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Introduction
Energy Reconstruction in Calorimeters
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* Energy reconstruction is the key task of HEP calorimeter systems -
for electromagnetic and hadronic particles

* The (somewhat naive) assumption: signals seen in active detector
elements is a energy- and particle type - independent fraction of
the particle energy:
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* |n practice: Particle-type and possible energy dependent “calibration” of conversion of visible energy
to particle energy a minimal requirement - with more sophistication possible & useful
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Limitations of Energy Resolution

... and Handles to improve it
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* The energy resolution for hadronic showers typically is relatively poor:

prompt energy depositions only
~ active elements see a ~ constant fraction of shower energy

T C 2= COBnPonea V"

“Invisible” energy due to binding energy losses
delayed & displaced energy deposits due to neutrons
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Limitations of Energy Resolution

... and Handles to improve it
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* The energy resolution for hadronic showers typically is relatively poor:

prompt energy depositions only
active elements see a ~ constant fraction of shower energy

C 2= COBnPone 1

r——"/—/———\ typically:
yﬁ'{‘{r larger response for em showers
i’ y»?;_—(( than for hadronic showers:
?%__@ : O < el e/h > 1 => non-compensating
F—,)\—-‘ ' »
L 7

“Invisible” energy due to binding energy losses
delayed & displaced energy deposits due to neutrons

S —— = _ s ————— —_— — == — — — _———— — - — = — ————— ——————

Energy Reconstruction in CALICE - CLIC Workshop, January 2019

Number of measurements

| | | | | | | | | |
_ 10-GeV electron
I 10-GeV " |
" Contribution ]
due to e.m.
i compcirjy _
| | | | | |
2 4 6 8 10 12

[GeV]

Signal (in energy units) obtained for a 10 GeV energy deposit
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Limitations of Energy Resolution

... and Handles to improve it
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* The energy resolution for hadronic showers typically is relatively poor:
10-GeV electron

prompt energy depositions only 10-GeV "

~ active elements see a ~ constant fraction of shower energy

Number of measurements

D comcomponar | s
r——/‘—_———\ typlcally: - Comp(irjy _
/ Z | f h ] | l ] | |
” ﬁ{_, arger response for em showers 5 4 5 8 10 12
" ;f’ P, _ _ [GeV]
It A;f"‘;‘\( - than for hadronic showers: Signal (in energy units) obtained for a 10 GeV energy deposit
Y- .
__.}__%i; — e/h > 1 => non-compensating
/il z //\
'__T——' _ The path to a better energy resolution:
L . - .- g = (Compensating calorimeters: Highest potential

provided by Dual Readout

=~ Software compensation / offline weighting:
Shower-by-shower energy corrections, profits
from high granularity

“Invisible” energy due to binding energy losses
delayed & displaced energy deposits due to neutrons
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Limitations of Energy Resolution

and Handles to /m,orove /t

= E— e —— — e —_— ——— . —  ——— e — —

E—_— = — e — — = = o

* The energy resolution for hadronic showers typically is relatively poor: ¢ — . 1 1 r 1 T T T 1
e | 10-GeV electron
prompt energy depositions only % 10-GeV i)
3 | _
’ active elements see a ~ constant fraction of shower energy £
€ 7= Commpomar | 2 | Sioan
r——"/*""'\ typically: € [ compcirjy ]
£ =
" larger response for em showers Y 10 15
" ;” o _ _ [GeV]
Jt 3&7\( than for hadronic showers: Signal (in energy units) obtained for a 10 GeV energy deposit
W
___;._—@ m— e/h > 1 => non-compensating
7[" z //\
|__‘—"‘7\ ' g O 4 The path to a better energy resolution:
L o N - g = (Compensating calorimeters: Highest potential

prowded by Dual Readout

=3 “Software compensat/on / ofﬂlne welghtlng
Shower-by-shower energy corrections, proflts
from high granularity o
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“Invisible” energy due to binding energy losses
delayed & displaced energy deposits due to neutrons
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CALICE Calorimeters

Granularity & Prototypes
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e Granularity motivated by shower physics:

Calorimeter voxel size given by
Xo, pm => ~ (5 mm)3 - (30 mm)3

e ae————— e e — — — = -
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CALICE Calorimeters

Granularity & Prototypes
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e Granularity motivated by shower physics:

t-’—(i-l s Consequences for the Calorimeter Systems:
n,w<<<4‘ gM = 01078 cells in HCAL, 108 cells in ECAL for typical detector
= = systems!
\ (compared to a few 10k - 100k for current LHC detectors)
A = fully integrated electronics needed
—

requires active elements that support high granularity and
large channel counts

=~ need technical solutions amenable to mass production &
automatisation

|
\
A

Calorimeter voxel size given by
Xo, pm => ~ (5 mm)3 - (30 mm)3
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CALICE Calorimeters

Granularity & Prototypes
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e Granularity motivated by shower physics:

t-’—(i-l s Consequences for the Calorimeter Systems:
n,w<<<4‘ gM = 01078 cells in HCAL, 108 cells in ECAL for typical detector
= = systems!
\ (compared to a few 10k - 100k for current LHC detectors)
A = fully integrated electronics needed
—

requires active elements that support high granularity and
large channel counts

=~ need technical solutions amenable to mass production &
automatisation

|
\
A

Developed and studied in CALICE f
Calorimeter voxel size given by | Principles, performance, technological feasibility |
Xo, pm => ~ (5 mm)3 - (30 mm)3 ‘j and scalability demonstrated in the last 12 years )
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CALICE Calorimeters 7\11@ %
Readout Schemes S5 oyete
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* Depending on active detector technology and granularity, different readout schemes are used:

7
“digital” 9% “semi-digital” -
o ey e “analog” /
counting hitcells | - 2 bits per cell:

full analog information

one, a few, many particles | |
yP typically 14+ bits

Active elements: gas detectors gas detectors Plastic scintillator elements
Silicon pixel detectors Silicon pad detectors

—_——— ———

|
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Semi-Digital Energy Reconstruction in CALICE
Performance of the RPC SDHCAL
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Semi-Digital Energy Reconstruction in CALICE

Performance of the RPC SDHCAL
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e Exploitation of semi-digital readout requires energy (hit) -
dependent calibration factors for each of the three thresholds
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Software Compensation in CALICE

Different Techniques to improve the Energy Resolution with Analog Readout
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e Full analog energy information in each cell of the AHCAL provides different handles to implement energy
reconstruction technigues. Two main strategies for software compensation studied:

e e — S e e e e e _
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Software Compensation in CALICE

D/fferent Techn/ques to /m,orove the Energy Resolut/on W/th Analog Readout
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e Full analog energy information in each cell of the AHCAL provides different handles to implement energy

reconstruction technigues. Two main strategies for software compensation studied:

Global

* Event-by-event correction of energy sum
with a shower-dependent global factor

(2102) 21060d 2 LSNIM

correction based on Cgiobal, given by

NyirsCEpir < €1)

C —
global
Npiss(Epir < <Ehit>)
@ 0.07rr T BERRERSESERRRRREESS T
2 0060 W . roev 1 With an additional
3 - & o w 35GeV ]
S 0.05- A . wweev | energy dependence of
£ - i 0y : .
st T A 1 the correction factor
0.031- ! ooo ’f* o o E
0.021- Lo e - \ E elim = 5 MIP
i
0

T 19 eIy, TRETRD | QD d 00 —
8 0.9 1 11 12 13 14 1.5 16
Cglobal (e =5 MIP)
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Software Compensation in CALICE CAI.nC %

D/fferent Teohn/ques to /m,orove the Energy Resolut/on W/th Analog Readout
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e Full analog energy information in each cell of the AHCAL provides different handles to implement energy

reconstruction technigues. Two main strategies for software compensation studied:

(2102) 21060d 2 LSNIM

Global Local
* Event-by-event correction of energy sum e Cell-by-cell correction of energy with
with a shower-dependent global factor energy-density dependent weights
0 5 I I I I I I I I I B
correction based on Cgiobal, given by £ 10 §
)
Npiss(Epis < €j) additional
C — : :
global arametrisation for
Npits(Epir < <Ehit>) P
Y mm— . energy dependence of
2 oosk W - v0eev 4 With an additional the weights, separate
3 - o w 35GeV ]
foos R L socev | energy dependence of weights for each
§°'°4;_ . ooo ‘:*fgﬁ**’ E the correction factor energy-density bin
0.03 L f > ot —
! P S ] 0 5 10 15 20 25 30 35 40 45
A I ) E eim = 5 MIP energy density [ GeV/(1000 cm®) ]

RN Wi
Cglobal (e —5|V||P)

e s —_— e = : = = =
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Software Compensation in CALICE

normalized entries

D/fferent Techn/ques to /mprove the Energy Resolut/on W/th Analog Readout
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e Full analog energy information in each cell of the AHCAL provides different handles to implement energy
reconstruction technigues. Two main strategies for software compensation studied:

* Event-by-event correction of energy sum
with a shower-dependent global factor

Global Local

e Cell-by-cell correction of energy with
energy-density dependent weights

. . % 5 I I I I I I I I I B
correction based on cgiobal, given by ="l (a) ;
)
.  Npig(Epy < €gy)
global —
Npirs(Epir < <Ehit>)
0.07 e e AARREES ARaannanas
0.061 s . ~10eev 1 With an additional
- & o w 35GeV
0.05 A . xsev 1 energy dependence of
A O ¢ .
N\ ©  the correction factor
0.03[- i oo f’ Q}:oﬁ -
: R S 0 5 10 15 20 25 30 35 40 45
e - ’ B eim = 5 MIP energy density [ GeV/(1000 cm®) ]
To

0 .
0.8 0.9 1 1.1

e

Cglobal (e =5 MIP)

(2102) 21060d 2 LSNIM

additional
parametrisation for
energy dependence of
the weights, separate
weights for each
energy-density bin

For both: Parameters / weights determined by x2 minimisation of energy resolution

e e e e e ——— — = e e
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Software Compensation in the AHCAL

Com,oar/ng Local and Globa/ SC
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e Substantial improvement of energy resolution with SC
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Software Compensation in the AHCAL
Comparing Local and Global SC
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Software Compensation in the W-AHCAL

Global Software Compensat/on
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33

1

leaves little handle for software compensation -

.2

1.06

Total depth [A[]
techniques Layer, depth [mm|

31 73

1.28

1.06

Y

IRy LR o Wigaatye DR I S SE S R G ot g iRy SLTE AN R
ey RSO 2 |'-'= [l A N R PSR Far “=~@", L
[

= Tested with global SC (local SC in progress)
. Layer depth | X

124

0.2

MEERT It a7
- WA e et
£33 N IO

. ot AR T NN
— vq—- _--‘ R T i B A S T N I L 2 i i T R e e I T
R R s N B s s i . T,

CALICE W-AHCAL Preliminary 1.2

o
—h

.18

- data set

1.1

Osc/ Oreco 2

standard

Relative resolution
o
p—
(@)

0.9

0.1

0.8

0.08

0.06 0.7

CALICE W-AHCAL Preliminary

7t data set

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII-|_

0 10

O

10 20 30 40 50 60 70 80

Beam momentum [Ge 20

< ©
— O

pEa——————

 _ e ———— p—

Energy Reconstructlon in CALICE CLIC Workshop Janualy 201 9

30 40

90

60

70

80

90

Beam momentum [GeV]

Frank Slmon (fsmon@mpp mpg.de)

¢
Bt
e
r:‘
s
;
¥

i
Y 3
L] 7 23
U
i
e
- X . . g i Fe
R R TP e TR

¢90-NVO




Extension to Combined ECAL/HCAL Systems CAuC %

One Example SiW ECAL + Scmtlllator / Fe HCAL

_ = e e — _ -

. Studylng energy resolution in a “real-world” settlng A Comblned system of
SIW ECAL, Scintillator/FE HCAL, Tail Catcher

* A combination of non-compensating systems with different active and
absorber materials and varying longitudinal sampling

e | ocal software compensation extended by subsystem-dependen binning
and weight parameter

DRUID, RunNum = 330437, EventNum = 1005

ECAL (30 layers):

Absorber: W: 1.4 mm, 2.8 mm, 4.2 mm
Active: Si; 525 pm

HCAL (38 layers) / TCMT (8+8 layers): e
Absorber: Steel; ~ 21 mm (including cassettes)

Actlve Plastic scmtlllator 5 mm \

e s —————— - = . —
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Local Software Compensation in Combined Systems C‘Aj_j@ %

The Implementation

= _ E— B —_— — e —_— —— . —  ———— e — —

DRUID, RunNum = 330437, EventNum = 1005

e Separate treatment of incoming track up to first interaction:
calibration factor different than that for showers

8G0-NVO

e Digital weighting for first two bins: Slight advantage for

energy resolution due to suppression of Landau fluctuations

-

(@)
[o¢]
|

C  CALICE Preliminary CERNTB, n:25GeV ]
Si-W ECAL + AHCAL + TCMT | Bin 1 3
B Bin 2 3

B Bin 3
[ Bin4

#hits/ 0.22 MIP
)
|

—_
o
[e)]

- [ Bin 5 ]

10° E [ Bin 6 5

_ = Bin7 =

% IIII| ! ! LI ! ! IIIIII| ! ! IIIIII| 3 :)4 |:|B|n8 N

§ 10" E cALicE Preliminary CERN TB, n:25 GeV—= Bl Track hits

o w B Bin 1 3 . F E
2 I Bin 2 41 Y E
<O F [ Bin 3 IE -

[ Bin 4 1 2L N
10° [ Bin5 — =
[ Bin6 3 -

B []Bin7 4 OE —

10° & [1Bin 8 = F -

= B Track hits - 1 i -

103 = 2 3
S 1 10 10 _ 10
Hit Energy [MIP]

107 E

10 E

1 10 10?

_ 10°
Hit Energy [MIP]

e s m——— = — —— — = [

Energy Reconstruction in CALICE - CLIC Workshop, January 2019

Frank Simon (fsimon@mpp.mpg.de) 12



—
o
<

#hits/ 0.22 MIP
2

—
o
O

10" E

__ = __ - _ T — — e S S ———— —_—

Local Software Compensation in Combined Systems

The Implementation

DRUID, RunNum = 330437, EventNum = 1005

10° [
107 E

10 E

e Separate treatment of incoming track up to first interaction: o
. . . >
calibration factor different than that for showers Z
-
 Digital weighting for first two bins: Slight advantage for &
energy resolution due to suppression of Landau fluctuations
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Local Software Compensation in Combined Systems

Resulting Performance

—_— E—— e — - —_— —_— | e —— ———————— e __ = —

— = — —_— e = = - — . = = S

8G0-NVO

s 1 e Substantial improvement in energy resolution:
3 B CERN & FNAL TB, Fit: a/\E/GeV ® b ® 0.18 GeV/E | _ _
s 03 o-Standard Reco.: a=(54.25:0.13)% b=(4.6:0.05)%  SC in ECAL alone up to 8% improvement
B\ ~+ECAL SC: a=(51.58+0.17)% b=(3.52+0.07)% N _ _
- = HCAL SC: a=(46.58:0.16)% b=(3.2:0.07)2% - * SC in HCAL alone up to 23% improvement
B o Full SC: a=(42.55:0.14)% b=(2.5+0.07)% il . .
. ‘ s et 7 o ) - e Full SC up to 30% improvement, for a stochastic term of
0.2 —-\V\x ]
L ] 42.5% and a constant term of 2.5%
S NN - = The bulk of the improvement is achieved in the AHCAL
| AN \\@\\@\ _
0.1 — : “@\@‘__@_\@_ _
I “ - Rt -
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Local Software Compensation in Combined Systems

Resulting Performance
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S 1 e Substantial improvement in energy resolution: .
3 B CERN & FNAL TB, Fit: a/\E/GeV ® b @ 0.18 GeV/E N _ _ >
s 03 o-Standard Reco.: a=(54.25:0.13)% b=(4.6:0.05)%  SC in ECAL alone up to 8% improvement Z
I\ + ECAL SC: a=(51.58+0.17)% b=(3.52+0.07)% - _ _ S
- + HCAL SC: a=(46.58+0.16)% b=(3.2+0.07)% - * SC in HCAL alone up to 23% improvement G
B o Full SC: a=(42.55:0.14)% b=(2.5+0.07)% i . .
. ‘ s et 7 o ) - e Full SC up to 30% improvement, for a stochastic term of
0.2 —-\V\x ]
L 42.5% and a constant term of 2.5%
EEACY _
S NN - < The bulk of the improvement is achieved in the AHCAL
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- _ = S i —Standard Reco. | & i —Standard Reco. |
i i : —Full SC Ry i | —FullSC i
= i o I 1 2004 —
oL v oy 0 0.04 - 108 0 i
0 20 40 60 80 2 - 1 B 003l ’
Ebeam[GeV] = - § S i i}
. . Ix i 1 £ ool -

e Software compensation also reduces tails 0.02 - ] : :
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Combining Software Compensation with Particle Flow

[ ocal Software Compensation in PandoraPFA

—_— = —— —_—— —

D— ——— - —  ——— e R — —

* Particle flow algorithms make use of calorimeter energy at two main points
* [rack - calorimeter cluster matching, and iterative reclustering
* Energy of neutral particles

= transfer software compensation
algorithm and training strategies

from CALICE to full ILD detector
simulations

em sub showers (in shower
core) weighted less than
hadronic periphery

ECAL not yet included:
standard reconstruction used

E—————
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Combining Software Compensation with Particle Flow

[ ocal Software Compensation in PandoraPFA

= — — — = = — S [ - D— ——— - —  ——— e R —

CALi(ed %
-T Ap-Dezt £

—_— == —_—— - — e i — —— e S ————— . D —

* Particle flow algorithms make use of calorimeter energy at two main points

* Track - calorimeter cluster matching, and iterative reclustering R

 Energy of neutral particles o
C@
©
transfer software compensation =
algorithm and training strategies 4
fromm CALICE to full ILD detector o
simulations =
3
em sub showers (in shower
core) weighted less than
hadronic periphery 2
1

ECAL not yet included:
standard reconstruction used

e — — === — —— ——— —— —— —— — R NN —— — e — —

Energy Reconstruction in CALICE - CLIC Workshop, January 2019

—— No energy correction
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Combining Software Compensation with Particle Flow

Looal Software Com,oensat/on in PandoraPFA

— — e — = = — S [ R — e —  ————— e — —

* Particle flow algorithms make use of calorimeter energy at two main points

* Track - calorimeter cluster matching, and iterative reclustering ® """~~~ 1717~
_ —_ B —— No energy correction B
* Energy of neutral particles HJ,S I —— SC only neutral hadrons -
S I —— SC for all at reclustering -
tranSfel’ SOftware COmpensatK)n % . eiem Intrinsic energy resolution
algorithm and training strategies Tald B Confusion term -
from CALICE to full ILD detector & T -
[ " 2 — —
simulations = | . - -
3~ —— I
] B —— " i
em sub showers (in shower - — -
core) weighted less than _ J— o i
hadronic periphery 2 s e o
i iale 7 W T |
i ittt B
1 _I | | | | | | | | | | | | | | | | | | | | | | | |
50 100 150 200 250
. GeV
ECAL not yet included: - . — ’et [
standard reconstruction used Now the standard energy reoonstruotlon method t

Energy Reconstruction in CALICE - CLIC Workshop, January 201 9

Frank Slmon (fsmon@mpp.mpg.de)

| for CLIC and ILD phyS|os and performanoe studles ‘

e — e — - —— — — i — = e e

CAu(: %

(2102) 869 ‘22D rd3




= — _____ __ ___ - = = —

Energy Reconstruction & Readout Schemes

Understand/ng Resolut/on Impact of Granular/ty & Readout Technology

e e ———

670-NVO

 CALICE hadron calorimeters use different schemes for energy
reconstruction - depending on readout technology:
 scintillator. analog & software compensation 0
e gas: digital (1 bit), semi-digital (2 bit) 0 1
~, V.24 F :
N.B.: Semi-digital reconstruction and software EJ: 0.22 - E
compensation are related: both use optimised hit b§ 0.2 3 ‘ E
or energy dependent weighting factors 0.18F ' 3 . Dl E
0.16 \ @ Semi-Digital =
» Different schemes tested on AHCAL data (3 x 3 cm? granularity) 014E \ . ?\EZ.VZEL{ %Tlo/_rlpg&r]rsation E
0.12 :_ :. Analogue w/TCMT W/SC_Z
012— \ . ':\o ¢ . —o— ;;
0.08 F M S ¢ -
0.06 F TS
004 :. W EEENE FEEEE RN NS FEEw NS NS NEEEE N .:
0 10 20 30 40 50 60 70 80 90
beam [GeV]
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Energy Reconstruction & Readout Schemes

 CALICE hadron calorimeters use different schemes for energy
reconstruction - depending on readout technology:

 scintillator. analog & software compensation
e gas: digital (1 bit), semi-digital (2 bit)

N.B.: Semi-digital reconstruction and software
compensation are related: both use optimised hit
or energy dependent weighting factors

» Different schemes tested on AHCAL data (3 x 3 cm2 granularity)
e Simulations used to study 1 x 1 cm? granularity (scintillator)
e Digital & fine granularity best at low energy: Suppression of
fluctuations

e SC & semi-digital comparable
NB: Sampling fraction matters: Semi-digital reconstruction in
RPCs does not reach the same resolution

e _ — — ———-—————— — — —

Energy Reconstructlon in CALICE CLIC Workshop Janualy 201 9

Understand/ng Resolut/on Impact of Granular/ty & Readout Technology

670-NVO
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Towards Multivariate Techniques
Initial Studies with Neural Networks

—_— =
_ —— e e ———— —_—
— — _ —

CAN-021

* Performed with AHCAL physics prototype in 2010 (K. Seidel, FS)
The strategy:

N\

e Use “simple” clustering to define a set of shower variables

. . _ _ _ - N §|s¢ usedinNN:
Train a neural network on MC data (NB: quasi-continuous I/ |S Global observables
energy distribution to avoid bias) e\ ) VR

* Apply NN to data (requires additional energy correction to E ger EremT
account for differences between data and MC) Vshomt/  est 5™

— B —— B — — -
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* Performed with AHCAL physics prototype in 2010 (K. Seidel, FS)

Towards Multivariate Techniques

Initial Studies with Neural Networks

The strategy:

e Use “simple” clustering to define a set of shower variables

— R —— e — ——— ————— —

* Train a neural network on MC data (NB: quasi-continuous

energy distribution to avoid bias)

 Apply NN to data (requires additional energy correction to
account for differences between data and MC)

CAufed %
- Ap-Byz2t

CAN-021
Lt
P Slove lempbh

-

used in NN:

| / |S Global observables

.g 10° = = oy B U | o 025
= = = E 014 — £ B 2
s 40 GeV - s [ ot 1 5 [ i
— _ | ' - s B > — |
o ] e ~ | _
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2 | — _ 2 B . ’ 1 :> B g
10 E = g 0.1— | | — @ i )
N ] B 7 O
u _ o B . 0 - ~
- . & - ) > 0.15[— —
2 0.08— —] o R i
] T & - 1 2 i d
LD N . L i i
10~ — & 0.06— = & i i
- . ER 4 3 o —
- — @) — - O 2 =
i i 0.04— = i B
1 . 0.02:— i ) P . —: 0.05__ . _—
‘i | CALICE Preliminary i - CALICE Preliminary :
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Towards Multivariate Techniques C?\T.]@ %

Initial Studies with Neural Networks

CAN-021

* Performed with AHCAL physics prototype in 2010 (K. Seidel, FS)
The strategy: A
« Use “simple” clustering to define a set of shower variables

. _ _ - ¢ |« usedin NN:
¢ : - K“‘
Train a neural network on MC data (NB: quasi-continuous = [} T Global observables
energy distribution to avoid bias) NSRBI £
* Apply NN to data (requires additional energy correction to E er gnm—
account for differences between data and MC) Vshomt/ last 5
3 10° T [ L S P PO T | ] & 025
s 1 5 omp - L -1 £ [ )
T 40 GeV L S e 12 ]
- - g pions 1 £ . electrons -
107 - E g 0_1:_ | o ’ _: g‘ i J
- . 8 3 | S i
i ] 9 oosr 4 B . itk -
o 4 & o[ -+ & [ tailsoverlapp = _
- 1 & F 1 2 °c = .
n _ 0.04_— = E -
1 ] 002 R R —: 0.05_— o .
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Towards Multivariate Technigues
Initial Studies with Neural Networks

— e
= e —— — PR — e _
= _ — __ —_ S — R —— —

CAN-021

* Performed with AHCAL physics prototype in 2010 (K. Seidel, FS)

The strategy: Simple weighting using energy density

only with parametrized weights from MC:
* Train a neural network on MC data (NB: quasi-continuous ~ 15% improvement

energy distribution to avoid bias)

e Use “simple” clustering to define a set of shower variables

* Apply NN to data (requires additional energy correction to
account for differences between data and MC)

—_—————

S— _ —
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Towards Multivariate Technigues

Initial Studies with Neural Networks

e —————— — — —— =
L — _ = — ——————— — E— — _ S5

—— T e———— — ———— e ———————— e ——— e —— = i —

CAN-021

= — ___ _ ___ _ __ e E———

* Performed with AHCAL physics prototype in 2010 (K. Seidel, FS)

T'he strategy: Simple weighting using energy density
* Use “simple” clustering to define a set of shower variables only with parametrized weights from MC:
* Train a neural network on MC data (NB: quasi-continuous ~ 15% improvement

energy distribution to avoid bias)
* Apply NN to data (requires additional energy correction to

account for differences between data and MC) NN: up to 25% improvement
w 0251 | | | | i o 1.05 T e e
i i 1 € & E
defaUIt reSOIUt|On s Energy resolution - FTF_BIC training B \% = .
e —— g test beam data: _ b; 0_95:— —:
~ 10_1 5% worse than Other B \ e constant cluster weight i - a
B | 0.9__ =
studies: clustering effects! 015 © neural network - B e E
E Q E 085— é —E
i “E ° - i1 2R EEY : P
NN achieves performance - oy e ] 755" =
COmparab|e to Other teChnlqueS, | ' = i » | i_ Ratio of energy resolutions - FTF_BIC training _;
o— ——____ouah e Fit: aNE® b ® ¢ GeV/E o — test beam data .
- . | —a=64.310.4% b =0.00+0.73% ¢ = 0.172+0. EV] s _ ~ =
Sllghtly Iarger ImprOVGment = _a=i:_§i?_3ojo E=?ggi?)$;oc=?);§igzzz [[(Ciev]] | 0'655 o neural network / constant cluster weight -
- n il i b b b b b
=~ Substantial potential! 00" 2030 a0 50 e0 70 w0 90 "0 770 20 80 40 50 60 70 80 o0
. beam Energy [GeV] beam Energy [GeV]
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Towards Multivariate Technigues

Machine Learning & Timing Information

—_— — —p——— s -l _ P —— e _ — — — = = — = —— — ———— ———— = —_——

— = — — = S

C. Graf, work in progress

 New prototypes (and full detectors) will offer ns-level timing on the cell level
* Obvious benefits for pattern recognition & background rejection
* Benefits for energy resolution?

Simulation study for
AHCAL prototype
40 GeV

12 -

10 -

0.00 005 0.10 0.15 0.20
Fraction of Late Hits > 3ns

— — —_— MR e T ——————————— ———— = = —— — — = —
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Towards Multivariate Technigues

Machine Learning & Timing Information
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C. Graf, work in progress

 New prototypes (and full detectors) will offer ns-level timing on the cell level
* Obvious benefits for pattern recognition & background rejection
* Benefits for energy resolution? 0.14 -

—— |ow late hits
. . 0.12- mid late hits
Simulation study for —— high late hits
0.10-
AHCAL prototype
0.08 -
40 GeV
0.06-
12 -
0.04 -
10 -
0.02-
8- 0.00 : : : :
30 35 40 45 50
0 - Standard Reco [GeV]
4- fraction of late hits in shower as
5 additional observable
) Additional parameters, such as

0.00 005 0.10 0.15 0.20 - -
Fraction of Late Hits > 3ns layer-wise energy in neural network

R i — e —— —_— = — 3 e N ——

Energy Reconstruction in CALICE - CLIC Workshop, January 2019 Frank Simon (fsimon@mpp.mpg.de) 18




Towards Multivariate Technigues

Machine Learning & Timing Information

—_— —_— —— T —— e e —— P— — — S —— e e ———

— —_

C. Graf, work in progress

 New prototypes (and full detectors) will offer ns-level timing on the cell level

* Obvious benefits for pattern recognition & background rejection 16 R
— S eco
» Benefits for energy resolution? 0.14 - . 14- SC Energy and Time
—— low late hits = —— NN global
| | 0.121 mid late hits S 12- —— NN semi-global
Simulation study for 1 1] — Pigh late hits B NN more semi-global
AHCAL prototype 2 10
0.08 o
40 GeV > g
0.06 - =
12 - T
0.04- T 61
10 -
0.02 4
g - 10 20 30 40 50 60 70
0.00 20 35 20 45 50 Beam Energy [GeV]
6 - Standard Reco [GeV] o
| o Study still in an early stage
4 fraction of late hits in shower as T ,
"  Timing adds some improvement to
5. additional observable |
N global SC (~ 10% in quadrature)
) Additional parameters, such as

* Energy, in particular also local,
more powerful

0.00 005 0.10 0.15 0.20 - -
Fraction of Late Hits > 3ns layer-wise energy in neural network

B e —— e e ———————————_ _____ —— L S
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Summary & Outlook
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 Hadronic energy reconstruction in calorimeters is a challenge - and a limiting factor for overall detector

performance
* Highly granular calorimeters provide detailed information on the shower substructure on an event-by-event
level that can be use to improve the energy reconstruction & resolution: Used in

Software Compensation

e Different techniques developed and studied in CALICE with test beam data:
Global and local software compensation, semi-digital reconstruction,
global software compensation with neural networks

» Successfully applied to single detectors and combined ECAL and HCAL systems - with typical
resolution improvement of 20% - 30% for pions with energies above ~ 15 GeV

* Implemented in PandoraPFA for the AHCAL

e Substantial potential for further improvement: Addition of new variables (time), more sophisticated
machine learning techniques, extension to electromagnetic showers, ...

e — a5 == ———— — =
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Extras
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CALICE Technologies CAued %

A W/o'e range of prototypes

= = — = e _ = —— - —  ——— e — —

* Arich test beam program, with a variety of different prototypes

Electromagnetic - Tungsten absorbers Hadronic - Steel and Tungsten absorbers

analog:
Scintillator/SiPM
(Fe and W)

analog Silicon and Solntlllator/SlPI\/I

1'_..
Y
I

|

1

|

1

%..

{

(Seml)dlgltal P

39 Mpixels in
160 cm?

+ few Iayer SD prototype with Micromegas
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CALICE Prototypes

Evolution With Time

. e W Bl B B B ] B LY =
i [] i (] I

2006 2007
2005 - Se——— S
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Digital vs Semi-Digital Reconstruction
In the RPC SDHCAL

— R ———— S e, _ - —— e — P ——

e = = — e —_

e At energies above 30 GeV semi-digital reconstruction provides a substantial performance advantage wrt
digital reconstruction: Saturation effects become relevant
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Comined ECAL/HCAL Software Compensation

Linearity & Resolution Improvement
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Software Compensation with Neural Networks
CALICE AHCAL: Linearity
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Performance of Highly Granular Calorimeters

Energy resolut/on Electromagnet/c

Silicon-Tungsten ECAL.:

. =

1/ \I Ebeam (GeV)

e ———————— — —— —

[N B Detector optlmlzed for particle separation, not smgle partlcle resolution]
Scintillator-Tungsten ECAL.:

12

(%)

10

- == — E— =

CALICE ScECAL

6/ Erooo = 1.2%® 12.5% 1 | E, ..
| | | I | | | I | | | I | | |
0 0.2 0.4 0.6 0.8
1/ m (1/ \/GeV/c)

Scintillator prowdes better energy resolution due to Iarger sampllng fraction, with a reduced compactness
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Performance of Highly Granular Calorimeters

Energy resolut/on Hadron/c

————

Analog (Scintillator + SiPM) semi-digital (RPCs)
80_22_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIJ_ /\ O-3IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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~ 0.2 ., LL] s -
S - —o— Uncorrected: ™ - vy -
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- -5-- Global SC: " - S i runs i
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B | i 1 ]
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- local SC: O 15: ' i
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: b N _ i  (¢) ' A . _
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004_||||||||||||||||||||||||||||||||||||||||||||]_ : Multi-thr.mode :
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Software Compensatlon (SC) and semi- dlgltal reconstruction use welghtlng factors to optimise energy resolution
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