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The main problem addressed here is the identification of a track 
(through a tracking system and into a calorimeter) with a very high 
efficiency and a very low mis-identification rate.

Valuable physics tracks are µ and e, and dominant background tracks 
are π± from high-x q/g fragmentation, but also τ→π±.

µ and e sources are W,Z and also speculative exotic particles.  
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Telling an e from a π

2Thursday, October 1, 2009



DREAM data 4th simulation (45 GeV)

e vs. π     direct dual-readout 
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Text

The “proof-of-principle” DREAM module S = scintillating fibers
Q = quartz (clear) fibers
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Shine light 
through module

Channel structure defined 
by bundled scintillation 

and Cerenkov fibers
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Distribution of pulse full-
width at 1/5-maximum 
for electrons and pions at 
80 GeV in SPACAL 

e vs. π     time-history of scintillation fibers 

SPACAL data
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Chi-squared of S-C fluctuations among the channels of a shower:

χ2
C − S = Σ(Sk − Ck

σk
)2 ≈ Σk

(Sk − Ck )2

0.1 (Sk + Ck )

χ2
C−S →

e− π− π+

50 GeV 50 GeV 200 GeV DREAM
data 2008

e vs. π     dual-readout channel-to-channel fluctuations 
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Telling a µ from a π

(More-or-less isolated track, but could be near a jet, too.
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 π rejection ~ 105:1
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200 GeV µ- 200 GeV π-

µ vs. π     dual-readout:  θCher > θnum. aperture 
(S~dE/dx+brems    &   C~brems)

S-C ~ dE/dx ~ 1.1 GeV (in DREAM) for µ
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100 GeV µ- 100 GeV π-
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π rejection  ~ 104:1

µ vs. π     dual-readout:  θCher > θnum. aperture 
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40 GeV µ- 20 GeV π-

π rejection~103:1
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µ vs. π     dual-readout:  θCher > θnum. aperture 
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Muon

Muon

ptrack

ptrack = Ecalor + pmuon

Ecalor

pmuon

µ vs. πpunch-through     E-p balance: dual-solenoids
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15

Event Display in ILCroot

Low pt secondary 
muon

e+e- −> HoHoZo

    −> 4 jets 
          + 2 muons

ECM = 500 GeV
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Telling e-µ-π-K-p from each other

(Few GeV region)
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  dN/dx 
by cluster-timing:  
specific ionization 
resolution ~ 3.5%

TPC with ~6% 
dE/dx resolution
This TPC built by Dave 
Nygren, LBL, in 1970’s, 
analyzed by Gerry Lynch.

Measured CluCou clusters on two 
different wires:  cluster count is Poisson 
(no Landau fluctuations), expect 3.5% 

measurement of specific ionization

e-µ-π-K-p in few-GeV region
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Summary:  

4th has many particle ID measurements, 
including handles on all fundamental partons.  
These are the ones for stable charged tracks. 

• Leptons:   e, mu, tau  & neutrino (by subtraction)
• Quarks:   uds  & t    Wb  (by reconstruction)      
• Bosons:   W, Z, and gamma 
• Hadrons:  pi-zero (by mass), charged pi, K, p (by dE/dx)
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Extras
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Test beam setup

(July-Aug ‘08)
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 e - pi - mu S vs. C #1
(measured - beam test data)

EM vs. hadronic channel-to-channel 
S-C fluctuations

#2
(measured - beam test data)

“neutronic”
(hadronic vs. non-hadronic)

fn #3
(measured - beam test data)

mu vs. e,pi (S-C) vs. (S+C) #4
(measured - beam test data)

n & e vs. pi Spe(t) #5
(measured - beam test data)

e-pi-K-p (few GeV) dNclusters/dx #6
(bench measurements data)

ID discrimination measurement item
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 ID discrimination measurement item

e vs. gamma Tracking, BGO #7
(ILCroot)

mu vs. punch-
through hadrons Pmu + Edual +Ptracking #8

(ILCroot)

tau --> rho nu BGO + fiber 
dual readout

#9
(ILCroot)

Massive SUSY, etc. Cerenkov light
timing (BGO+fibers)

#10
(ToF from beam test data)

W--> jj ILCroot, Tracking, 
dual-readout

#11
(achieved with ILCroot)
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Dual readout (in optical fibers of DREAM module)
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Dual readout (in BGO crystals tested with DREAM module)

BGO scintillation

Cerenkov light

Cerenkov

BGO scintillation

Single cosmic muon

electron beam: 
C and S from 

one PMT

100 ns/div
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pion, e-
beams

DREAM           

BGO        

Dual-readout calorimeters
(CERN beam tests)

(Will answer K. Hara’s question.)
The DREAM Collaboration (Cagliari, CERN, 

Cosenza, Iowa State, Pavia, Pisa, Rome, Texas Tech)
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Why dual-readout works so well (and so easily)
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ID Physical measurement Partons/particles Subsystems
identified used

1 C vs. S e± vs. π± vs. µ± S and C

2 χ2
∼

1

N
ΣN

i [(Ci − Si)/σi]2 em vs. non-em Si and Ci channels
vs. “hadronic”

3 (S − C) vs. (S + C) µ vs. π fiber S and C

“hadronic” scintillating
4 fn ∼ En/Eshower (MeV vs. fibers Spe(t)

neutrons) non-“hadronic” long-time history

5 Spe time duration em vs. non-em S fibers time-history
vs. “hadronic”

6 dN/dx, specific ionization e − µ − π − K − p CluCou tracking
(cluster counting) (few GeV region)

7 em calor + tracking e − γ CluCou tracking +
dual-readout calor’s

8 ptrack ≈ Ecalor + pµ µ vs. punch-through π CluCou, calor, muon

9 τ± → ρ±ν → π±γγ τ vs. hadronic debris BGO and fiber
dual-reaout, CluCou

10 Time-of-flight (sub-ns) massive SUSY object Čerenkov pulses in BGO
and fiber calorimeter

11 W, Z → jj mass W, Z vs. QCD jj CluCou, jet finding,
dual-readout calor’s

1

Achieved in 
test beam 

data

Achieved in 
ILCroot 

simulation 
and analysis

Achieved in 
cosmic mu 

test data
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