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2 Outline

Ø Physics Scenario

Ø Future Lepton Colliders

Ø Muon Collider Idea

Ø Proposal for a different muon source
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3

The Standard Model theory is the right language to 
describe physics up to LHC energies

CMS-𝛼" ATLAS-Cross Sections

CMS-Higgs
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4
Standard Model is not the ultimate theory, several questions are not answered

Nasa

The nature of dark matter

Primordial Matter

10,000,000,001
Primordial Anti-Matter
10,000,000,000

Matter – Antimatter asymmetry

Hierarchy Problem

Why is Higgs mass so much less than other energy scales in particular the scale of gravity?

Higgs Enigma

Discovery of Higgs, h, sharpens deep mystery of Weak Scale:

Why is Higgs mass so much less than other energy scales — in particular the 
scale of gravity?

We live inside an “electro-weak superconductor” where 
SU(2)xU(1) symmetry is broken (everywhere in the 
observed universe)

A very closely related mystery:

mh ' 125.5 GeV n MPlanck = 1/
p

GN ' 1.2⇥ 1019 GeV??

— similar to how inside a usual superconductor!
electromagnetism is broken (and photon gets a mass)!
due to condensate of Cooper-pairs 
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5
How to investigate the Nature?

I. If something new, a new particle, is found at LHC
§ precision machine to study it and the Higgs

II. If nothing is found at LHC after High Luminosity data taking
a. Hadronic machine, FCC-hh, to investigate up to 100 TeV
b. precision machine to study the Higgs as the portal for Physics Beyond Standard 

Model  and to investigate at the highest possible energies.

Focus on II b: lepton machine



D
on

at
el

la
 L

uc
ch

es
i

6

Giulia Zanderighi, Higgs and Electroweak: theory overview 

An extremely rich program

27

Tool for discovery
- portal to BSM
- portal to hidden 

sector 
- portal to DM 

Precision measurements
- mass, width
- spin, CP, couplings 
- off-shell coupling, 

width interferometry 
- differential 

distributions

SM minimal or not? 
- 2HDM 
- MSSM, NMSSM 
- extra Higgs states, 

doubly-charged Higgs

Rare / beyond SM decays
- H → Zγ 
- H → μμ 
- H → cc 
- H → τμ, τe, eμ 
- H → J/Ψγ, Υγ , … 

… and much more 
- Higgs potential 
- di-Higgs 
- other FCNC decays 
- … 

H
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7
Expected Scenario after HL-LHC 

𝑘$ is scale factor respect to the SM, 
i.e.  𝑔&''	 = 𝑘'𝑔&''*+ 	
(it assumes only one narrow Higgs 
resonance)

ATLAS has similar, more 
conservative values

Higgs projections ($ formalism)

❖ $-formalism requires assumptions 
about the total width

❖ Results predate evidence/discovery of 
H→bb,tt,%% (!!,Z&)

❖ Historical results, will surely be 
updated as part of the strategy process.

❖ ATLAS results consistently more 
conservative than CMS.

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb
 = 14 TeV Scenario 2s at  -13000 fb

1307.7135v2
Deviation from SM predictions due to 
various New Physics models are expected 
to be ~ few %
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8
The Higgs Potential has to be determined to understand the EW symmetry 
breaking

In SM, expanded about the minimum	

𝑉 𝐻 =
1
2
𝑚&
1𝐻1 + 𝜆𝑣𝐻5 +

𝜆
4
𝐻7

Single H Double H Triple H

𝜆	is	sensitive	to	New	Physics

𝜆
HH final states are needed 

HH@HL-LHC
❖ Results based on 

behavior of cross section 
with (/(SM

❖ No evidence for SM hh 
expected in a single 
channel 

10-1

100

101

102

-4 -3 -2 -1  0  1  2  3  4

σ
(N

)L
O

[fb
]

λ/λSM

pp→HH (EFT loop-improved)
pp→HHjj (VBF)

pp→ttHH

pp→WHH

pp→ZHH pp→tjHH

HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Ma
dG
ra
ph
5_

aM
C@
NL
O

1401.7340

3000fb-1

Indirect sensitivity to 𝜆 of single Higgs production 
but theory and experimental measurements must 
have enough precision
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9
The expected effects of new physics on the 125 GeV 
Higgs boson are small, at the few-percent level, due to 
Haber’s decoupling theorem.  

Higgs events are not characteristic at hadron colliders, 
except in a few rare modes.   Typical Higgs boson 
samples are 10% Higgs, 90% other. 

Not all Higgs decay modes can be observed at hadron 
colliders.   So, it is not possible there to determine 
Higgs couplings in a model-independent way.     LHC 
experiments typically measure    ,  a combination of 
couplings.

µ

Why is this difficult at hadron colliders ?

M Peskin ICFA 2017
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Lepton Colliders:  Muon versus Electrons @ √s=125 GeV

𝜎 𝜇G𝜇H → 𝐻 =
𝑚J

𝑚K

1
×𝜎 𝑒G𝑒H → 𝐻 =

105.7𝑀𝑒𝑉
0.511	𝑀𝑒𝑉

1

×𝜎 𝑒G𝑒H → 𝐻

𝜎 𝜇G𝜇H → 𝐻 = 4.3×107×𝜎 𝑒G𝑒H → 𝐻

�(BW) ISR alone R (%) BES alone BES+ISR

µ
+
µ
�: 71 pb 37

0.01 17 10

0.003 41 22

e
+
e
�: 1.7 fb 0.50

0.04 0.12 0.048

0.01 0.41 0.15

Table 1. E↵ective cross sections in µ
+
µ
� (upper panel) collision in units of pb and e

+
e
� (lower

panel) collision in units of fb at the resonance
p
s = mh = 125 GeV, with Breit-Wigner resonance

profile alone, with ISR alone (Jadach-Ward-Was (b)), with BES alone for two choices of beam energy
resolutions, and both the BES and ISR e↵ects included.

3.1 The case for the muon collider

The muon collider Higgs factory features a line-shape scan of the Higgs boson, enables a si-

multaneous measurement of the Higgs boson mass, width and muon Yukawa at unprecedented

precision [3–5]. The inclusion of the ISR e↵ects make the prediction more robust.

In Table 1 we show the reduction e↵ects for the resonance production of the SM Higgs

boson at 125 GeV for a muon collider (upper panel) including BES and ISR. The resonance

production rate is reduced by a factor of 1.9 with the inclusion of ISR e↵ect with the parame-

terization of Jadach-Ward-Was (b). Independently, the production rate would be reduced by

factors of 4.2 and 1.7 for beam spread of 0.01% and 0.003% respectively.1 The total reduction

after the convolution of the beam spread and the ISR e↵ect is 7.1 and 3.2 for the two beam

spread scenarios, respectively.

To illustrate the resulting line-shape we show in Fig. 2 (left panel for a µ
+
µ
� collider)

for various setups of our evaluation. We show the sharp Breit-Wigner resonance in solid blue

lines. The BES will broaden the resonance line-shape with a lower peak value and higher

o↵-resonance cross sections, as illustrated by the green curves. The solid lines and dashed

lines represent the narrow and wide BES of 0.01% and 0.003%, respectively. The ISR e↵ect is

asymmetric below and above the resonant mass, because it only reduces the collision energy

by emitting photons, shown in the orange curve. In regions 10 MeV above the Higgs mass, the

ISR e↵ect increases the production rate via “radiative return” mechanism. Still, the overall

e↵ect is the reduction of on-shell rate as clearly indicated in the plot. In red lines we show

the line shapes of the Higgs boson with both the BES and the ISR e↵ect. We can see the

resulting line shape is not merely a product of two e↵ect but rather complex convolution,

justifying necessity of our numerical evaluation.

Having understood the ISR and BES e↵ects on the signal production rates and line shapes,

we now proceed to understand the e↵ect on the background. For the muon collider study, the

main search channels for the Higgs boson will be the exclusive mode of bb̄ and WW
⇤. For the

bb̄ final state the main background is from the o↵-shell Z/� s-channel production. The ISR

1
In comparison with the cross sections considering beam energy spread in our initial study [5], some small

numerical di↵erences are generated due to a di↵erent choice of the Higgs boson mass of 125 GeV instead of

126 GeV and correspondingly the di↵erent branching fractions and total widths.

– 6 –

Back on the envelope calculation:

More precise determination done by M. Greco et al. (arXiv:1607.03210v2)

R: percentage beam energy resolution, key parameter 
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11 Muon Collider at the Higgs pole

The s-channel Higgs production affords: 
q most precise measurement of a second generation fermion Higgs-Yukawa coupling 

constant, gµ
q best mass measurement, precision of ∼ (few)×10HT
q best direct measurement of the width to a precision of ∼ few% model independent ⇒ most 

powerful test of new physics

U.S.$Muon$Accelerator$Program$$

  38 of 56 

• Lower beamstrahlung in a Muon Collider, enabling more effective beam constraints and 
sharper distributions for physics signals; 

• Typically smaller levels of beam polarization: 15% muon vs 80% electron polarization; 
• Beam shielding required in a Muon Collider limits acceptance in the forward direction. 

The radiation environment in a Muon Collider is similar to that at LHC, which will require 
detectors with moderate radiation hardness. 
 
Muon Collider beam energy can be measured with a precision better then 10–5 by utilizing the g-2 
spin precession of beam muons33.  With beam energy spread similar to the predicted 4.2 MeV 
width of the Higgs a model-independent measurement of the Higgs width could be the unique, 
flagship measurement of such a machine.  With straightforward event shape cuts the Higgs →
!!!signal/ background ratio can be close to 334.  A beam energy scan with 1 fb-1 integrated 
luminosity, counting the Higgs yield as a function of the center-of-mass energy, can establish the 
mass of the Higgs to a statistical precision better than 0.1 MeV and the width to better than 0.5 
MeV35 as shown in Figure 22.  Here the crucial factors are establishment, measurement, and 
maintenance of a small beam energy spread and precise monitoring of the beam energy.  
Figure 23 shows the cross section of a possible Higgs Factory Muon Collider detector consisting 
of precise tracking, calorimetry and muon detection.  Shielding of detectors from beam-induced 
radiation is discussed later in this section. 

 

Figure 22: Simulated bb̄ event counts from a 1 fb-1 scan across a 126 GeV Higgs peak assuming 4.2 MeV 
beam energy spread. 
 
 
 
 

                                                        
33 R. Raja, A. Tollestrup, Phys. Rev. D 58, 013005 (1998). 
34 A. Conway, H. Wenzel, arXiv:1304.5270. 
35 T. Han, Z. Liu, arXiv:1210.7803. 

• Assumed Higgs width 4.2 MeV
• Energy Scan:

𝐻 → 𝑏𝑏V event count as function 
of √s

• Critical parameter : Beam Energy 
Spread ~10HW

Muon 
Accelerator 
Program
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Parameter HL-LHC FCC-ee FCC-ee ILC CLIC CLIC CEPC 𝜇-Coll.
√s[TeV] 14 350 240 250 350 1400 240 125
Lum/IP[E34] 5 1.3 5.0 1.35 1.5 1.5 2 0.01
Lum.Tot.[ab-1] 3 0.65x4 2.5x4 2 0.5 1.5 2.5x2 0.004
Years[107s] 6 5 5 15 3 10 10 4
∆𝒎𝑯[MeV] 100 14 - 47 5.9 0.06
𝚪𝑯[%] 1.2 2.4 3.9 2.0 1.1 2.8 4
∆𝒌𝑯𝒁𝒁[%] 4 0.15 0.16 0.38 0.6 0.5 0.25 -
∆𝒌𝑯𝑾𝑾[%] 4.5 0.19 0.85 1.8 1.2 0.5 1.2 0.2
∆𝒌𝑯𝒃𝒃[%] 11 0.42 0.88 1.8 2.6 1.5 1.3 0.4
∆𝒌𝑯𝝉𝝉[%] 9 0.54 0.94 1.9 4.2 2.1 1.4 1.5
∆𝒌𝑯𝜸𝜸[%] 4.1 1.5 1.7 1.1 - 5.9 4.7 -
∆𝒌𝑯𝒄𝒄[%] 0.71 1.0 2.4 6.3 3.2 1.7 -
∆𝒌𝑯𝒈𝒈[%] 6.5 0.8 1.1 2.2 5.1 4.0 1.5 -
∆𝒌𝑯𝒕𝒕[%] 8.5 - - - - 4.2 - -
∆𝒌𝑯𝝁𝝁[%] 7.2 6.2 6.4 5.6 - 14 8.6 -
∆𝒌𝑯𝑯𝑯[%] limits - - - - 40 - -
References ATL-PHYS-PUB-

2014-016
1308.6176 1308.6176 1710.07621 1608.07538 1608.07538 IHEP-CEPC-

DR-2015-01
1308.2143

Different 
parameter 
definition
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13 Multi TeV Muon Collider Possibilities
When √s>1 TeV fusion process dominateU.S.$Muon$Accelerator$Program$$

  34 of 56 

 
 

Figure 19: Various SM cross sections (in fb) at a MC as a function of energy from �s = 0.5−6 TeV.  The 
growing dominance with increasing energy of the fusion processes (Z0νµν̄µ and hνµν̄µ) over the standard 
pair production cross sections (W+W−, tt̄ , e+e− and hZ0) is clearly visible. 
 
 

2.4.1.2.2 New"Physics"

2.4.1.2.2.1 Extended*Higgs*Sector*
 
In the two-Higgs doublet scenario there are five scalars:  two charged scalars H±, two neutral CP-
even scalars h, H0, and a CP-odd neutral A.  For the supersymmetric MSSM models, as the mass 
of the A is increased, the h becomes closer to the SM Higgs couplings and the other four Higgs 
become nearly degenerate in mass (“decoupling”).  This makes resolving the two neutral-CP 
states difficult without the good energy resolution of a Muon Collider.  This separation in the 
case of MA = 400 and tan β = 5 was studied in detail by Dittmaier and Kaiser20.  The Muon 
Collider is an ideal place to study s-channel production of very heavy H/A because of 
decoupling26.  This is a typical situation in SUSY models that evade the LHC bounds.  A 
comparison of associated-production mechanisms for heavy-Higgs production (available at both 
ILC/CLIC and an MC) with the s-channel production available only at an MC is shown in 
Figure 20. The resonance production cross section is more than two orders of magnitude larger 
than that of any process available at CLIC. 

 

                                                        
26 E. Eichten and A. Martin, “The Muon Collider as a H/A Factory,” arXiv:1306.2609 [hep-ph] 

1308.0494
Detailed studies are needed but we can expect a 6 TeV
muon collider with the same luminosity as CLIC have 
comparable performances in boson fusion phenomena

[s�σ� ]H=[s�σ� ]L
[s�σ� ]H=10 [s�σ� ]L

5 10 15 20 25 30
20

50

100

200

500

sL [TeV]

s H
[T
eV

]

Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum

PRELIMINARY DOCUMENT 7 Not for distribution
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At very high energy it’s a discovery machine!

2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider

�H(E, sH) =
1

sH

Z 1

E2/sH

d⌧

⌧

dL

d⌧
[ŝ�̂]

H
, �L(sL) =

1

sL
[ŝ�̂]

L
. (1)
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14 Current Status of Muon Collider Projects

A lot of work done within the MAP , Muon Accelerator Program
𝜇 from hadrons, mainly 𝜋 decay
Main difficulty is the muon cooling

Why Muons? 

Physics 
Frontiers 

•  Intense and cold muon beams a unique physics reach 
• Tests of Lepton Flavor Violation 
• Anomalous Magnetic Moment (g-2) 
• Precision sources of neutrinos 
• Next generation lepton collider 

Colliders 

• Opportunities 
•  s-channel production of scalar objects 
• Strong coupling to particles like the Higgs  
• Reduced synchrotron radiation a multi-pass acceleration feasible 
• Beams can be produced with small energy spread 
• Beamstrahlung effects suppressed at IP 

• BUT accelerator complex/detector must be able to handle the impacts of µ decay 

Collider 
Synergies 

• High intensity beams required for a long-baseline Neutrino Factory 
are readily provided in conjunction with a Muon Collider Front End 

• Such overlaps offer unique staging strategies to guarantee physics  
output while developing a muon accelerator complex capable of  
supporting collider operations 

February 17, 2016 Higgs-Maxwell Workshop - Royal Society of Edinburgh 5 

µ+ → e+νeνµ

µ− → e−νeνµ

mµ =105.7MeV / c
2

τ µ = 2.2µs

 
∼

mµ
2

me
2

!

"
#

$

%
& ≅ 4×104

Other new ideas
§ e+ annihilation on target, Low Emittance Muon Source
§ 𝜋/𝜇 production from 𝛾-p collision at LHC or FCC L. Serafini et al. 
§ e± and 𝜇 production in 𝛾-PSI (Partially Stripped Ions) collisions at LHC or FCC –“Gamma 

Factory” W. Krasny
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15 Muon Collider Main Features 
q Muon Source

§ Hadron production
• 𝑝 → 𝑇𝑎𝑟𝑔𝑒𝑡 → 𝜋±𝑋 → 𝜇±	𝜈	𝑋
• Phase space of 𝜋±, 𝜇±	is very large ⇒ emittance has to be cooled by factors ~106

• High production rate, Rate > 1013 𝜇/sec N𝜇 = 2×1012/bunch 
§ e+ annihilation on target e-

• 𝑒G → 𝑇𝑎𝑟𝑔𝑒𝑡 → 𝜇G𝜇H
• No cooling needed
• Modest production rate,  Rate ≈ 1011 𝜇/sec N𝜇 ≈ 6×109/bunch 

q Acceleration

q Collider Ring

q Collider Machine Detector Interface

q Collider Detector
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16 MAP ProposalHigh Energy Muon Accelerator Capabilities 

February 17, 2016 Higgs-Maxwell Workshop - Royal Society of Edinburgh 6 
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MAP Proposal – Muon Collider

Muon Accelerator Program

• Based on 6-8 
GeV Linac
Source 

• H- stripping 
requirements 
same as those 
established for 
neutrino 

• MERIT@CERN
studied high 
power target

• 𝜋 production 
in high-field 
solenoid
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(MC), thus providing the final elements of a Muon Accelerator Staging Plan which spans the 
Intensity and Energy Frontiers—in a nutshell,   
 

• nuSTORM → NuMAX → NuMAX+ → HF(commissioning) → HF(operation) → TeV-
scale MC  

2.4.3.1 Components%
 

 
Figure 27:  Functional elements of a Higgs Factory/Muon Collider complex 

 
The functional elements of a Higgs Factory/TeV-scale Muon Collider complex are illustrated 
schematically in Figure 27.  They can be listed as follows:  

• A proton driver producing a high-power multi-GeV bunched proton beam.  

• A pion production target operating in a high-field solenoid.  The solenoid confines the pions 
radially, guiding them into a decay channel. 

• A “front end” consisting of a solenoid π→µ decay channel, followed by a system of RF 
cavities to capture the muons longitudinally and phase rotate them into a bunch train suitable 
for use in the cooling channel. 

• A cooling channel that uses ionization cooling to reduce the longitudinal phase space 
occupied by the beam by about six orders of magnitude from the initial volume at the exit of 
the front end.  The first stages of the cooling scheme include 6D cooling and a bunch merge 
section.  For a Higgs Factory, cooling would stop before entering a “Final Cooling” section 
which trades increased longitudinal emittance for a ten-fold improvement in each transverse 
emittance as required for a high luminosity TeV-scale Muon Collider. 

• A series of acceleration stages to take the muon beams to the relevant collider energies.  
Depending on the final energy required, this chain may include an initial linac followed by 
recirculating linear accelerators (RLA) and/or fixed-field alternating gradient (FFAG) rings. 
At present, the multi-TeV collider designs utilize rapid-cycling synchrotrons (RCS) as the 
baseline for achieving the highest beam energies. 

• A compact collider ring, having a circumference of ~300 m for a Higgs Factory and several 
kilometers for a TeV-scale collider, along with the associated detector(s).  At present, the 
baseline Higgs Factory design assumes 1 detector while the TeV-scale colliders can readily 
accommodate at least 2 detectors. 

2.4.3.2 Implementation%on%the%Fermilab%site%
 
Here we discuss specific facilities based on Fermilab’s infrastructure and integrated with the 
stages of Project X.  Based on the physics needs identified at the time, the facility could support 
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Muon Colliders extend leptons high energy frontier with potential of 
considerable power savings
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20 The lesson I learnt  

q It will be perfect to have a:
• Higgs factory, a muon collider machine running at Higgs mass energy
• multi-TeV muon collider machine to explore the very high energy regime

q These two are different options and it is necessary to:
§ study and tune dedicated machine parameters 
§ design and simulate the experimental apparatus to collect data, taking into 

account the background conditions

q The physics reaches in both cases require detailed studies including detectors 
simulation and machine background conditions
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Low Emittance Muon Source Idea

Exploit 𝑒G𝑒H → 𝜇G𝜇H at √s around the 𝜇G𝜇H	threshold, s� 	~ 0.212 GeV, in asymmetric 
collisions to generate beams of 𝜇Gand 𝜇H

Pro’s
1. Low emittance: muon emission angle respect to the beam, qµ, is tunable with s� ,	it can be 

very small around the 𝜇G𝜇H	production energy threshold 
2. Energy spread: muon energy spread small at threshold, it gets larger as s� increases
3. Low background: 

§ muon can be produced with a relatively high boost in asymmetric collisions reducing 
losses from decay

§ low emittance allows high luminosity with modest muon fluxes ⇒ low background 
and low 𝜈 radiation therefore we can reach high energy

Con’s
Low Rate: s(𝑒G𝑒H → 𝜇G𝜇H) ≈ 1µb (at most), to be compared to s(ph→ 𝜇G𝜇H) ≈ mb

The possibility to use low energy 𝑒G𝑒H beams is not viable, it requires luminosity ≈1040 cm-2 s-1

Positron on target are considered
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(MC), thus providing the final elements of a Muon Accelerator Staging Plan which spans the 
Intensity and Energy Frontiers—in a nutshell,   
 

• nuSTORM → NuMAX → NuMAX+ → HF(commissioning) → HF(operation) → TeV-
scale MC  

2.4.3.1 Components%
 

 
Figure 27:  Functional elements of a Higgs Factory/Muon Collider complex 

 
The functional elements of a Higgs Factory/TeV-scale Muon Collider complex are illustrated 
schematically in Figure 27.  They can be listed as follows:  

• A proton driver producing a high-power multi-GeV bunched proton beam.  

• A pion production target operating in a high-field solenoid.  The solenoid confines the pions 
radially, guiding them into a decay channel. 

• A “front end” consisting of a solenoid π→µ decay channel, followed by a system of RF 
cavities to capture the muons longitudinally and phase rotate them into a bunch train suitable 
for use in the cooling channel. 

• A cooling channel that uses ionization cooling to reduce the longitudinal phase space 
occupied by the beam by about six orders of magnitude from the initial volume at the exit of 
the front end.  The first stages of the cooling scheme include 6D cooling and a bunch merge 
section.  For a Higgs Factory, cooling would stop before entering a “Final Cooling” section 
which trades increased longitudinal emittance for a ten-fold improvement in each transverse 
emittance as required for a high luminosity TeV-scale Muon Collider. 

• A series of acceleration stages to take the muon beams to the relevant collider energies.  
Depending on the final energy required, this chain may include an initial linac followed by 
recirculating linear accelerators (RLA) and/or fixed-field alternating gradient (FFAG) rings. 
At present, the multi-TeV collider designs utilize rapid-cycling synchrotrons (RCS) as the 
baseline for achieving the highest beam energies. 

• A compact collider ring, having a circumference of ~300 m for a Higgs Factory and several 
kilometers for a TeV-scale collider, along with the associated detector(s).  At present, the 
baseline Higgs Factory design assumes 1 detector while the TeV-scale colliders can readily 
accommodate at least 2 detectors. 

2.4.3.2 Implementation%on%the%Fermilab%site%
 
Here we discuss specific facilities based on Fermilab’s infrastructure and integrated with the 
stages of Project X.  Based on the physics needs identified at the time, the facility could support 
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(MC), thus providing the final elements of a Muon Accelerator Staging Plan which spans the 
Intensity and Energy Frontiers—in a nutshell,   
 

• nuSTORM → NuMAX → NuMAX+ → HF(commissioning) → HF(operation) → TeV-
scale MC  

2.4.3.1 Components%
 

 
Figure 27:  Functional elements of a Higgs Factory/Muon Collider complex 

 
The functional elements of a Higgs Factory/TeV-scale Muon Collider complex are illustrated 
schematically in Figure 27.  They can be listed as follows:  

• A proton driver producing a high-power multi-GeV bunched proton beam.  

• A pion production target operating in a high-field solenoid.  The solenoid confines the pions 
radially, guiding them into a decay channel. 

• A “front end” consisting of a solenoid π→µ decay channel, followed by a system of RF 
cavities to capture the muons longitudinally and phase rotate them into a bunch train suitable 
for use in the cooling channel. 

• A cooling channel that uses ionization cooling to reduce the longitudinal phase space 
occupied by the beam by about six orders of magnitude from the initial volume at the exit of 
the front end.  The first stages of the cooling scheme include 6D cooling and a bunch merge 
section.  For a Higgs Factory, cooling would stop before entering a “Final Cooling” section 
which trades increased longitudinal emittance for a ten-fold improvement in each transverse 
emittance as required for a high luminosity TeV-scale Muon Collider. 

• A series of acceleration stages to take the muon beams to the relevant collider energies.  
Depending on the final energy required, this chain may include an initial linac followed by 
recirculating linear accelerators (RLA) and/or fixed-field alternating gradient (FFAG) rings. 
At present, the multi-TeV collider designs utilize rapid-cycling synchrotrons (RCS) as the 
baseline for achieving the highest beam energies. 

• A compact collider ring, having a circumference of ~300 m for a Higgs Factory and several 
kilometers for a TeV-scale collider, along with the associated detector(s).  At present, the 
baseline Higgs Factory design assumes 1 detector while the TeV-scale colliders can readily 
accommodate at least 2 detectors. 

2.4.3.2 Implementation%on%the%Fermilab%site%
 
Here we discuss specific facilities based on Fermilab’s infrastructure and integrated with the 
stages of Project X.  Based on the physics needs identified at the time, the facility could support 
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Study of 𝑒G𝑒H → 𝜇G𝜇Hat the threshold

• 𝑒G𝑒H → 𝜇G𝜇H
• 𝑒G𝑒H → 𝑒G𝑒H𝛾
• 𝑒G𝑒H → 𝛾𝛾

Main contributing process We need
• Maximum muon production
• Minimum muon bunch emittance
• Minimum muon energy spread

From very simple calculation

s(𝑒G𝑒H → 𝜇G𝜇H)

µb
1

0.8
0.6
0.4
0.2
0

44 46 48 6050 54 56 5852
GeVEbeam(e+)

qµ
max

Ebeam(e+)
44 46 48 6050 54 56 5852

GeV

10-3

2
1.6
1.2
0.8
0.4

0

r.m.s.(Eµ)/Eµ

GeV
44 46 48 6050 54 56 5852

0.3
0.25
0.2

0.15
0.1

0.05
0

Ebeam(e+)

Ebeam (𝑒G) = 45 GeV is assumed 
g(µ)≈200 ⇒ laboratory lifetime of about 500 µs

(dominant)

“Natural” Beam Energy 
Spread 0.05 
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Target Considerations

Choice driven by:
§ High number of 𝜇G𝜇H pair production ⇒ high Z and high density
§ Low positron loss for beam re-circulation ⇒ low Z
§ Low muon bunch emittance ⇒ thin target

Plasma target option
• Best approximation of an electron target
• Size of electrons high density region goes as ~ 1/(plasma density) 
• If n(𝑒H)= O(1020) ⇒ length-scale  O(µm) range therefore it is too short to be used

The bremsstrahlung process governs the positrons beam degradation in this case and it
scales with the radiation length.

On one side to minimise the emittance there is the need of a small length l (thin target),
on the other side compact materials have typically small radiation lengths causing an
increase of the emittance due multiple scattering and a fast positron beam degradation
due to bremsstrahlung. The production e�ciency is instead proportional to the electrons
density. Positrons survival probability is also an issue to be considered not only for
long targets (as long as one radiation length: l ⇠ X0) but also if the positron beam is
recirculated to increase the positron rate impinging the target. Relevant properties of
the materials considered in our study are given in Table 1; together with the atomic and
mass numbers Z and A are reported also the radiation length X0, the interaction length
�(µ+µ�) and the ratio �(µ+µ�)/X0, being inversely proportional to the maximum value
that can be obtained for eff(µ+µ�). The criteria we considered for the target choice are:

• the maximisation of the number of µ pairs produced;

• the minimisation of the muon emittance;

• the largest positrons survival, if needed for the positrons recirculation.

Table 2 shows the results of GEANT4 simulations performed for the positron energy
of 44 GeV on Cu, C, Diamond and Be targets, where the thickness is chosen in order
to have the same muon production rate. For these four cases, we optimised the target

Table 2: Summary of GEANT4 simulation results for 44 GeV positrons through di↵erent solid targets.

Cu C Diamond Be
target thickness (cm) 0.4 0.9 0.5 1.0
target thickness (X0) 0.29 0.04 0.04 0.03
target thickness (10�7 �(µ)) 2.7 1.6 1.6 1.6
muon emittance at production (nm) 0.19 0.16 0.09 0.17
eff(µ+µ�)(10�7) 1.6 1.6 1.6 1.6
e+ fraction for �E/E < 10% 0.46 0.90 0.90 0.93

thickness and the positron beam energy to maximise our key parameters. As expected, it
has been found that light materials like Beryllium, Carbon, and Diamond, have a better
performance with respect to heavier materials like Copper, having a larger muon produc-
tion e�ciency eff(µ+µ�). In addition in these cases the muon beam is produced with a

PRELIMINARY DOCUMENT 18 Not for distribution

Conventional target study
q Preliminary study with GEANT4: 

- 𝑒G beam of 44 GeV 
- Cu, C, Diamond, Be 

q Tuning thickness to have same 
𝑒𝑓𝑓(𝜇G𝜇H) = z(J{J|)

z(K{)
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Target Considerations: Crystals  

The bremsstrahlung process governs the positrons beam degradation in this case and it
scales with the radiation length.

On one side to minimise the emittance there is the need of a small length l (thin target),
on the other side compact materials have typically small radiation lengths causing an
increase of the emittance due multiple scattering and a fast positron beam degradation
due to bremsstrahlung. The production e�ciency is instead proportional to the electrons
density. Positrons survival probability is also an issue to be considered not only for
long targets (as long as one radiation length: l ⇠ X0) but also if the positron beam is
recirculated to increase the positron rate impinging the target. Relevant properties of
the materials considered in our study are given in Table 1; together with the atomic and
mass numbers Z and A are reported also the radiation length X0, the interaction length
�(µ+µ�) and the ratio �(µ+µ�)/X0, being inversely proportional to the maximum value
that can be obtained for eff(µ+µ�). The criteria we considered for the target choice are:

• the maximisation of the number of µ pairs produced;

• the minimisation of the muon emittance;

• the largest positrons survival, if needed for the positrons recirculation.

Table 2 shows the results of GEANT4 simulations performed for the positron energy
of 44 GeV on Cu, C, Diamond and Be targets, where the thickness is chosen in order
to have the same muon production rate. For these four cases, we optimised the target

Table 2: Summary of GEANT4 simulation results for 44 GeV positrons through di↵erent solid targets.

Cu C Diamond Be
target thickness (cm) 0.4 0.9 0.5 1.0
target thickness (X0) 0.29 0.04 0.04 0.03
target thickness (10�7 �(µ)) 2.7 1.6 1.6 1.6
muon emittance at production (nm) 0.19 0.16 0.09 0.17
eff(µ+µ�)(10�7) 1.6 1.6 1.6 1.6
e+ fraction for �E/E < 10% 0.46 0.90 0.90 0.93

thickness and the positron beam energy to maximise our key parameters. As expected, it
has been found that light materials like Beryllium, Carbon, and Diamond, have a better
performance with respect to heavier materials like Copper, having a larger muon produc-
tion e�ciency eff(µ+µ�). In addition in these cases the muon beam is produced with a

PRELIMINARY DOCUMENT 18 Not for distribution

q In presence of channeling phenomena, target does not contribute to the muon 
emittance

q Dimuon production cross section for 𝑒G beam of 44 GeV on diamond ~ 0.1 µb

q It could be an option for a muon collider at 125 GeV

Full simulation study is needed to evaluate also thermomechanical characteristics of the target
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The Luminosity 

By using a 45 GeV 𝑒G beam on target, maximum 𝑒𝑓𝑓(𝜇G𝜇H) = z(J{J|)
z(K{)

= 10HW

A very intense 𝑒G beam is needed Table 3: Positron source parameters for future projects from ref. [24].

SLC CLIC ILC LHeC LHeC ERL
E [GeV] 1.19 2.86 4 140 60
�✏x [µm] 30 0.66 10 100 50
�✏y [µm] 2 0.02 0.04 100 50
e+[1014s�1] 0.06 1.1 3.9 18 440

0.1 mrad for a positron beam energy of E+=43.72 GeV. At this energy the dimuon
production cross section is slightly above 0.1 µb and the muon energy spread at 22 GeV
is below 1.5%. We think this could be a good option in the case of an Higgs factory
at center of mass energy of 125 GeV where a beam energy spread of about 5 · 10�5 is
required. A complete study of this option requires a detailed simulation of crystal targets
in channeling regime.

3.2. Positron source

A superior positron source is required to compensate the extremely low muon production
e�ciency eff(µ+µ�) < 10�5. The present record positrons production rate has been
reached at the SLAC linac SLC. A summary of the parameters of the positron sources
for the future facilities is reported in Table 3. ILC positron source has been designed
to provide 3.9 · 1014e+/s. Positron sources more intense by two order of magnitudes are
foreseen for LHeC.

3.3. Multipass scheme

A multipass scheme allows to increase the µ conversion e�ciency; it can be implemented
with a large momentum acceptance storage ring. A 6 km positron ring with a bending ra-
dius ⇢ of 0.6 km has been considered. A total positron beam current of Itot(e+) = 240 mA,
corresponding to Nbunch(e+) = 3 · 1011 positrons per bunch, nb = 100 bunches provide a
rate of 1.5 · 1018 positrons on target per second. Muons could be recombined in two rings
with a circumference of 60 m intercepting the positron ring in the interaction point on
target. The muon laboratory lifetime ⌧ lab

µ
is about 460 µs so that the recombination of

the muon bunches need to be fast, about one muon lifetime. Muons accumulating in the
storage ring pass the target many times and they receive an emittance increase due to
multiple scattering. This contribution has to be taken into account to evaluate the final

PRELIMINARY DOCUMENT 20 Not for distribution

Conference Proc.

Assuming 𝑒G beam with 𝑁(𝑒G)/𝑠	~10�7 (CLIC) ⇒ N 𝜇G𝜇H /𝑠~10�	⇒ Low luminosity

Multipass scheme is considered in order to reach N 𝜇G𝜇H /𝑠~10��
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Multi-Tev Muon Source Study

“easy” case:
q No need of extreme beam energy resolution
q Use thin target with high efficiency and small e+ loss
q Positrons in storage ring with high momentum acceptance 

The goal is:  N 𝜇G𝜇H /𝑠~10��
§ If 𝑒𝑓𝑓(𝜇G𝜇H) ≈ 10H� with a Be target ⇒ 𝑁(𝑒G)/𝑠	~10��	needed on the target
§ Positron beam with the largest possible lifetime to minimize positron source rate
§ LHeC-like positron source rate
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Possible Schema for Low Emittance Muon Source 

Positron Source
§ 𝑒H on conventional Heavy Thick Target (TT) for 

𝑒G𝑒Hpairs production. 
§ Adiabatic Matching Device (AMD) for 𝑒Gcollection

Positron Ring
§ Acceleration and injection (Linac/Booster)
§ 6.3 km 45 GeV storage ring with target T for muon 

production

Muon Beams
§ 𝜇± produced by 𝑒G beam on target T with E≈	22GeV,

g(µ) ≈	200 → tlab(µ) ≈	500µs 
§ AR: 60 m isochronous and high momentum 

acceptance rings to recombine 𝜇± bunches in~1tµ
lab

≈2500 turns 
§ 𝜇± fast acceleration
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Considerations on Positron Source

q Positron source of 𝑁(𝑒G)/𝑠	~10�� or 𝑁(𝑒G)/
𝑏𝑢𝑛𝑐ℎ	~3×10�� is about two order of magnitude 
higher of LHeC ERL and much more the existing 
positron sources

q Monte Carlo simulation indicates ~3% of primary 
positrons are lost due to interaction in the target 
(re-circulation)

q An hybrid (not conventional) scheme:
§ g produced in the target (T) are sent to a 

generator to produce 𝑒G𝑒H

Geant4 Simulation:
• 5X0 of Tungsten as generator
• Preliminary results seem promising, 

more to come
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The Positron Ring

• Positron ring has to have: low emittance, high momentum acceptance and low-𝛽 Interaction 
Region (IR)

• First design of the optics is available: circumference 6.3 km: 197 m x 32 cells
• Dedicated multi-turn simulation algorithm developed:

• Particle tracking in the ring (AT and MAD-X  PTC)
• Positron interaction in the target (Geant4beamline, FLUKA and GEANT4)

• Detailed IR simulated but optimization is needed
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Positron Beam evolution: Size and Divergence

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

σ
x 

[m
m

]

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

σ
y 

[m
m

]

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  10  20  30  40  50

σ
p
x 

[m
ra

d
]

turn

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  10  20  30  40  50

σ
p
y 

[m
ra

d
]

turn

total
multi-scattering
bremsstrahlung

Study performed as function of the beam 
turns by separating multiple scattering and 
bremsstrahlung effects:
§ Longitudinal (beam direction) phase 

space growth dominated by radiative 
energy loss

§ Transversal to the beam phase space 
size dominated by multiple scattering

§ Use 3mm Be Target (0.8% X0) at 
center of IR  
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Target related Issues 

Assumption:
• bunch of 𝑁(𝑒G)	~10��with a transverse size of ~10𝜇𝑚	
• Bunch spacing 200 ns
• no pile-up bunches in the same position of the target, obtained for example with a rotating 

target
About ~100 kW of power has to be removed from the target to keep temperature under control 
and avoid damages.

We would like to perform experimental tests:
• FACET-II available from 2019 

1011 𝑒H/bunch, 10 mm spot size, 100 Hz
• DAFNE available from 2020

Be and C composites/structures are in use and under study for low Z target and collima-
tors in accelerators for high energy physics also because of the stringent vacuum require-
ments in such complexes that are not easy to fulfil with Li targets. Recent developed
C based materials with excellent thermo-mechanical properties are under study for LHC
upgrade collimators[33]. A 7.5 µs long beam pulse made of 288 bunches with 1.2⇥1011

protons per bunch, the full LHC injection batch extracted from SPS, has been used to test
both C-based[33] and Be-based[34] targets with maximum temperatures reaching 1000�

C. Good results have been obtained with a beam spot of 0.3 ⇥ 0.3 mm2. For such thin
light targets the energy deposition is largely dominated by ionization energy loss that is,
at first approximation, similar for protons and positrons. For the LEMMA case the same
deposited energy is obtained with a bunch intensity of 3⇥1011 particles, on spot sizes as
small as ⇠ 20⇥ 20 µm2. For this purpose we are developing a tool that relies on a Fluka
simulation to calculate the energy deposition inside the target. This data are then passed
as an input to Ansys Autodyn to simulate the thermo-mechanical stress and heat load.

Figure 18: Energy deposition profile as obtained from FLUKA simulation for a 3 mm Be target for a 20
µ round beam of 3⇥1011 positrons.

Experimental tests are necessary to validate these simulations also in lower energies and
fluxes.

Liquid Lithium, LLi, is under study for tokamaks divertors and in use for neutron pro-
duction. In particular, ⇠ 1 cm thick LLi jets are used as targets for MeV proton beams to
produce high fluxes neutron beams. Powers deposited on target of⇠ 0.5 MW and > 1 MW

PRELIMINARY DOCUMENT 31 Not for distribution

Just started the simulation using FLUKA + Ansys
Autodyn with 3mm Be target ~20𝜇𝑚	beam size and 
𝑁(𝑒G) = 3×10��
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6 TeV Muon Collider Parameters

No Lattice simulation, only calculation

Muon Emittance 
e(µ) =  e(𝑒G) ⊕ e(MS) ⊕ e(rad) ⊕ e(prod) ⊕ e(AR)
e(𝑒G) =	𝑒Gemittance
e(MS) = multiple scattering contribution , target & 
material
e(rad) = energy loss contribution, target & material
e(prod) = muon production contribution, e(𝑒G) & 
target thickness
e(AR) = accumulator ring contribution, optic & target

Parameter Units Value
√s TeV 6
Luminosity/IP [1034] 5
BES % 0.07
Circumference km 6
N. of IP 1
Frequency Hz 5×107

Beta m 2×10H7

N. of muon/bunch 6×10�

Norm. Emittance m 4×10H�

Bunch length mm 0.1



D
on

at
el

la
 L

uc
ch

es
i

34
Experimental Tests @H4 CERN Summer 2017
Goals of the tests:
I. measurement of  𝜇G𝜇Hproduction cross section and muons kinematic properties

• Interesting measurement and useful to tune simulation
II. determination of beam degradation: emittance and energy spectrum

• useful for simulation tuning

Procedure:
q Set up almost from scratch of an experimental facility in H4
q Use of  6 cm Be target
q Requested: 45 GeV 𝑒G on target, beam spot 2 cm, mrad divergence
q High intensity beam, up to 5 x 106 e+/spill, (spill ~15s)

o Measurement of 𝜇G𝜇H properties
q Low intensity beam

o Measurement of beam properties

ü Assigned 1 week out of 2 requested
ü We gave priority to high intensity beam, we had 2 days at ≈ 106 e+ /spill
ü Requested one week in 2018 to complete original program
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Experimental Tests: facility layout

2cm x 2cm
Si microstrip det.
𝜎 $~5𝜇m 𝜎 $~15𝜇𝑚

10cm x 10cm
Si microstrip det.
𝜎 $~30𝜇m 𝜎 $~30𝜇𝑚

CMS drift tube chamber
X: 8 layers 𝜎 $~150𝜇m 
Y: 4 layers 𝜎 �~200𝜇𝑚
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Test Beam Summer ’17 @CERN North Area

We used tertiary 45GeV e+ beam on a 3cm Beryllium target 
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Experimental Tests: the facility@H4 CERN North Area

Front view
CMS
DT

Iron
Absorber
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Tracks reconstruction

Developed stand-alone tracking fitting code for 𝜇H (𝜇G affected by multiple scattering)
§ Start from hits in the muon chamber 
§ Propagate backward to silicon planes

Calibrations
• electrons beam of 18 and 22 GeV
• no target 

	𝑒H
22 GeV

	𝑒H
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𝜃
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Preliminary results

Search for 𝜇G𝜇H candidates:
• Full reconstruction of a negative charge track (can be	𝜇Hor 𝑒H )
• Find a stub in the muon chamber with good 𝜒1

Not enough statistics to perform the measurements we aimed at.
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Low Emittance Muon Source Summary

The preliminary study of the 𝑒G𝑒H → 𝜇G𝜇H process as a muon source seems promising 
but a lot of work has to be done. In particular we identified three main areas:
Ø High intensity positron source, in progress also for other accelerators but has to be 

tuned for this case;
Ø Target optimization, both simulation and experimental test need to address 

thermomechanical issues
Ø Experimental tests to verify the low emittance muon production and the effects of the 

target on the beam
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Final Summary 

For the first time in several years the high energy physics path is not obvious.
A great occasion to make a big step forward! 

The European Strategy update study is starting.
The discussion on the future collider machine will have to take into account everything:
ü Physics reaches
ü Costs
ü Time from construction to physics results

Muon Collider is back on the table:
§ a novel accelerator technique, interesting by itself
§ unique Higgs and new Physics measurements well within reaches
§ technological developments can inspire new spin-offs
§ great challenge at international level and fantastic opportunity for young  people


