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INMEM Motivation for a muon collider

@® A muon collider is the most efficient and effective way of achieving leptonic collisions at multi-TeV center-of-mass
energies in a relatively compact circular machine.

@ Multi-TeV u*u~ collisions will open the door to a broad and novel physics program, allowing
high-precision tests of the Standard Model in a previously unexplored energy regime
and enabling both direct and indirect extensive searches for new physics. Ty B~~~

@ In particular, a multi-TeV muon collider provides an ideal tool for probing
the properties of the Higgs boson with unparalleled precision.

Muon collider
>10-TeV center-of-mass energy
~10-km circumference

a muon collider combines
precision physics and
high energy reach

Interaction point 2

Target, w decay p-cooling Low-energy
proton and p-bunching channel U acceleration
source channel

=> R. Taylor, "Muon Colliders and their future R&D" on July 7 in T13 — Accelerators for HEP

M. Casarsa

MUSIC: a detector concept for 10 TeV p*p~ collisions - EPS-HEP2025 - July 8, 2025 2


https://indico.in2p3.fr/event/33627/contributions/156199/
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Higgs boson production cross sections in u*u~ collisions

H.A. Ali et al., 2022 Rep. Prog. Phys. 85 084201
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cross section [fb] expected events
3 TeV 10 Tev lab-lat3Tev | 10ab~!at 10 TeV
H 550 930 5.5% 10° 9.3 x 10°
ZH 11 35 1.1x10* 3.5%x10°
tftH 0.42 0.14 420 1.4 %103
HH 0.95 3.8 950 3.8 x 10*
HHH | 3.0x107* 4.2x107° 0.30 42
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in the Higgs sector:

@ High production rates of Higgs bosons allow precise measurements

P Higgs boson couplings to fermions and bosons;

P trilinear and possibly quartic self-couplings of the Higgs boson
(A;, A,) =2 determination of the Higgs potential shape

V(h)

1 1
= Emflhz + A, vh® + me“

credits to R. Petrossian-Byrne
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https://iopscience.iop.org/article/10.1088/1361-6633/ac6678

NEM Higgs studies with parametric simulation

. . . . . experimental scenarios
@ The potential of a muon collider in probing the Higgs sector has been demonstrated through

various phenomenological and parametric-simulation studies, with varying levels of sophistication. Vs = 3 TeV
9 Lint = 1 ab_1

estimated precision on Higgs couplings estimated precision on trilinear Higgs self-coupling 2> 1 experiment

plotted values from M. Forslund and P. Meade, JHEP 08 (2022) 185 C. Acceftura et al., arXiv:2504.21417
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@ The results above include the physics backgrounds and use a parametric simulation for the detector response.
However, the machine-induced backgrounds are not taken into account.
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https://link.springer.com/article/10.1007/JHEP08(2022)185
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Challenging experimental conditions

@® Sources of the dominant machine-induced background in the detector:

P background from muon decay (BIB)
P mitigation: tungsten shields (nozzles) inside the detector
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C. Accettura et al., arXiv:2504.21417

P bkg from incoherent e*e™ pair production (IPP)
P mitigation: strong detector solenoidal field
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@ An initial campaign of Higgs studies at Vs = 3 TeV with a detailed
detector simulation was carried out for Snowmass 2021:

P assuming 1 ab™ ', collected by 1 experiment in 5 years;

P background from muon decays included.

@® Confirmed results from parametric simulation with an ideal detector.

full simulation
with beam-induced bkg

parametric
simulation

o(H — bb) 0.78% 0.76%
o(H — WW* = qq'uv,) 2.9% 1.7% *
o(H — ZZ* — qqu*u-) 17% 11% *
o(H — uu) 39% 40%

o(H = yy) 7.5% 6.1%

o(HH — bbbb) 33% -

[0.73, 1.35] U [1.85, 1.94]
@ 68% C.L.**

* includes also the electron channel
** uses only the HH — bbbb channel

Vs=3TeV,1ab ", 1 exp.

Ao/ 23" [0.81, 1.44] @ 68% C.L.**

cross sections from M. Forslund and P. Meade, JHEP 08 (2022) 185
trilinear self-coupling from J. de Blas et al., arXiv:2203.07261
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Full-simulation studies at Vs = 3 TeV

P. Andreetto et al., Eur. Phys. J. C 85 (2025) 85

Eur Phys. J.C (2025)85:221
https://doi.orgl10.1 140/epjcds 10052-025-13923-6

THE EUROPEAN
PHYSICAL JOURNAL C

Regular Article - Experimental Physics

Aspects of Higgs Physics at a /s = 3 TeV Muon Collider

with detailed detector simulation

Paolo Andreetto'®,
Massimo Casarsa®*@, Luca Castelli”*©, Mauro C|
Matthew Forslund' @, Luca Giambastiani'>

Sergo Jindariani* @, Anton Lechner® @, Donatella Luechesi'*
Si

, Alessandro Montella'?

! INFN Sczione di Padova, Padua, Taly

? INFN Sezione di Torino, Turin. Italy

* Universita di Padova, Padua, Italy

4 European Organization for Nuclear Rescarch, Geneva, Switzerland

" INFN Sezione di Pavia, Pavia, ltaly
' INFN Sczione di Bari, Bari, Italy
! Universita di Bari, Bari, ltal
12 Labaratdrio de Instrument

tony Brook, USA
4 University of Birmingham, Birmingham, UK.
'S Fermi National Acc
1 Université Catholique de Louvain, Louvain-la-Neuve, Belgium
7 Stockholms Universitet, Stockholm, Sweden

i ‘¢ Berkeley National Laboratory, Berkeley, USA

1 INEN Sezione di Firenze, Florence, ltaly

Received: 30 May 2024 / Aceepted: 10 February 2025
© The Author(s) 2025

Abstract  The Muon Collider is one of the most promising
future collider facilities with the potential to reach multi-
TeV center-of-mass energy and high luminosity, Due to the
significant Higgs boson production cross seetion in muon-

antimuon collisions at such high energies, the collider offers

an excellent opportunity for in-depth exploration of Higgs
boson properties. It holds the capability to significantly
advance our understanding of the Higgs sector to a very high
level of precision. However, the presence of beam-induced
background resulting from the decay of the beam muons
poses unique challenges for detector development and event
reconstruction. In this paper, the prospects for measuring var-
fous Higgs boson properties at a center-of-mass energy of 3
TeV are presented, using a detailed detector simulation in a
realistic environment. The study demonstrates the feasibility
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of achieving high precision results with the current state-
of-the-art detector design. In addition, the paper discusses
the detector requirements necessary to achieve this level of
aceuracy

1 Introduction

The Higgs boson (H) is considered a portal 1o new physics,
because it is connected to some of the fundamental ques
tions about the Universe [1], including the mechanism of
Electroweak Symmetry Breaking (EWSB), the origin of the
and the nature of
dark matter. The EWSB [2-5] is formulated via the scalar
potential, which is written below in a form that includes pos-
sible deviations from the Standard Model (SM):

masses, the matter-antimatter asymmets

D) Springer
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MNMEM New full-simulation studies at vs = 10 TeV

@ New set of full-simulation studies at vs = 10 TeV, targeted to the 2026 update of the European Strategy for Particle
Physics:

P the machine lattice at the interaction region, the nozzles, and the detector specifically designed for 10 TeV u*u collisions:
¥ P. Andreetto et al., “Performance study of the MUSIC detector in V's = 10 TeV muon collisions”,Contribution #32 to the 2026 ESPP Update

¥ P. Andreetto et al., “Sensitivity study on H — bb, H — WW?*, and HH — bbbb cross sections and trilinear Higgs self-coupling with the MUSIC
detector in ¥'s = 10 TeV muon collisions”, Contribution #184 to the 2026 ESPP Update

@ Experimental scenario: 10 ab™ ', expected to be collected by 1 experiment in 5 years.

@ Methodology:
P signal and physics-background samples generated with WHIZARD + PYTHIA for parton hadronization;
P detector response simulated with GEANT4: BIB + IPP overlaid to the physical processes event by event;

P reconstruction algorithms for physics objects revised to account for the machine-induced backgrounds,
but still not fully optimized.

@ Estimated the statistical sensitivity on:

N _ S
P o(H — XX) = . Z for H — bb, H - WW*, and HH — bbbb;
H

int

B trilinear Higgs self-coupling A,.
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hadronic calorimeter

The detector model: MUSIC

MUon System for Interesting Collisions

¥ sampling calorimeter with 70 layers
of 2-cm iron absorber + 3 x 3 cm®
plastic scintillating tiles

¥ timing with .= 100 ps
# 7 nuclear interaction lengths

¥ serves as magnetic field return yoke

+ semi-homogeneous PbF, crystal
calorimeter with longitudinal
segmentation

¥ 6 layers of 1 x 1 x 4 cm® crystals
¥ timing with ¢, = 100 ps
¥ 26.5 Xg

muon detectors

¥ 7-barrel, 6-endcap RPC layers
¥ 3x3cm?cell size

¥ timing with .= 100 ps

superconducting solenoid (5T)

M. Casarsa

=> details in "MUSIC: a detector concept for 10 TeV p*p~ collisions” on July 8 in T11 — Detectors

tracking system

¥ Vertex Detector
« 5barrel layers at R=2.9- 101
cm and 4 + 4 endcap disks at
|z| = 18.0- 36.6 cm
s« 25 x25 qu pixel Si sensors
* timing with o; = 30 ps

¥ Inner Tracker
« 3 barrel layers at R = 16.1 - 55.4
cm and 7 + 7 endcap disks at
|z| = 60.7 - 219.0 cm

* 50 pm x 1 mm macropixel Si sensors
« timing with o, = 60 ps

¥ Outer Tracker
+ 3 barrel layers at 81.9 - 148.6

cm and 4 + 4 endcap disks
at |z| = 141.0 - 219.0 cm

« 50 um x 1 mm macropixel Si sensors
« timing with o; = 60 ps

shielding nozzles

¥ tungsten cones + borated
polyethylene cladding

Higgs physics at a 10 TeV Muon Collider - EPS-HEP2025 - July 11, 2025
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https://indico.in2p3.fr/event/33627/contributions/155269/

H - bb

MUSIC Detector Concept,is = 10 TeV, L =10 ab’

INFN

32 22000 —3— pseudo-data
o = — fit total
£20000— — H-bbX
2 E G X
§ 18000~ gglv,
D 46000 ;_ H—-cTX
14000
120003— Muon Collider
C  Simulation, with BIB+IPP
10000 Ey24 fattice, 5=10TeV
aooo;—
sooog—
4000;—
2000;—
oge 2|o 40 . 80 'slo' ; '1c|)o' ' '1éo' ' '14|,o' ' Hédw T80 200
dijet invariant mass [GeV]
Process _ g [fb] Ep’r'csel [%] tc-rfa,g [%] N(::r:p
p T — H(— bb)X | 490 22.2 324 351518
p T = H(— )X | 24.3 22.2 4.49 2422
p T = qque, 2674 25.6 500 341598
wt T = qqte 4339 1.86 1.31 10533
w T = gty 9763  21.46 0.10 20974

10 ab, 1 experiment
@® H — bb event selection:

P at least two reconstructed jets (k; algorithm with R = 0.5)
satisfying:

* quality cuts to remove fake jets from machine bkg;
* pr>40 GeV and 10°< 0 < 170°;
* b-flavor tagged.

@ Statistical sensitivity estimated with a toy MC study built
from signal and background’s di-jet invariant mass
distributions:

Ao(H->bb)

— = 0.28%
o(H->bb)
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NasE H - WW* - qq'uv,

@® Semileptonic final state: H - WW* — qq'uv,. 10 ab™, 1 experiment
@ Event selection:
Process a [fb]  €preser [%] Nexp
b at least two reconstructed jets (k; algorithm with R = 0.5) pop = H(—» WW* — qquv,)X | 263 473 137493
and one isolated muon: W = Hiyi, 820 12.2 1000906
) ) _ wpT = Het 84.8 12.5 106226
e quality cuts on jets to remove fakes from machine bkg; wH i = qaty, 9763 114 11110294
+ - _ _
« jets with pr > 20 GeV and 10° < 0 < 170°; ooH T adviy 2674 102 2731663
o — qqlt 4339 1.8 772342

e muon with p; > 10 GeV and 10° <0 < 170°.
@ Two BDTs trained to distinguish the signal from the bkgs qgX and HX.

MUSIC Detector Concept, s = 10 TeV, Lm =10ab” MUSIC Detector Concept, s = 10 TeV, Lm =10 ab"’ . SenS|t|V|ty eStI mated from a toy M C
by F =4 . . .
S Muon Colider B S Muon Collider e study that uses the 2D distributions
2 E Simulation, with BIB+IPP g imulation, with BIB+IPP —
£ - F EU24 lattice, 1s=10TeV B v Hee £ [ Evetlatice, 5=10Tey | BDT( HX) VS BDT(qqx)
* - qqVeVs, 9qei,, ggre * - qqu,Vs, g€V, qqr e

Ac(H>WW)
o(H>WW)

= 0.58%

0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4

0.5 0.6
X BDT output HX BDT output
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™I HH — bbbb

10 ab, 1 experiment

@ Only all-hadronic final state: HH — bbbb.

MUSIC Detector Concept, s =10 TeV, L =10 ab

5 02p : —
ian- < - ——ww-oHIXbbbbX Muon Collider
@ Event selection: o8l — ﬁ: ﬁ::ﬁlh(a—hquh 3)2 N Simuation, with BB1PP
P at least four reconstructed jets (k, algorithm with R = 0.5): 0.16 " U4 aice, fs=10TeV
- pr> 20 GeV and 10° < 0 < 170°; T
0.12—
* H candidates built pairing jets that minimize obE
\/(mij_mH)2+(mkl_mH)2 , o.oaf— —_ —l_l_l_‘_|_|\
* b-tagging is required for at least one jet per pair. 0.06 J
0.04 —
@® MLP trained to separate signal from backgrounds. 002 [
0;—|—|—T|H\\lllll\l\\\\\lllllll\H\\l\lllll\l\\l\\

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

@® Sensitivity estimated with a toy MC study built from signal MLP
and bkg distributions of the MLP output:

Process olb] €% N,

_ B _ ETpP
Ao(HH-bbbb) _ . ptpT — HHX — bbbbX | 1.14 1847 2100
o(HH->bbbb) ptp” — H(— bb)qng, X | 7.27 1556 11307
P = ahGnndn X 10.80 899 9787
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INENM Trilinear Higgs self-coupling

1 .
@ The double-Higgs production cross section is sensitive to the trilinear Higgs self-coupling hs: (D0 Rl Gl

@ Only all-hadronic final state HH — bbbb:

MUSIC Detector Goncept, {s=10TeV, L =10ab’

—HH Muon Collider

— trili Simulation, with BIB+IPP
trilinear EU24 lattice, Vs=10TeV

0.3

AU.

P same selection as used in the cross section analysis;

0.25

P two MLPs trained to distinguish HH signal from physics backgrounds
and the production via H* — HH from the other modes.

0.2

0.15

@ ) is extracted from a maximum-likelihood template fit to the 2D distribution
of the two MLP outputs: "

0.05

A
0.94 < Aq < 1.08 @ 68% C.L. oo L b e e b L

SM 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
3 MLP

[=)
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NEN Summary

@® A 10TeV muon collider is expected to yield abundant samples of single and double Higgs bosons,
enabling studies of Higgs properties with unprecedented precision.

@ The presented full-simulation studies, which assume 10 ab~' collected by 1 experiment in 5 years
and take into account the dominant machine-induced backgrounds, demonstrate that:

» the production cross sections for H — bb and H - WW?* can be measured with permille-level
precision, and the trilinear Higgs self-coupling at the percent level using only the HH — bbbb
channel, even with detector and reconstruction algorithms not yet fully optimized;

» the machine-induced background effects can be effectively mitigated and the precision
levels projected in parametric analyses are attainable.

@® Work is in progress to extend cross-section studies to all major Higgs boson channels and final
states, with the goal of enabling a global fit to assess sensitivity to the Higgs boson couplings.
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Jet reconstruction performance

jet reconstruction efficiency vs true jet pr

jet reconstruction efficiency vs true jet 0
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NI Jet flavor identification

b tagging efficiency vs true quark pr b tagging efficiency vs true quark 0
MUSIC Detector Concept MUSIC Detector Concept
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INEM Muon reconstruction performance

muon identification efficiency vs true muon pr muon fake rate vs true muon 6
MUSIC Detector Concept MUSIC Detector Concept
= o 0.03
5 - e i e L
o — g [ SIS —+- .
g ¥ patin W+ + g L Muon Collider
£ o4l + 'c 0.025— Simulation, with BIB+IPP
% o.s_— 28 - EU24 lattice, (§=10TeV
g | 0.02—
2 o6 B p, > 5GeV
S B L
= 0.015—
0.4 C

I . 0.01—

B Muon Collider B

B Simulation, with BIB+IPP = + +

0.2— ’ L —+— +
L EU24 lattice, ys=10TeV 0.005—
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NEM Comparison with parametric simulation

o(H — bb) 0.28% 0.21%

o(H - WW* - qq'uv,) 0.58% 0.45% *

o(HH — bbbb) 6.0% -

Aa/A3” [0.94, 1.08] @ 68% C.L.** [0.965, 1.037] @ 68% C.L.**

* includes also the electron channel
** uses only the HH — bbbb channel

ssssssss tions from M. Forslund and P. Meade, JHEP 08 (2022) 185
trilinear self-coupling from J. de Blas et al., arXiv:2203.07261
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