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Why a muon collider

Advantages

Disadvantages

e*e colliders

All the center of mass energy
available in the hard collision,
no pile-up

Large synchrotron radiation
losses

Hadron colliders

Low synchrotron radiation
losses

Unknown fraction of E,
available to colliding partons,
pile-up from QCD events
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losses
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Muon collider has advantages from both e*e” and hadron colliders:
e Cleancollisions asin e™e” colliders and energy frontier as in

hadron colliders

Problem: Beam Induced Background (BIB)
e ltisproduced by the decay in flight of muons in circulating

beams, and subsequent interactions
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Features of a muon collider

interactions of decay products with surrounding material

and borated polyethylene

e Current MDI optimized for 1.5 TeV muon collider
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B Neutron F. Collamati et al., 2021 JINST 15 P11009
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e Most BIB particles are out of time with respect to bunch crossing
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e BIB produced mainly by decays of muons in circulating bunches, and subsequent

o  O(108) BIB particles enter the detector at each bunch crossing
e Mitigated by the Machine Detector Interface (MDI): two nozzles made of tungsten

o  Preliminary studies on 3 TeV BIB shows that it’s similar to the 1.5 TeV one
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Higgs at a muon collider

At multi-TeV energy, Higgs mainly produced by Vector Boson
Fusion (VBF) w
e ~500keventsexpectedwithlab'@3Tev  \  feeeeteeee 5
e Higgs physics studies at 3 TeV presented in this talk we

o 1.5TeV BIBincluded /m/\m\

108+

o [fb]
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The muons Smasher’s guide, Rept.Prog.Phys.
85 (2022) 8, 084201




e High hit multiplicity in tracking
system due to BIB particles ->
combinatorial problems

e Diffuse BIB background in
calorimeters

e High hit multiplicity in the
forward region of muon
detectors

e Nozzles are fundamental to
mitigate BIB, but also reduce
acceptance

https://confluence.infn.it/display/muoncollider/Muon+Collider+Detector

3 TeV Muon Collider Detector

hadronic calorimeter

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

¥ 30x30 mm?® cell size;
® 75\,

lectromagnetic calorimetel

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

¥ 5x5 mm? cell granularity;
® 22 Xo+ 1A,

muon detectors

¥ T7-barrel, 6-endcap RPC
layers interleaved in the
magnet’s iron yoke;

¥ 30x30 mm? cell size.

superconducting solenoid (3.57T)

tracking system

¢ Vertex Detector:
* double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);
* 25x25 pm? pixel Si
Sensors.

¢ Inner Tracker:
« 3 barrel layers and
7+7 endcap disks;
* 50 pm x 1 mm macro-
pixel Si sensors.

¢ Outer Tracker:
* 3 barrel layers and
4+4 endcap disks;
* 50 ym x 10 mm micro-
strip Si sensors.

shielding nozzles

¢ Tungsten cones + borated
polyethylene cladding.




Physics object reconstruction

e Particles reconstructed from tracking and calorimeter informations, clustered with
k(AR=0.5) to make jets

o Requirement on number of hits in each track applied in track selections
o Large threshold (2 MeV) applied to calorimeter hits
o  Timing cuts on tracking and calo hits
o  Further suppress fake jets with a requirement on the number of tracks (Ntrk >0)
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Muon reconstruction efficiency

b tagging efficiency

Vs=1.5TeV BIB overlay
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o(u u->Hvv)xBR(H->bb)

e Signal yu->(H->bb)X and background

->qgX (q=b,c) generated with N R L
Whizard:ythiat 3 3500f Yo ol * oo
Simulation — fit tota
o  Background mainly from Z->bb and Z->cc 8 3000 & s ;e:, —H-bb
e Twojets with aSecondary Vertextagare < ,50 — background

required. Background from light jets £ 5000 |- Pr)> 40 GeVie
considered negligible 0 MG <2.5
m 1500

e S=59500,B=65400in1ab™
e Signalyield from template fit to
pseudo-experiments using invariant mass 500

e Statistical relative uncertainty on 0
oxBR=0.75%

1 L M | PR T T
0 50 100 150 200
dijet invariant mass [GeV/c?]

http://hdl.handle.net/20.500.12608/3238
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o(u p->Hvv)xBR(H->WW?*)

Expected Events

L A 4 VS B 1 0 y 4 iy L (e :
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BDT response BDT response

ptp= — Hov — WW*vw — qquuvo 2430 4+ 150
e 1Muon+ 2jets final state W o gqu 2600 1300
. . . . utu= —— qqll <100 C.L. = 68%
e Signal and backgrounds (with and without Higgs) e <100 C.L. = 68%
1 1 H 1 tum - H s WW* = <10 C.L. = 68%
simulated with Whlzard+Pyt.h|a8 ikl A el
e Cutsontwo BDTs to select signal vs backgrounds w2 Hor <4C.L.=68%
e S5=2430,B=2600in1ab™ .
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2 muons + 2 jets final state

Signal generated with MG5+Pythia8, while inclusive p*u -> vv

o(u 'y ->Hvv)xBR(H->27%)

by jj background (excluding signal) is generated with

Whizard+Pythia8

BDT used to select signal vs background

Resolution obtained with cut-based approach and with fit of

BDTs, giving the same result
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BIB not used (low impact in muon chambers)

Selection cuts on two BDTs trained to
discriminate signal from the backgrounds

e Uncertainty onsignal yield obtained from
unbinned maximum likelihood fit to dimuon
invariant mass

Process Expeclzted events with
105 < m,, < 145 GeV 1 ab’
Mgt ™ = Hv, ¥y,

10° < 9H <170% p* > 5 GeV: reject hits from BIB

o(u u->Hvv)xBR(H->p™u’)

Signal and backgrounds generated with MG5+Pythia8
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o(p U ->Hvv)xBR(H->vyy)

Normalised events

Signal and backgrounds generated with MG5+Pythia8

Preliminary result: No BIB at the moment and some
minor bkg still missing

Used a BDT to perform signal vs. background
separation
Cut on BDT output to maximize S/v/(S+B)
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up = Huv,H > vy

0.9025 + 0.0026 707
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e Signal and backgrounds (H+bb and 4b) generated
with Whizard+Pythia8
e Simulation performed without BIB but b-tagging
efficiency in the presence of BIB is used to weight
events
e Selection requirements:
o 4jets, at least 3 of them with p.. > 20 GeV, and
at least 2 must contain a secondary vertex
o Jet paired to minimize
M = \/(mj — mp)? + (Mg — mp)?
o S=50,B=432inlab?!
e BDT trained for sig-vs-bkg discrimination, fit on
BDT output to find resolution
o Ao/oof 30% is found

http://hdl.handle.net/20.500.12608/22861

Events/(0.1)

o(uTu->HHvv)xBR(H->bb)?

Signal Cross section [fb]
pwrp— — HHuo 0.8

Physics background | Cross section [fb]
uwtpu— — bbbbvi 3.3
ptpu~ — bbHuD 1.7

(signal included)

= 0.5
BDT
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Trilinear coupling

Generation (WHIZARD) and simulation of HH
from trilinear coupling only
e Two MLPs are used: HH vs 4b and HH from
trilinear only vs total HH
e Simulated HH events with different 1, hypothesis, e
resolution on 1, obtained from a likelihood scan
o Stat.uncertainty of ~20% @ 68% CL is found

ALL

http://hdl.handle.net/20.500.12608/22861




Comparison with CLIC

Differences:

Measurement Statistical precision
1.4 TeV 3TeV
1.5ab-!  2.0ab™!

o (Hwit) x BR(H — bb) 0.4% 0.3%

o(Hyip) x BRH — ptu) 38% 25%

o(Hw1p) X BR(H — vvy) 15% 10%*

o (Hwit) X BR(H— WW¥) 1.0% 0.7%*

o(Hww) x BR(H — ZZ%) 5.6% 3.9%*

Measurement Statistical precision
350 GeV
500 fb~!

o0 (ZH) x BR(H — bb) 0.86%

0(ZH) x BR(H - WW*) 5.1%

o (Hwit) x BR(H — bb) 1.9%

Alo (HHu 1

Al MR _ o ot 1.4TeV, 20% at 3 TeV

o(HHww)

AA/L = 54% at /s = 1.4TeV, 29% at /s =3 TeV

H->bb from combined measurement of hadronic Higgs decays
H->ZZ* with liqq final state, and | = {e, y, T}
H->WW?* with gqqq and llqq final state, and | = {e, u}

A

3

Muon Collider

labl@3TeV
H->WW
H->7Z7
H->bb
H->pp
H->yy
HH->4b

2.9%
17%
0.75%
38%
8.9%
30%
20%

Higgs physics at the CLIC
electron—positron linear collider,
Eur. Phys. J. C (2017) 77:475
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Comparison with FCC-ee

V5 (GeV) 240 365
Luminosity (ab™ ") 5 1.5
d(cBR)/oBR (%) HZ vrH HZ vvH
H — bb +0.3 +3.1 | £0.5 +0.9
H—- WtW~ 4=1.2 2.6 3.0
H — 77 +4.4 =] 2 +10
B s ey +9.0 +18 422
H— putp~ +19 +40

Muon Collider

lab!l@3TeV
H->WW  2.9%
H->ZZ 17%
H->bb 0.75%
H->pp 38%
H->yy 8.9%

HH->4b  30%

A

3

20%

Sensitivity on trilinear coupling A: 42% in global (Higgs+EW) fit, 12% when alone

Future Circular Collider Study, Volume 2 - The Lepton Collider (FCC-ee)
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Conclusions

The Muon Collider is very different from electron-positron and hadron colliders,

with new very interesting features

e Muons in beams decay and produce BIB. Full simulation is essential to evaluate the
impact of the BIB on physics measurements and understand how to deal with it

e Ahuge effort is on-going to design the MDI, the detector and the reconstruction
algorithms

e Thistalk demonstrates that Higgs physics at Muon Collider is possible, by using a

detailed simulation of the experiment

20



Comparison with fast sim studies

Full sim Fast sim

H->WW 2.9% H->WW 1.7%
H->77 17% H->77 11%
H->bb 0.75% H->bb 0.76%
H->pu 38% H->pu 40%
H->yy 8.9% H->yy 6.1%
HH->4b 30%

Ag 20% A5 (95% CL) 25%

e High precision Higgs from high energy
muon colliders, JHEP 08 (2022), 185

e FElectroweak couplings of the Higgs
boson at a multi-TeV muon collider,
Phys.Rev.D 103 (2021) 1,013002

Differences:

H->bb from combined measurement of hadronic Higgs decays
H->ZZ* with llqq final state, and | = {e, y, T}

H->WW* with qqqq and llqq final state, and | = {e, u}
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BIB in muon chambers

MuColl_v1 OnlyBIB Vs = 1.5 TeV u+ beams

— not in cluster
— in cluster
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Effects of nozzles on BIB
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Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line. 23




Muon Collider road
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