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WHY A  MULTI-TEV MUON COLLIDER ?
Point- l ike part icle
§ Clean  collisions
§ Full CoM energy available for hard 

collisions  
(as  in  e +e -  col l iders)     

§ 5 years of operation

§ Ideal probe for Higgs physics  

m𝝁  ≈  200m e
§ negligible loss of the beam energy 

due to bremstrahlung 
à High energy frontier 
(as  in  hadron col l iders)         

≈  Proton col l ider  
of  a  much higher 
CoM energy

Vector  Boson Fusion
à  Higgs Factory 

√s ℒint #Higgs

3 TeV 1 ab-1 5 x 105

10 TeV 10 ab-1 1 x 107

§ Improve the precision of Higgs 
couplings to the per-mille level

§ Measure Higgs self-coupling constant

§ Observe trilinear and quartic coupling

https://arxiv.org/abs/2303.08533

https://arxiv.org/abs/2303.08533
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MUON COLLIDER CHALLENGE
UNSTABLE NATURE OF MUONS

𝝁! à 𝒆!𝝂𝝁𝝂𝒆

Beam Induced Background 
(BIB)

DETECTOR : 
§ Radiation hard technology
§ Good time resolution 

z

y

x

ᵠ

DESIGN FOR A 

3 TeV MUON COLLIDER DETECTOR

§ Tracking system

§ Calorimeter system

- PbF2 ECAL (CRILIN): new 
proposal from LNF-PD INFN

- MPGD HCAL:                    
new proposal and 
protptype developement
from INFN Bari

§ 3.6 T magnet yoke + muon system 

§ Mu o n  de c ay  p ro du c ts  +  
in te rac t io n  w i th  the  de te c to r  
m ate r i a l  ( m o s t ly  p h o to n s  an d 
n e u t ro n s )

§ As y n chro n o u s  ar r i v a l  t im e  

https://arxiv.org/abs/2303.08533

MDI : shielding tungsten nozzles 
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WHY AN MPGD-BASED HCAL?
Resistive Micro Pattern 

Gaseous Detectors
§ Sat is fy  a l l  the prev ious  

requi rements  ✔

 +

§ High rate-capabi l i ty  O(MHz/cm 2)

§ Cost -effect ive for  la rge-area  
inst rumentat ion

MP GD- b a s ed  H CA L 

6 0 - l a yer  SA MP LIN G CA LO RIME T E R

L ay e r  th i c k n e s s :  2 . 6 5  c m  -  ce l l :  1  c m2

HCAL requirements :
§ Radiat ion hard to  wi thstand 

~10 -5 GRad/year
§ Time reso lut ion o f  O(ns)
§ Energy  reso lut ion ≥  60% /√E
§ Fine granular i ty  (1  –  3  cm2)
§ Longi tudina l  segmentat ion

GEOMETRY  OF THE CALORIMETER SYSTEM IMPLEMENTED IN THE FULL DETECTOR 
SIMULATION SOFTWARE (iLCSoft)

HCA L LAYER  CO M PO S I T I O N :  

I ro n  ( abs o r be r )   2 0  m m

A rgo n  ( ac t i v e  m ate r i a l )   3  m m

Co pper  ( R O  e le c t ro n i c s )  0 . 1  m m

PC B  ( R O  e le c t ro n i c s )  0 . 7  m m

A ir  ( e n v i ro n m e n t )   2 . 7  m m

C RIL IN  E CA L

5 - l a yer  SE MI - H O MO GE N E O U S 
CA LO RIME T E R o f  P b F 2

L ay e r  th i c k n e s s :  4  c m  -  de p th :  0 . 9  λ I
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1000 events  generated with Whizard at  3  TeV  

On average :

• ~50 part icles  in  each di - jet  event

• ~10 hadrons  per  jet  

STUDY OF 𝝁𝝁 à H à𝒃#𝒃
DI-JETS EVENT ANALYSIS

• mean energy :   ~9 GeV for  𝝅±  (~80% of  the hadrons)

  ~15 GeV for  p, n,  𝑲± ,  𝑲𝟎

• ~95% of  part ic les  below 20 GeV

Most of  the part ic les  produced at  the interact ion point  

convert  their  energy into hadronizat ion  processes 

 à  high part icle mult iplicity /  low part icle energy

• Detector  character izat ion  with monochromatic  𝛑±  guns  

with energy in  the observed range 1.5-100 GeV

#PARTICLES PER EVENT #HADRONS PER EVENT
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CALORIMETER SHOWERS 
Simulation of monochromatic 𝛑± guns performed through the DD4HEP package

• Particles release energy deposits (HITS) in the calorimeter volume

noES SAMPLE
o MIP-like behaviour in ECAL
o Shower starts in HCAL
o Shower profile in HCAL

CLUSTER FORMATION

• PANDORA PFA

      A cone-based forward projective clustering algorithm

      grouping ECAL and HCAL hits into clusters 

ENERGY RECONSTRUCTION OF CLUSTERS

• ECAL HITS à ANALOG READOUT: EECAL = ∑𝒊%𝟎
𝑵𝑬𝑯𝒊𝒕𝑬𝒊

• HCAL HITS à DIGITAL READOUT: EHCAL= 𝒇(𝑵𝑯𝑯𝒊𝒕) ∑𝒊'𝟎
𝑵𝑬𝑯𝒊𝒕 𝑬𝒊

Eraw = EECAL + EHCAL

EH SAMPLE

o ECAL absorber ~ 1𝛌I  

o Shower starts in ECAL

ECAL+HCAL
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DIGITAL READOUT

CLUSTER ENERGY - HCAL

• HCAL energy : increas ing funct ion of the total number
of HCAL hits assoc iated wi th the c luster

EHCAL =𝒇 (N TOT)

• At high E M C , more shower part ic les might impinge
on the same cel l

• Larger energy deposit in the cel l , but one single
hit is counted

à Saturation of energy resolution at high energies

LOW ENERGY HIGH ENERGY

IMPROVEMENT

3 LEVEL 
DIGITIZATION

SEMI-DIGITAL READOUT

• Set 3 energy thresholds:         
T1 - T2 - T3

• Count separately HCAL hits 
within the different energy 
ranges (𝐍𝟏, 𝐍𝟐, 𝐍𝟑)

HIGH ENERGY

Event digi t izat ion and reconstruct ion with Marl in  through the DDMarl inPandora  package

• The cluster energy is a weighted sum

EHCAL =𝛼𝑁! + 𝛽𝑁" + γ𝑁#

        with 𝛼	, 𝛽 and γ depending on NTOT

• To assess the best combination of T1 - T2 - T3 : 
threshold scan based on the energy distributions of 
hits at different EMC of the incoming π± 

à Energy resolution as final the figure of merit : 

0.2 – 4 – 12 keV
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DIGITAL vs SEMI-DIGITAL READOUT (RO)

HCAL ENERGY RESOLUTION

• Reconstruction of the noES samples with Digital RO (DRO) and Semi-Digital RO (SDRO) Thr: 0.2-4-12 keV

• Linear calibration of the energy spectra of clusters, accounting for energy underestimation due to invisible energy

• Gaussian f i t of the cal ibrated energy distr ibut ions

• Extract the mean E c lu and the sigma 𝜎
à resolut ion points 𝜎 /E c lu

• Fit funct ion 𝒇 𝑬 = 𝑺/ 𝑬 ⊕ 𝑪

• Comparable performances below 6 GeV

• DRO: Saturation at high energies  of  the f i t funct ion
with an ev ident increase in the experimental points

• Better  performances of  the SDRO :

𝜎 /Eclu = 45.27%/ 𝐸 ⊕ 12.35%
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CRILIN ECAL + MPGD HCAL (SDRO)

ENERGY RESOLUTION OF THE FULL CALORIMETRIC SYSTEM

𝛑±  guns with E M C  of  1 .5-100 GeV noES + EH sample

Ad hoc cal ibrat ion  of  the energy spectra  accounting 
for  different  responses of  ECAL and HCAL

• Average resolut ion f rom the f i t :  

𝜎 /Eclu = 65.55%/ 𝐸 ⊕ 10.37%

• With respect to the intr ins ic HCAL resolut ion :

The constant term C slightly decreases à better

reconstruct ion at high energies

The stochast ic term S increases à f luctuat ions

due to analog read out of the ECAL
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BIB IN HCAL

BIB containment within the f i rs t  20 layers  of  HCAL

• Probabi l i ty  of  a  cel l  to be f i red in  the f i rs t  layer  :

    BIB :  ~ 1 x 10 -5

𝛑±  5  GeV :  ~ 0.2 x  10 -5

𝛑±  20 GeV :  ~ 0.8 x  10 -5

potent ia l  problems 
for  low energy  p ion 
reconst ruct ion

ARRIVAL TIME

• 1500 events  of  BIB generated  at   the 𝒔 = 𝟏. 𝟓 𝐓𝐞𝐕 Muon Col l ider  in  1  BX :  𝝁, à 𝒆,𝝂𝝁𝝂𝒆

• Arr ival  t ime dis tr ibut ion is  uni form in the range 
7-20 ns , whi le  s ignal  peaks at  6  ns  

à  Cut at t > 10 ns ~50% BIB rejection
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CLUSTER ENERGY RECONSTRUCTION WITH BIB

• Reconstruct ion of  the w/wo BIB noES samples  with  SDRO Thr:  0.2-4-12 keV

• Compatible in  resolut ion with BIB overla id

• However, the parameter S , accounting for  

uncerta int ies , remains below 60%

à Sat is f ied the energy resolut ion requirements for  an  

imaging HCAL in a  mult i -TeV Muon Col l ider  

BIB IMPACT ON ENERGY RESOLUTION

Signal Signal+BIB
S [%] 43.78 ± 9.75 44.40 ± 12.66

C [%] 12.61 ± 1.73 14.89 ± 2.15
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Characterization and optimization of the innovative MPGD-based HCAL for the 
Muon Collider in a full simulation of the detector environment

CLUSTER RECONSTRUCTION

Implementation of SDRO with the optimal threshold choice: 

0.2-4-12 keV

• HCAL intrinsic energy resolution : 

𝛔/Eclu = 45.27%/ 𝐄 ⊕ 12.35%

à Significant improvement wrt DRO

à Stochastic term below 60%, as required for imaging       HCALs at Muon
Colliders

• In the innermost layers of HCAL, occupancy of the BIB hits comparable to 
that of the Signal

• However, the energy resolution is negligibly affected by the BIB overlay

      à further improvement  is expected for a cut on BIB hits 

          at arrival times > 10 ns  provided the necessary electronics

FUTURE STEPS

• Optimize Particle Flow event reconstruction to analyze energy of jets

 

CONCLUSIONS
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PANDORA PARTICLE FLOW ALGORITHM 

CLUSTERING ECAL+HCAL

• Cluster  =  ECAL  h i t s  +  HCAL  h i t s  

• Cone-based  forward pro ject ive cluster ing algori thm  f rom the innermost  to  

the outermost  layer

• Eff ic iency  tested wi th  1  𝝅±  per  event  à  expected 1 cluster  per  event

• Detector eff ic iency = (nr. events with ≥1 cluster ) / (sample s ize )

• Low energies E MC à big f ract ion of zero-cluster events due to

imposs ib i l i ty  o f  f inding and merging neighbor ing h i ts

- low mult ip l ic i ty of produced and reconst ructed hi ts

• For E MC > 9 GeV, saturat ion at ~95%

• BUT many MULTIPLE CLUSTERS à Discard a l l the mult ip le-c luster

events and perform the cluster energy ana lys is wi th SINGLE

CLUSTER events

Data
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PANDORA PARTICLE FLOW ALGORITHM 

CLUSTERING 

• Algori thm Eff ic iency tested with 1 𝝅±  per  event à  expected 1 cluster per event

• Algori thm Effect ive eff ic iency is  g iven by (nr. s ingle-c luster events) / (sample size )

- At low energies E M C à dominates the fract ion of zero-cluster events

- For E M C > 9 GeV, increas ing number of MULTIPLE CLUSTERS

• Algori thm logic:

    àdesigned to  rather  separate  t rue  c lusters  than merge energy

       deposi ts  f rom mult ip le  part ic les  into  a  s ingle c luster

    àmult ip le c lusters resul t f rom unmerged groups of h i ts , each

carry ing a f ract ion of the true c luster energy

• Discard al l the mult iple cluster events , and associate s ingle

clusters within a ΔR < 0.2 f rom the MC 𝛑±  
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THRESHOLD CHOICE

SEMIDIGITAL READOUT

ENERGY DISTRIBUTIONS OF SIMHITS NORMALIZED BY THE NUMBER OF ENTRIES 

The choice of  T 2 and T 3 should be based on the 

E S i m H i t values at which the di fference between the 

curves is more ev ident :

• From 0 to ~2.5 keV the curves are a lmost

indist inguishable

• After 2.5 keV , the ta i ls tend to increase with 

E M C à the probabi l i ty of  having larger energy 

deposi ts for  high E M C i s higher

• For E S im H it ≥ 10 keV , the curves feature 

s igni f icant f luctuat ions (especia l ly at low E M C )  

à the number of  entr ies  above a high threshold

decreases s igni f icant ly
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SEMIDIGITAL RO - THRESHOLD CHOICE
HCAL ENERGY RESOLUTION

• Energy resolut ion as the figure of
meri t to assess the best threshold
combinat ion

• A too-smal l T3 (~3 keV) makes the
resolut ion above 48 GeV worse

• Comparable results obtained for
fixed T3 = 12 keV and vary ing T2

à  The best  combinat ion is  the one 
providing the minimum C parameter:  

0.2-4-12 keV
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SEMI-DIGITAL READOUT

CLUSTER ENERGY - HCAL

ENERGY THRESHOLDS

• T 1 = 0.2 keV : set by the sensi t iv i ty  [10 fC]  of  the readout electronics  

• T 2 - T 3 : threshold scan based on the energy distributions of hits at different E M C

à Energy resolut ion as the f igure of  meri t to assess the best  combinat ion :  

0.2-4-12 keV

• At each energy point E M C , 𝛼 , 𝛽 , and γ are

obtained by a 𝛘𝟐 minimizat ion

!
'

(&'& (𝐸)*' −𝐸+,*' )2

𝜎'

• The dependence of  𝛼 	 , 𝛽 and γ on on NTOT  

i s  obtained by a  2 n d  order polynomial  f i t  
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LINEAR CALIBRATION – noES selection

CLUSTER ENERGY

• HCAL à  inv is ib le  energy à  energy  underest imat ion

CALIBRATION

• Gauss ian f i t o f the c luster energy dis t r ibut ions

• Represent E clu mean = 𝝁 as a funct ion of E MC

• L inear f i t à apply the correct ive parameters :

Ecal ib = (Eclu-b)/a

BEFORE CALIBRATION

AFTER CALIBRATION
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CALIBRATION – noES + EH SAMPLE
CLUSTER ENERGY

• ECAL and HCAL have different responses

• Double peaks in monochromatic 𝛑±guns  

à  separate cal ibrat ions

§ EH : Ecalib = a ErawECAL + b ErawHCAL

§ noES: E ca l ib = c E rawHCAL

• a , b and c are obtained by 𝛘𝟐 minimizat ions

AFTER CALIBRATION
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10 GEV

CHARGED VS NEUTRAL HADRONS

• Simi lar  c luster  energy reconstructed for  𝜋 ±  and K 0  at  corresponding energy points   

 

50 GEV
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HCAL HITS
BIB CHARACTERIZATION

• Uniform longitudinal  dis tr ibut ion without  prominent di fferences f rom the pion guns

à  No  poss ible cut  on the z

• SimHit  average energies  of  ~ 4 keV à  twice the value of  the s ignal  hi ts

à  No  poss ible cut  changing the RO energy  thresholds 

• Arr ival  t ime dis tr ibut ion is  uni form in the range 7-20 ns , whi le  s ignal  peaks at  6  ns  

à  Possible cut  at t > 10 ns

Z-AXIS HIT ENERGY ARRIVAL TIME
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CLUSTER RECONSTRUCTION WITH BIB

BI B- o n ly  c lu s te r s  h av e  av e rag e  e n e rg ie s  o f  ~  0 . 7 5  GeV

• s m al l  h i g h - e n e rg y  ta i l  p ar t i a l l y  o v e r lap p in g  w i th  
c lu s te r  e n e rg ie s  o f  5  G e V p i o n s

• w e l l  d i s t i n g u i s h able  f ro m  c lu s te r  e n e rg ie s  o f  2 0  
G e V p i o n s

SIGNAL AND BIB SEPARATELY
Alm o s t  n e g l i g i b le  d ec rea s e i n en erg y :

• D u e  to  BIB  O N LY C LU ST E RS p ro du c e d by lo w -
e n e rg y p ar t i c le s

à  O v e ra l l  B I B  do e s  n o t  a f fe c t  Cu s te r  e n e rg y  
re co n s t r u c t io n  at  EMC  >  5  G e V

BIB OVERLAY ON SIGNAL
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CLUSTER MULTIPLICITY
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COMPARISON AT 20 GEV

SIGNAL SIGNAL+BIBBIB-only

BIB-only: Low cluster ing eff ic iency:  ~70% of  0-c luster  events

SIGNAL vs SIGNAL+BIB: 

• Increase of  mult ic luster  events:  on average  f rom 1.61 (SIGNAL-only)  to 3.09 (SIG+BIB)  c lusters  per event

• Decrease in  c luster ing eff ic iency:  f rom ~50% (SIGNAL-only)  to ~35% (SIG+BIB)  1-c luster  events
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CLUSTER-PION ΔR
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• Select ion on s ingle-c luster  events  ( fewer  entr ies  in  S IGNAL+BIB)

• The S IGNAL+BIB has  SIGNAL clusters ,  BIB clusters ,  o r  MIXED clusters  (RecHi ts  f rom the p ion or  the BIB)

• Hits  f rom the BIB are uni formly  d is t r ibuted in  space and arbi t rar i ly far  f rom the p ion path

à BIB and MIXED c lusters  resul t  in  hav ing larger  ΔR  wrt  the MC pion

 à  D is t r ibut ion means  :  66% increase at  5  GeV -  87% increase at  20 GeV

 

COMPARISON : SIGNAL  -  SIGNAL+BIB
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CLUSTER SIZE
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COMPARISON: SIGNAL - SIG+BIB

Over lay ing BIB on the s igna l  à  s l ight decrease in  c luster ing eff ic iency and c luster s ize

• BIB and MIXED clusters have on average a larger ΔR < 0.2 not pass ing the match ing select ion cr i ter ion

• BIB-only c lusters have a smal l number of h i ts à decrease the mean of the dis t r ibut ions

SIGNAL AND BIB SEPARATELY SIGNAL AND BIB MERGED


