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Energy Resolution in Calorimetry

> Calorimetric energy resolution depends on

particle energy:

o(F) a o ©
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stochastic term  constant tecrm  noise term
> Particle flow improves jet energy resolution 10
= Typical jet: ~60% (h/l)*, ~30% y, ~10% h° 6
= Use best resolution detector for each particle in jet
6

Needs high granularity to discern energy depositions
from neutral and charged particles

rmsgolEjet [%]

= Always improves resolution above classic calorimetry

> Need unprecedented spatial resolution while

maintaining competitive energy resolution
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CALICE Collaboration

> R&D of Particle Flow calorimeters for future linear collider experiments
= 60 groups/institutes, ~350 people
> Different absorber and detection materials under investigation

= Sandwich calorimeter, very high granularity in X/Y/Z

PFA Calorimeter I

==
andes]

= Multiple large scale prototypes built and tested
at CERN, DESY and FNAL testbeam facilities

x 102 Calorimeters in HEP
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Silicon ECAL (SiECAL)

> Tungsten absorber

- 30 IayerS (O4X , 08X ’ 12X ) —_ 97\ L O Y B I O B ¥2 | ndf 30.69 /32
0 0 0 X T s 16.53+0.14
. ) v = CALICE 2006 data
> Silicon PIN diode array g 8 " Momecu ¢ 107007
E | .
m 1% Ll - o]
1*1cm? cells Yo ]
= 9720 channels in total B S
. . . E 6 .
> Linearity deviations <1% = o :
> Acceptable electron energy resolutic > g/’r“ " E
= 16.5% stochastic, 1.1% constant a- Fa ]
= Significantly worse than e.g. crystals 3i e ]
N ' i
= High spatial granularity enables PFA - )
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Scintillator Strip ECAL (ScECAL)

> Tungsten absorber

= 30 layers, constant thickness

> Scintillator-SiPM readout

<12 T
o From (CALICE, 2014)

o 10F ScECAL
= 10*45mm? scintillators, staggered by layer

= 30 layers, 72 strips per layer — 2160 cells 8

= 16bit hit digitisation El 6: _

> Linearity deviations <2% o | i

> Good electron energy resolution 4 - -

= 12.8% stochastic, 1.0% constant 2 -

= Strip geometry requires separate T T
reconstruction of hit positions for PFA 00 0.2 0.4 0.6 0.8

1/ \/pbeam (1/ VGeVlc)

Published in:
CAN-016¢c
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Digital HCAL (DHCAL)

> Steel/Tungsten absorber Y sy b
= Up to 54 instrumented layers (incl. TCMT) N
> RPC readout, single-threshold (digital) Y Uncalibrated
02 li‘% Density calibrated
= 1*1cm? readout pads —500k channels! 5 .,
0.1 R MR
> Pion energy resolution :
GD‘H‘1|0‘H‘ZL'J‘H|3|0‘Hl4l3|”|5|0||||6|0|”|70
= Fe absorber: ~65% stochastic term <30GeV [CAN-042] Erergy{set)

constant ~12% >30GeV

= W absorber: clearly worse resolution, denser showers

o
o

CALICE PRELIMINARY
W-DHCAL

Resolution [%]

@
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> Most detailed hadron shower imaging yet
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Semi-Digital HCAL (SDHCAL)

g OA4prr
> Steel absorber w o f E
= 48 layers instrumented ’ 0.32—{* CALIGE PRELIINARY 3
> RPC readout, multi-threshold (2bit) B ;
0.2~ —
= Readout ASIC already designed for ILC timings, ose . E
power budget etc. i ' T
> Binary mode resolution similar to DHCAL S N
0 10 20 30 40 50 60 7E0 8[0(59\3]0

= Similar flattening of resolution >30GeV [CAN-037] o
= Details and contributions to binary energy resolution to  : e
be clarified in simulations 3 o3F < Sep'r2 data, Hough vack cor. | —
© o o Nov'12 data, Hough track corr. ]
> Multi-threshold mode significantly improves °BE s
resolutions o2- | s
= Critically depends on exact threshold positions and 0'15;_ S by _
monitoring 0.1- * | | E
= Complex threshold weighting of hits 0.05 | CALICE Preliminary SDHCAL ;
o‘"'1o'"‘20""30"'hd"'sd"éd"'éd”é[o(‘;"\'s;;)

[CAN-037Db] -
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Analog HCAL, Steel Absorber (Fe-AHCAL)

> Steel absorber

= Up to 38 layers instrumented

. . . 8 0_22_I T TT TTTT TTTT TTTT IIII|IIII|IIII|IIII IIIIL

> Scintillator-SiPM readout M —e— Data: E

- T T —— Data: " :

= 30*30mm?*-120*120mm? scintillator tiles 6 018 \ - Q?Bg;_BERT:n' .

. : - --5-- QGSP_BERT:m"

7608 tiles total 0.16F - FTF BIC:1 -

> Good agreement with MC 0.14F —-FIFBlCm 5

= 57.6% stochastic, 1.6% constant term 0.12- E

: 0.1 -

> Software compensation greatly - . ]

improves resolution R N

0.06~ ]

= |dentify EM subshowers using high granularity - L r
004l b b b b b b b

= ~45% stochastic, <2% constant term 0 10 20 30 40 50 60 70 80 90

[JINST 7, P09017] Epeam [GEV]

= Proves cell size is correct to identify
hadron shower substructure
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Analog HCAL, Steel Absorber (Fe-AHCAL)

> Steel absorber

= Up to 38 layers instrumented

.o i g 0.2 T T
> Scintillator-SiPM readout Mg —e— Uncorrected: 1= ]
3 —— Uncorrected: t* ]
= 30*30mm?*120*120mm? scintillator tiles & ¢ 45 o= Giobel SC& ]
. ' I --5-- Global SC: 1t ]
7608 tiles total 0.165 \"\- —a- Local SC- :
> Good agreement with MC 0145 T bocal SCir
= 57.6% stochastic, 1.6% constant term 0.12- E
: 0.1 -
> Software compensation greatly - ]
improves resolution 008 E
0.061- .
= |dentify EM subshowers using high granularity - T T

004 L 111 111 L1011 1111 1111 111 L 111 1111 1111
= ~45% stochastic, <2% constant term 0 10 20 30 40 50 60 70 80 90
[JINST 7, PO9017] Epeam [GEV]

= Proves cell size is correct to identify
hadron shower substructure
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Analog HCAL, Tungsten Absorber (W-AHCAL)

CALICE Prellmlnary

025 . ———

> Tungsten absorber S WAACAL 2011 7 .
o - Dat .
= Longitudinal sampling in A_= Fe 020 : QZEP_BERT_HP ]
i % QGSP_BIC_HP |
= Longitudinal sampling in X = 3*Fe B . *x FTFP_BERT_HP |-
015 —
= Accidentally compensating calorimeter - | .
for energies >3GeV - i - -
: . . 010} - —
> Resolution agrees well with MC prediction I "1 s o
- i i_
= ...when using _HP versions of physics list 0.05 _ _
= ~63% stochastic term, slightly worse than Fe i :

= TCMT not included in analysis © 13-' R AEEmama
© .z E ]

— leakage, resoution levels off >50GeV aQ [ *

S 10F l.ij%,# L R ey =
= EM resolution significantly worse than Fe absorber, = [ il % " LI & ]
smaller Moliere radius, longitudinal sampling S 08} " - ﬁ—
-(% 0 20 40 60 80 100

[CAN-044]  p__[GeV]
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Analog HCAL, (Semi-)Digital Reconstruction

> Full amplitude information in AHCAL =~ “wasi-| | = fraosee T
. . L\IJ/ —+— Semi-Digital
= Can emulate single and multi-threshold B L | e Analogue w/TCMT
energy reconstruction © Analogue w/TCMT (with SC)
0.2

> Digital (single threshold) reconstructior

= Expectedly worse resolution than

(S)DHCAL (cell size) >
= In good agreement with MC !
> Multi-threshold reconstruction ~r
= Hit energy dependent weighting i
= Better than analog for energies <30GeV 5313221
= Worse than SC using full analog information %:24:_
§0.02—
%, OF
,_ugio.ozf—
-006; i i | .r\. .l. T 1 P 1 L
0 10 20 30 40 50 60 70 80
Epeam [GeV]
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SIECAL + AHCAL + TCMT Calorimeter System

> Full Calorimeter system

. . ‘L!J. l\\\\\‘\\l\\\\\\\\I\\\\\\\\I\\\|\\\\\\\II\\\I\‘7
n SIECAL, AHCAL, Scitillator TCMT o) i \&\ CALICE work in progress |
= Pjon resolution RN m frontﬂ) Eiatar i
Y ° Pata ]
. - - 0.15- + FTFP_BERT 9.6p1 —
> Different weighting methods: I ‘i\g\v\ . QGSP BERT.4p3
. I \\\ L. v LHEP94p3 i
> Constant weights I \A\\,\\\\%\K\ ]
0.1~ B SS T ——
= Optimise weights once from data or MC - TR —_ 1
B =
= 56% stochastic, 4.8% constant term I i
> Energy dependent weights e I ]
| = Data: a=56% b=4.75% c=0.18 GeV i
) ] . ) — FTFP_BERT 9.6p1: a=51.4% b=5.46% c=0.18 GeV
= Complex iterative weighting procedure - — GQSP_BERT 9.4p3: a=51.8% b=4.87% 0=0.18 GeV 7
L — LHEP 9.4p3: a=55.5% b=7.78% ¢=0.18 GeV -
= Factor dependencies from data or MC 0545503040 50 ”Gld‘ 208060

= Effectively global software compensation beam [GeV]
= 45% stochastic, 2.8% constant [M. Gabriel, MPI Munich 2014]

> Any case: Pion resolution not degraded by ECAL
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SIECAL + AHCAL + TCMT Calorimeter System

> Full Calorimeter system
= SIECAL, AHCAL, Scitillator TCMT

= Pjon resolution

> Different weighting methods:

> Constant weights

= Optimise weights once from data or MC

= 56% stochastic, 4.8% constant term
> Energy dependent weights

= Complex iterative weighting procedure
= Factor dependencies from data or MC
= Effectively global software compensation

= 45% stochastic, 2.8% constant

0.1
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W T T T T T T T T T T T T
\k\ CALICE work in progress
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Fit a/ \E®@b@®c/E

— Data: a=44.7% b=2.72% ¢=0.18 GeV
— FTFP_BERT 9.6p1: a=40.6% b=3.61% ¢=0.18 GeV
— GQSP_BERT 9.4p3: a=41.6% b=3.88% ¢=0.18 GeV
% b=6

— LHEP 9.4p3: a=40.7% b=6.16% ¢=0.18 GeV
[ ‘ [ ‘ | ‘ L] ‘ L] ‘ [ ‘ [ | ‘ [ ‘ [
10 20 30 40 50 60 70 80

beam [GeV]

[M. Gabriel, MPI Munich 2014]

> Any case: Pion resolution not degraded by ECAL
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Summary and Outlook

Summary

> CALICE has developed and built multiple large scale highly granular
calorimeter prototypes

> Prototypes have been tested at numerous testbeams around the world
> Resolution analyses and publication well progressed

> Performance is close to expectations and simulations

> Scintillator calorimeter system performance 5: --
under investigation _ f M/O/'/r i g

> Technical prototype development and testing E _' fog,es
well underway _\

.
0 05 1 15 2 25 3 35 4 45 5
Hit Amplitude [MIP]
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SIECAL Linearity
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ScECAL Linearity

53? 40003_' From (CALICE, 2014) "
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AHCAL Linearity
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DHCAL Linearity

Mean of response
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SDHCAL Linearity
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Response Fit Procedure

Analogue (12bit readout)

Sum

> Deposited Energy

K .Dala
10° |—
= — FTFP_BERT
g B
£ [ 80GeV
o
10—
B F
N C
® B
= B
Q
= 10%° E
C CALICE
- Fe-AHCAL preliminary
0

500 1000 1500 2000 2500 3000 3500 4000
Egum [MIP]

“Standardised” mean extraction procedure:
1. Gaussian pre-fit
2. Novosibirsk fit within ux3c of Gaussian
(X°<3)
3. Novosibirsk parameters for filling
histogram randomly from O to 3o
4. Mean & RMS of histogram
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