ffiffiffi
s

p

2

"
1 −

m2
Z

s

#
ð5Þ

are enhanced by the radiative return of the Z-boson
pole. This feature (unfortunate, for our analysis) reduces
the sensitivity to the signal that—it being a two-body

Belle II (90%)
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FIG. 2. Limits on gaγ ¼ 4=Λ as a function of the ALP massma:
NA64a [38], Delphi [39], and BABAR [40] are actual limits.
Belle-II [41,42], NA64b [38], and μCollider [this paper] are
future estimates. The limit indicated by E137 is the one from [43]
as modified for a small (10−4) visible branching fraction [25]. For
masses up to 100 GeV the μCollider limits are for all practical
purposes mass independent.

FIG. 3. The diagrams contributing to the processes μþμ− →
γA0

μ (left) and μþμ− → γa (right) in the high-energy regime. For
masses up to 100 GeV the μCollider limits are mass independent.
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FIG. 1. Limits on DP effective coupling Λ to muons as defined
in Eq. (1), as a function of the dark-photon mass mA0 : for SN the
scale of the coupling to muons has been set at 104.4 TeV [34] by
the effect of dark radiation on supernovae dynamics. For CMB
see Ref. [35]. For g − 2 see Refs. [36,37]. For masses up to
100 GeV the μCollider limits are for all practical purposes mass
independent.
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by the gray vertical line in Fig. 7) to þ∞. The significance
is defined as Z ¼ Φ−1ð1 − pÞ where

ΦðxÞ ¼ 1

2

!
1þ erf

"
xffiffiffi
2

p
$%

: ð11Þ

The value of Z assigns a statistical significance to the
separation between the two LLR distributions. We can take
Z as the number of σs, in the approximation in which the
distribution is assumed to be Gaussian, and translates the
number of σs into a confidence level (CL).
The significance thus obtained scales as 1=Λ2. We can

plot the significance as a function of Λ and find the
effective scale value at which it is equal to 1.96. The value
thus found corresponds to the largest value of Λ for which
we can separate the signal from the background with a CL
of 95%.
Figure 8 shows the determination of the scale Λ for

which the separation of the signal from the background
reaches the 95% CL for both the DP and the ALP at the two
c.m. energies under consideration. Table I gives the values
of Λ for the DP and ALP thus determined. The same table
also gives the discovery (5σ) for the largest Λ reachable.
These results can be compared with current and future

limits from cosmological, astrophysical and collider phys-
ics we discussed in the Introduction. In Fig. 2 all the
available limits for the coupling between the DP and muons
are plotted together. A backward glance shows that

(i) For massless DP the coupling is constrained by the
SN events to a very small value, much smaller than
those explorable at the muon collider;

(ii) For massive DP and masses above 10 MeV the
muon collider could provide new (and very strin-
gent) limits.

The same is done for the limits for the coupling between
the ALP and the photon in Fig. 1. We see in this case that
the muon collider could provide the best limits even though

the estimated reach of Belle-II seems to overlap with that of
the muon collider at c.m. energy of 10 TeV.

A. Distinguishing the DP from the ALP

Assuming that a signal has been seen, will it be possible
to determine whether it comes from a DP or an ALP? The
difference rests on their characteristic angular distributions:
while the DP angular distribution is flat, the ALP shows an
angular dependence.
By means of a statistical analysis similar to that of the

previous section, we defined two likelihood functions,
LDPþB and LALPþB, including angular pdfs for the signal
and the background components in Eq. (9). The signal pdfs
are parametrized as functions of cosðθγÞwith a constant and
a second order polynomial for the DP and the ALP
hypotheses, respectively. The background pdf is a second
order polynomial. Figure 9 shows a comparison of the total
angular distributions for the two cases and the correspond-
ing LLR distributions.
We find that 500 events are necessary to distinguish with

95% CL between the spin-0 (ALP) and the spin-1 (DP)
hypotheses. For a scale Λ ≃ 160 TeV, this number of
events is accumulated approximately in five years. A
comparable number of events is necessary at

ffiffiffi
s

p
¼ 3 TeV.

IV. CONCLUSIONS

The exploration of the physics program at a future muon
collider has just begun. In this paper, we study the potential
of the monophoton signature in the search for a dark sector.
The high energy and luminosity made available by the
muon collider make it the ideal machine to study those
interactions between the Standard Model and the dark
sector from dimension-five portal operators that grow with
the energy, namely, those of the DP and the ALP. Although
the sensitivity of the analysis is hampered by the radiative
return of Z-boson pole—which makes the cross section of
the background non-negligible at the end of the energy
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FIG. 9. On the left: total angular distributions of the ALP and DP signals plus the background (B). 500 events are assumed for both
signals. On the right: LLR of the corresponding hypotheses.
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