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@ dual-readout calorimetry

Need calorimetry:
many different and complex topics

no way to be exhaustive in a single lecture

— Just let me recap few concepts
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L4y

Calorimeter role
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INFN calorimeters

massive detectors for both charged and neutral particles
— work as well for clusters of particles (i.e. jets)

particles ~ totally “absorbed”
absorption process known as “shower development”
typically divided 1nto:
a) electromagnetic (“em”) calorimeters
b) hadronic (“had”) calorimeters
last but not least, providing:

a) triggering
b) particle identification
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INFN calorimeters

Missing energy measurements :
4n (em & had) calorimetry coverage

[ “hermeticity” |
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L energy resolution

Normally factorised into 3 uncorrelated terms :
6/E=aNE @ b @ ¢/E

where :
a — stochastic term
b — constant term
(containment, cracks, non-uniformity, non-compensation ... )
¢ — electronic noise

but more accurate breakdowns possible
for example lateral containment better described by a E
first and second term may have some correlations

“ term
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iy iy resolution relevance ?

Few examples (other than missing energy) :
Invariant mass resolution :
H — vy
— both energy and spatial (angular) resolution of em calo
H, Z — tt (followed by T — pv, p — 1’ — Tyy)
H,Z, W —j;

— both energy and spatial (3D ?) resolution(s)
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L4y

Shower modelling
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Loy electromagnetic (em) showers

development driven by em interactions :
— clean & ~ simple
— long-range
— depend on atomic properties

— atomic number & atomic scale (~10"° m)
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@ hadronic (had) showers

development driven by nuclear interactions .
— complex & ~ hard
— short-range
— depend on nuclear properties

— density of nuclei & nuclear scale (~10™"> m)
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@ well known for about a century ...

atom — football field (electron clouds anywhere)

nucleus — 1 mm (static) sand grain at field center

— hadrons need to pass within ~10""m from nuclei to interact

— detectors (dimensions, materials) and performance
quite different
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iy em showers

Cascade of (e',e,y) — stochastic process w/ thousands particles

ABSORBER

pair production, bremsstrahlung & ionisation
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s em showers

electrons emit photons
photons produce e'¢e” pairs
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@ radiation length — X

X, : longitudinal development scale _<dE> i
X
Bremsy i

dx

I X :when <1-1/e> (~ 63.2%) of electron energy — brems.

1433 A g

)in g

Z(Z+1)(11.4 —In(Z)) cm?

X [glem®]~Z"
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i iy critical energy — E

E : when bremsstrahlung takes ~dE (E )

over ionisation Brems X
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L4y

critical energy — E
C

E : when bremsstrahlung takes

over 1onisation

Brems

ddE
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INFN Moliere radius — RM

lateral spread ~ driven by multiple scattering

R, :radius of cylinder containing 90% of shower energy (95% in 2xR_ )

X[]
" E,

Ry = E.

where :

E,=m.c? \/47r/05 = 21.2 MeV

— R [ g/lem® ] ~ independent of Z
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L compound materials

1/Xo =) wj/X;

where : W j = fraction by weight of j element
same for R 1L _IN" Wik _ Z Wi
R, E; X; Ry
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L4 em shower development
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1) fractional energy deposition per X
2) number of e and photons (E > 1.5 MeV) crossing planes
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INFN
C ... One more parameter

shower maximum (shower depth):
where multiplication process ~ stops

In(FEy/ E.
Xng-n( 0/ )ﬂ
In2

X~1/7Z,~log(E)

shower longitudinal dimension mildly grows as log(E)
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L4y

shower development

longitudinal profiles

lateral profiles
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after shower maximum, lateral spread dominated by
1sotropic processes (Compton scattering, photelectric effect)
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L scaling violations
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L4y

Detector response

Institut Ruder BoSkovi¢- Zagreb, 28 November 2019
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L. !EMN energy response

total shower length L o total energy = E
signal S (mainly due to low-energy particles) o< L ox E
— linearity

fluctuations :
a 40 GeV shower equivalent to 2 x 20 GeV showers
— independent fluctuations

— o(E) x v/E

stochastic term :
o(E))E =a/y/E — improvesasE™

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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Loy sampling calorimeters

usually sandwich of active (e.g. scintillator plates) and
passive elements (e.g. lead plates)

— 1mpact on resolution ?

sampling fraction : fraction of energy lost in the active
medium (by a minimum 10nising particle)
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@ sampling fluctuations

' ! —
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i em resolution ?

1) homogeneous: 100% of shower track sampled 1n active medium

— resolution o/E ~ O(1%)/NE(GeV)

2) sampling: only part (<~5%) of track sampled 1n active medium

— resolution 6/E ~ O(10%)/NE(GeV)

* “typical” values for high-energy physics

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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INEN real em calorimeters

Technology (Experiment) Depth  Energy resolution Date
Nal(T1) (Crystal Ball) 20X,  2.7%/EY/4 1983
Bi4Ge301o (BGO) (L3) 22Xo  2%/VE & 0.7% 1993
Csl (KTeV) 27Xo  2%/VE @ 0.45% 1996
CsI(T1) (BaBar) 16-18X,y 2.3%/EY* @ 1.4% 1999
CsI(T1) (BELLE) 16Xo  1.7% for Ey > 3.5 GeV 1998
PbWO, (PWO) (CMS) 25Xy, 3%/VE®05%®0.2/E 1997
Lead glass (OPAL) 205Xy 5%/VE 1990
Liquid Kr (NA48) 27X0  3.2%/VE® 0.42% & 0.09/E 1998
Scintillator /depleted U 20-30X, 18%/VE 1988
(ZEUS)
Scintillator/Pb (CDF)  18Xg  13.5%/VE 1988
Scintillator fiber/Pb 15X  5.7%/VE & 0.6% 1995
spaghetti (KLOE)
Liquid Ar/Pb (NA31) 27Xy, 7.5%/VE®05%&0.1/E 1988
Liquid Ar/Pb (SLD) 21Xo  8%/VE 1993
Liquid Ar/Pb (H1) 20-30Xo 12%/VE & 1% 1998
Liquid Ar/depl. U (D@) 20.5X9 16%/vE @®0.3%®0.3/E 1993
Liquid Ar/Pb accordion 25Xo  10%/vE ©04% ®0.3/E 1996

(ATLAS)
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1t hadronic calorimetry

nt°, N° production — hadronic showers develop 2 main components:

ABSORBER

E.M.
COMPONENT

HADRONIC
COMPONENT

Heavy fragment

h component: p, n, ", nuclear fission, ... delayed photons, ...

dimension scale : . ~ 35 g/cm® - A"
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L4y

radiation vs. interaction length
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L4 hadronic shower components

s Llectromagnetic component
= electrons, photons
= neutral pions — 2 vy e \ s Y

=}
= 10

=20

= Hadronic (non-em) component

m charged hadrons n* K* (20%) =30

= nuclear fragments, p (25%) :

= neutrons, soft y's {1590 yesiiy =

= break-up of nuclei ( “invisible”) (40%) S S '
I e

many components w/ large fluctuations in relative yield

1. large non-gaussian fluctuations in energy sharing em/non-em
2. 1increase of em component with energy
3. large, non-gaussian fluctuations in “invisible” energy losses
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L electromagnetic fraction f

energy fraction carried by 1° (mainly) and n°

f_,onaverage, large and energy dependent
fluctuations in f__large and non-poissonian
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@ /. fluctuations

em shower fraction DREAM: Effect of event selection based on f,,,
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5l invisible energy

+ In nuclear reactions energy is lost (binding energy) to free protons and

neutrons.

+ Can'’t provide any measurable signal (invisible energy)
+ Accounts on average for about 30-40% of non-em shower energy

large event-by-event fluctuations limit resolution

Correlation between invisible
energy and kinetic energy carried
by released nucleons

Evaporation nucleons: soft
spectrum, mostly neutrons (2-3
MeV)
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FIG. 4.43. The nuclear binding energy lost in spallation reactions induced by 1 GeV protons on
2381 nuclei (a), and the number of neutrons produced 1n such reactions (0). From [Wig 87].
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Loy invisible energy correlations

Measurement of the kinetic energy of neutrons - correlated to nuclear
binding energy loss (invisible energy) - from signal time structure
(DREAM)

Probing the tot. signal

Signal time structure f anti-correlated to f,, distribution with f
n
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no tail in em showers
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1t detector response

Response:
detected signal per unit energy deposit

e.q. number of scintillating (or Cherenkov) p.e. / deposited GeV

Hadronic showers:
em component — response e
hadronic component — response h

what about the relative ratio e/h ?

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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b compensation

e/h =1 - compensating calorimeter

1) increase h — boost hadron response
e.q. by adding hydrogen or by using Uranium, both acting as
“neutron converters” — large integration volume and time

2) decrease e — decrease em sampling fraction (i.e. em
performance) — tune active / passive material ratio

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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Ay compensation pros & cons

+ not a guarantee for high resolution
+ fluctuations in fem are eliminated, but others may be very large

+ has drawbacks
4+ high-Z absorber required - small e/mip — non linearity @ low energy
+ low sampling fraction required — em resolution limited

+ relies on neutrons — integration over large volume and time
SPACAL 30%/NE needed ~15 tonnes and ~50 ns

+ high-res em and high-res hadron calorimetry mutually exclusive:

+ good jet energy resolution = compensation
= small sampling fraction (~3%) = poor em resolution

+ good em resolution = high sampling fraction (100% crystals, 20% LAr)
= large non compensation = poor jet resolution

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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sy

most general case

e.q. (right plot):

only 1/1.8 = 56% of non-1t°
energy accounted by signal

e £ h

[—
N

- eh— 1.8

o
T

N

Number of counts (arb. units)

o

Non-nt° component

n° component

R

0 0.2

0.4 0.6 0.8
Signal / GeV (arb. units)

Nevertheless:

Note:

e/h ratio: detector characteristic

typically, ~2 for crystals, in range 1-1.8 for sampling calorimeters

1) e/t depends on energy (f _depends on E and shower “age’)
2) f__different for T, K, p — response depends of particle type

1.0
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INFN scintillation

R(e) # R(p) # R(n) # R(m) # R(u) # R(jet)
a) invisible enerqy

b) different dE/dx

c) Birks’ law
dL =
de §—= dE
& (2]
1+k3m

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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Loy e/mip ratio

mip : minimum 1onising particle — only 1onisation

dE/dx (mip) :
lead ~ 12.6 MeV/cm — 7.15 MeV /X

copper ~ 12.7 MeV/cm — 18.0 MeV/X
( PMMA ~ 2.3 MeV/cm — 78.2 MeV/X )

Moreover 1n high-Z absorbers :

7> dependence of photoelectric effect
— most soft-y interact in absorber
photoelectrons have very short range
— will contribute to signal only close to boundaries

— response to em showers suppressed wrt. mips
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e/mip ratio
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L4y

e/ ratio
calorimeter responsetomw: T = fom-€ (1 — fem) - R
e/h
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L low-energy hadrons

finally :
3 I —— : . .
.o b TR
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g 0.9 F . ¢
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E | ® o ¢/t ]
- ' o] o -
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response of (compensating) ZEUS calorimeter to low-energy hadrons
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L jets

Jets:
high-energy core
low-energy hadron tails

fluctuations among them
low-energy hadrons ~ mip.s

— mip response must be considered

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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L4y

real hadronic calorimeters

UA1 C-Modul Scintillator Fe ~1.4 80%/VE
ZEUS Scintillator Pb ~1.0 34%E
WA78 Scintillator U 0.8 52%/VE ® 2.6%*

DO liquid Ar U 1.7 48%NE ® 5%*

H1 liquid Ar Pb/Cu <1.025* 45%/VE @ 1.6%

CMS Scintilator | 700, Gul 0% zn) | <1 100%AE ® 5%
ATLAS (Barrel) Scintillator Fe -1 50%/VE @ 3%
ATLAS (Endcap) liquid Ar Brass il 60%/NVE @ 3%

* after software compensation

Institut Ruder BoSkovi¢- Zagreb, 28 November 2019
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L4y

Dual-readout method

Institut Ruder BoSkovi¢- Zagreb, 28 November 2019
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@ Dual-Readout (DR) calorimetry

What ?
Don’t spoil em resolution to get e/h = 1 (i.e. keep e/h > 1) BUT

measure f__event-by-event

== correct energy measurements for f__fluctuations

How ?
Exploit the fact that (e/h) values for scintillation light (S) and

Cerenkov light (C) production processes are (very) different

Why ?

Charged hadrons contribute to S but very marginally to C

Institut Ruder Boskovi¢- Zagreb, 28 November 2019 48
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working principles

where:

S=Ex[ f_

+(he) x (1-f )]

C=Ex[ f_ +(hfe) x(1-f)]

with (h/e)  and (h/e) _ detector specitic constants.

Solving the system, both E and f can be reconstructed:

E=@-xC)/( -y

x=(1-Mm/e)) /(1-(hle))
—(E—S)/(E-C)

— y can be extracted from testbeam data

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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L4y

applying DR approach
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(]h’%[111l1111'l'llll[lxlllllJl
0 20 40 60 80 100 120 140

C (GeV) vs. S (GeV)

Scintillator signal

CG/E

Hadronic data points (S, C) located around straight lines

P e X
=y
is universally valid

_CEvs. SE

10 b, Py

 «EGeVy, et
o8 * E GeV protons

- +E GeV pions
06
04 - 4 ‘
0.2; :
oLl o v

0.0 02 04 0.6 0.8 1.0

«—— (hle)y— S/E

1 —(h/e)
C()I 6 —_— —
5 1—(hle); X

0, X independent of both:

1) energy (!)
Ii) type of hadron (!!)
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L4y

before DR corrections

200 GeV “jets”

in DREAM

| -

10
0=
1 0.6
E
_"L:-
0.4
Entrics 13507
Mean 0.665 0.2
BMS 0093
00 |

- FEGeVHTet|

a1 1 L L L 1 L L

« E GeV hadrons

250}

Cerenkov signal
electrons in DREAM

00E | RMs  0.063
150}
100f
sof
EI::

Entries 13507
Mean 0798
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Leagdensdonyl
2 3 ¥ R
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L4y

with DR approach

I-{: - J’;'Jl'l - I F—— b
: ] 1= (le),
05 - . : 4 cot@
: - i - T=(Wle): ~
05 L i.lflr (3.} -
@ | y L | [pes=XE
5 H | A e I=%
Entrics 13507 E i i
X7 indfl 292/158 ; f 3
Mean 0951 0 b " ""‘_.'“ T
Sigma 0048 S i = (el
Loalesnliani b ol G s sy ey : .
§ E = = 0.0 02 04 06 0.8 1.0
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=, = : X=indf 323133
200 GeV “jets E [Mean 0944
in DREAM e 2O
S

p—

0
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L4y

DREAM/RD32 prototypes
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INFN

w fibre-sampling dual-readout calorimeters

2003
DREAM

Cu: 19 towers, 2 PMT each
2m long, 16.2 cm wide
Sampling fraction: 2%

2.5 mm- - . p —
< Oumn mm= Toxas Tech Uni j

Cu, 2 modules

Each module: 9.2 x 9.2 x 250 cm?
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: ~4.6%

Depth: ~10 A,

( (i

2012
RD52

Pb, 9 modules

Each module: 9.2 x 9.2 x 250 cm?
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: ~5.3%

; ﬁ ﬁ & f_‘,\, & 033 = ’ ‘]'b. ,‘.,‘_.. =
| o h\“ -

\. Depth: ~10 A, v INFN Pavia /
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NWN RDS52 dual-readout fibre calorimeters

2 Cu modules

e TS

Pb 3*3 matrix
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@ DR at work

Effects of the dual-readout method

Signal linearity

i
<
LB L ! T T ¥ ¥
——
1

S oof ® I :
~ [ +1%
R 08f ;
S
So 0.7 3 . ]
= |
v 0.6} e 7 ]
S0 [
s .
S 0.5} i
< : :
ek & & Cerenkov signals i
[ ® Dual-readout signals
03 . ! P U S S S U RPN S S R
0 20 40 60 80 100 120

Energy (GeV)
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@ particle ID (electron/hadron separation)

RD352 lead calorimeter

(60 GeV) e vs.

e(e) >99%
R(m) ~ 500

NIM A 735 (2014) 120

Methods to distinguish e/7t in longitudinally unsegmented calorimeter

350
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250 [—

200 —

150 —

100

Number of events per bin
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INFN em resolution

E (GeV) —> E (GeV) —>
. 5 10 20 5010 oo 20 30 4050 100 500 oo
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sy

single-particle hadronic resolution

Hadronic Resolution

(Pb Module)
o 53%
— = —+1.
E E FLT

to be corrected for:
- light attenuation
- lateral leakage

Energy resolution (%)

10

15

Energy (GeV)

20
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T

| Single 7 resolution
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e RD 52
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250

Distance from shower axis (mm)

jet energy resolution ~ few % at ~100 GeV

(4th Concept Detector LOI quotes 30%/NE for jets)

Jet resolution may improve coupled w/ tracking information (high
granularity — “particle-flow friendly”)
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L4y

Single-fibre readout

Institut Ruder BoSkovi¢- Zagreb, 28 November 2019
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@ PMT — SiPM(single-fibre) readout

SiPM + :
- compact readout (no fibres sticking out)
- longitudinal segmentation possible
- operation in magnetic field
- larger light yield (main limitation to Cerenkov signal)
- high readout granularity — particle flow “‘friendly”
- photon counting (calibration)

SiPM - :
- signal saturation (digital light detector)
- cross talk between Cerenkov and scintillation signals
- dynamic range
- instrumental effects (stability, afterpulsing, ...)

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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@ RD52 SiPM module

Brass module, dimensions: ~ 112 cm long, 12 x 12 mm’

32 (S) + 32 (C) fibres
X ~29 mm 000 ) d ® C ——
0 000 ® SiPM light sensors
R, ~ 31 mm 000 o 6 ®5
::. - 14
~(04R ) x39X mm
v | [oe® o1
000 =
shower cont. ~ 45% ) O
fvamplN 5-6%
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sy

lateral shower

10/40 GeV ¢

0, ®=0°

~10% (~50%) within ~1 (~10) mm from shower axis
— fibre readout can easily provide (powerful) input to PFA

50

I
=

o
-
———————7 v o o+

Percentage of total signal in fiber

o
-]
S

F
-]
— T

» Scintillation
v Cerenkov

TB Data

A 4
ad [ ]

' b
Y v
L]

profile w/ SiPM
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Geantd

® Y

L 4 v
®

e o

3 |

1 2

1 1. L}
3 4 5 6 7

Jllllll:l
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Distance from shower axis (mm)

em shower are very narrow:

8
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@ scintillation signal

w/ scintillation light filtering:

Signal linearity results from 2018 TB

Measurement conditions:
Vop = 5.5 Vo (57.5 V) and PDE ~ 22% (S)
Signal is linear from 10 to 40 GeV within 3%

| Stochastic term ~ 10.9%

¥ .

Correcting for 45% e.m. energy containment: ~ 93 Spe/GeV

Scintillation chanmel

attenuation factor ~ 77

(yellow filter) TR S

* Viplpas alrsacty corracted for the
Sansor Non linaarity responsa

Fired oalls f GeV
]

yellow filter — increase
attenuation length L TN SR I

!

| To be checked with a simulation:

sending electrons in the center of
the module (4x4) with an angle:
-1 <9 <1 mRad

' Total: 41.9 + 0.1 Spe/GeV

Hottest fibre: 9.8 + 0.1 Spe/GeV
No saturation effects:

linear within 1%

Institut Ruder BoSkovi¢- Zagreb, 28 November 2019
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@ readout granularity (channel grouping)

tune readout granularity by analogically grouping
(1.e. adding) channels

180 -

—1 SiFE
—3 GiPlis

160

tests done with 140} Multi-Photon spectrum

1,2,4,6,9 S1PM.s 120 I | preserved also with 9
grouped SIPM

Entries

1
4 L L. 10 12 14
Fired cells

It works! May reasonably think at 2x2, 2x3, 2x4, 3X3 ..
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L4y

G4 full sitmulations
em performance

Institut Ruder BoSkovi¢- Zagreb, 28 November 2019
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(IDEA) 47 projective geometry

L4y

)
S = 3
= O
R
IIV —
T 0 i
S 2 O
Sn @)
+ 2 9
. O O
eh ©
o O <
Q LL]
®)

- 0O
O ®© —

m

B

67
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@ (IDEA) 47 projective geometry

t Tower 1

Tower 40

/'>

2.5m

2.5m

Tower 75

S — ' >

75 projective elements x 36 slices AG = 1.125°
Tower size:
Ad = 10°

single-fibre readout: 130 M channels
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sy

em performance: energy resolution

Scintillation

¥& 1 ndf = 33,53/ 23

Cherenkov

12 1 ndf 2604 724
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sy

resolution & linearity
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sy transverse granularity

40 GeV e 40 GeV no
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INEN transverse granularity

10

Phi (Deg)
(=

-10

5

10"

10
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L angular resolution

o, vs. E(beam) G V. E(beam)

o(mrad) o(mrad)
0.34 X2/ ndf 0.0001188/9 0.6 X2 / ndf 0.00126/ 10
032 - po 1444 £0.04866 - PO 1.87 +0.1109
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L4y

G4 full sitmulations
hadronic performance

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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L had performance

Caveat:
G4 modelling of nuclear interactions still not optimal
addressed through different physics lists
X factor estimate not yet reliable

S —xC
1 —x

resolution and linearity critically depends on it

need valitation — hadronic size prototype
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INFN

W' had performance: pion energy resolution

Geant4 100 GeV 1 (FTFP-BERT physics list)

Scintillation

100
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L

—_——

scinenergy_
Entries 3000
Mean 853
Std Dev 7.972

1 1 I 1 1 1
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INEN had performance: pion energy resolution

RecEnergy_ = . RecEnergy_
450l Entries 3000 400 I\EAF:;?S 3;’;8
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iy iy ee —jj

independent clustering
on the two signals,

using the (FASTJET)
Durham kt algorithm

Scintillation signal (a.u.) /

3 -

12 A
: 100 &0
~ % gg 80 ag 40

o 2 Theta (deg) Theta (deg)

Lt
140
o 10a 120
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sy

jet energy resolution

PYTHIA8 + GEANT4 + FASTJET

. 22/ ndf 91.75/32 < = ¥2 / ndf 7.931e-06/3
2 b Constant 1590 + 20.5 g 01— @
TR Mean  -0.02528 + 0.02497 P u pO 0.3815 + 0.004098
= Sigma 2.477 +0.020 5 -
- 009
10° = :
= 0.08 —
0L 0.07 —
B 0.06 —
= 1 H 1 | 1 H 1 | | | | | | | | | | | 11 | | | | | _ | | | | | | | | | | | | | | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
40 =30 20 -10 10 20 30 40 15 20 25 30 35 40 45

E_rec_jet - E_truth_jet (GeV)

=] 9

Jet energy (GeV)

38%
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@ 2-jet Z/W/H final states

o= HZ—:-;’EUffﬂjj 2] Invariant mass

ete”™ - WW — v ujj

IDEA Preliminary

ete™ - HZ — bbuv st

PYTHIA8 + GEANT4 + FASTJET .

n
=
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

100
q}tl B I_IT":EII 0 agd 100 11{; = I1.5'LEII = I13I-ElI - I1-|1-|.'IlI = I‘IEI-EII - I‘HHI.'II
Mass (GeV)
W Azlggzi/g)e std Z Average (GeV) std
MC Truth 79.3 4.2 MC Truth 91.24 4.32
DR method 79.14 5.1 DR method 91.32 5.43
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L4y

G4 full stmulations
particle 1dentification
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sy e/Tt separation

Include time information in simulation
iInclude scintillation decay time
simulate SiIPM transfer function

estimate C/S, 95% radius, starting time (ToA)

Institut Ruder BoSkovi¢- Zagreb, 28 November 2019

82



@ particle identification: C/S

Electron - pion separation

ol (@) ~decton _ (b) G |L
.L 20 GeV ﬁ : 20 GeV . 20 GeV - |
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@ particle identification: 95% radius

Electron - pion separation

{1 b
iy 20 GeV
: IDEA Pb
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sy

particle identification: SiPM ToA

Electron - pion separation

: @ 20 GeV
ol IDEA Pb
i
L
w & 60 GeV
. IDEA Pb
im
-

Starting B of 5iP# sigral [ne)

Ewvants par bin

(d)

20 GeV
IDEA Cu

[ BT &h =1
Sharting bere ol 5 P8 sigrad [nes]

60 GeV
IDEA Cu

as &7 a8 &
Starting B of 5P sigral na)
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INFN combined results

Electron - p 10N separat 101

1.5 m
1
=]
®
s
0.5
&5
0 66
0 o 87
4 ” &8
: 68 starting ti f SiPM signal (ns
a ng ome o 510 (ns)

e ID (%) = mis-ID (%)

IDEA (Pb) - 20 GeV: 7.3 0.6
IDEA (Cu) - 20 GeV: 97.2 1.3
IDEA (Pb) - 60 GeV: o7 0.2
IDEA (Cu) - 60 GeV: 97.1 1.0
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L4y

G4 tull stmulations
The Ultimate Weapon

Institut Ruder Boskovi¢- Zagreb, 28 November 2019

87



@ deep learning applied to particle id

produced 6 samples of 1-decay final states
with time information & S1PM transfer
function
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INEN - convolutional neural network results

* Signals from fibers in each 1.2x1.2 cm” module integrated to obtain 111x111 matrix

* 5 information: signal integral, signal height, peak position, time of crossing
threshold, ToT

* Independently for scintillation and Cherenkov signals

* Each event — 111x111x10 tensor

* Average accuracy ~ 97.3%

5 % Wrong = BRs H
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INFN Conclusions

Dual-readout fibre-sampling calorimetry is a very
promising technology to provide, at the same time:

- e.m. resolution of about 10%/VE

- jet energy resolution ~ few % at ~100 GeV
- excellent angular resolution

- high performance in particle identification

R&D ongoing to demonstrate it — Geant4 validation 1s an 1ssue!

Next steps:
build a 10 cm x10 cm x 1 m prototype divided into 9 towers
16x20 capillary tubes per tower
readout of central tower with SiPMs, the others with PMTs

Institut Ruder Boskovi¢- Zagreb, 28 November 2019
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- jet energy resol
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R&D ongoing to demons!
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