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Intent
Abstract

This thesis presents a study of the alignment and the energy response to pions of a combined electromagnetic and
hadronic calorimeter system using two calorimeter prototypes from the CALICE international collaboration: the Digital
Hadron Calorimeter (DHCAL) and the Silicon-Tungsten Electromagnetic Calorimeter (SiI-W ECAL). The data was
taken in April 2011 at the Fermilab test beam facilities. The experimental setup was exposed to a range of beam
energies from 4 to 120 GeV. A first study and correction of the misalignment between detectors was performed using
muon tracks. The linearity of DHCAL for hadronic and electromagnetic showers was next investigated. The prototype
presented significant signal saturation effects for beam energies above 60 GeV. Finally, energy calibration factors for
the calorimeters were obtained for hadronic events. Using the calibration, the hadronic energy resolution of the
DHCAL was calculated to become 44%/sqrt{E/GeV}. This presents a 25% improvement from the energy resolution
calculated with hit-to-energy conversion methods excluding ECAL.

Goal

How does adding ECAL improve the DHCAL standalone pion energy resolution
performance?



Detectors and Datasets Data

_ _ April2011
2011 versions of SIW ECAL and DHCAL @xicm?cells)y | Beam energy (GeV) | Runs | Number of events

8 2 506095

b e s MR g i 12 5 216052

e 16 4 355449

R 25 2 183466

' |{1] 32 5 410833

1 hihh 40 5 386994

T 50 ] 390220

S 60 5 157051

120 3 123693

B L Total 35 2729853

Detector slab (30) (18x18 cm?)
June 2011
| _ ‘ _ Corabincd Collected 4 Collected Beam energy (GeV) | Runs | Number of events

Testing period | Configuration detector layers | events secondary beam g 5 264770
_ Shubi 16 1 312021

October 2010 DHCAL 38 1.4M 1.7M = § i

January 2011 DHCAL+TCMT 38+13=51 1.6M 3.6M

. Si-W ECAL+DHCAL+ 40 8 379803
April 2011 iyl 30+38+14=92 | 2.5M 5.1M 50 3 336071
June 2011 DHCAL+TCMT 38+14=52 3.3M 2.7M 60 6 306083
November 2011 | MinDHCAL 50 0.6M 1.3M 120 9 490413
Total 9.4M 14.4M Total 45 2395826




Event Examples

CALICE Meeting 12-14 Oct 2022
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Si-W ECAL + DHCAL

A =Horizontal

Y= Vertical

Pion

Z =Along detector layers
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Particle ID

Raho 15 | VS Hlts

Caveats:

SiW ECAL online calibration only
ECAL+DHCAL at 50, 60, 120 GeV only,
no dedicated muon run available.
particle ID from the data itself (biased)
since beam Cerenkov detectors were
unavailable most of the time

But:
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Event Selection

June 2011 Particle ID Cuts

April 2011 Particle ID Cuts

ot 8GeV | 16 GeV | 32 GeV | 40GeV 50 GeV | 60 GeV 120 GeV
Eimber of | 50 | =150 | =200 | =200 | =250 | =300 | =500
Ratio(0-10) | >0.5 >0.5

Ratio(0-15) =05 | =05 |>05 |>05 |>05
i+ 8GeV | 16 GeV | 32 GeV | 40GeV 50 GeV | 60 GeV 120 GeV
Eimber of | 00 | =200 | =200 | =200 | =250 | =300 | =500
Ratio(0-10) | <03 | <0.3

Ratio(0-15) “02 | <02 | <02 |<02 |=<02
ut 8GeV | 16 GeV | 32 GeV | 40GeV 50 GeV | 60 GeV 120 GeV

Number of
hits

60<hits<120

60<hits<130

Ratio(0-10)

0.1<ratiol0<0.4

Ratio(0-15)

0.2<ratiol5<0.5

April 2011 Particle ID Cuts for Late showering pions

i 12 GeV 16 GeV | 25 GeV | 32 GeV 40 GeV
Number of ) 5 . . N

hits DHCAT | = 120 >120 >120 >120 >150
Ratio(0-15) <15 <0.2 <0.2 <0.2 <0.2

et 50 GeV | 60 GeV 120 GeV
Number of hits | -
Number of hits ) ~

ECAT >120 ~>120 >120
Ratio ECAL >(0.95 >(.85 ~0.8

mt 50 GeV | 60 GeV 120 GeV
Number of hits . ) ~
DHCAT >50 =>110 =200
Number of hits

ECAL

Ratio ECAL <0.9 <0.75 <0.7

G 50 GeV | 60 GeV 120 GeV
Number of hits .

DHCAT 60<hits<100
Number of hits )

ECAL o

Ratio ECAL 0.2<ratioECAL<0.5

+ containment cuts on number of cuts in the last layers of DHCAL




x(cm)

y(cm)

Before Alignment

Select muons from datasets
Reject hits outside of main track
(>4 hits/layer or at R>1 cm)
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XZ ECAL

2D Projections ECAL and DHCAL Apr2011 60GeV run630090 Event 928 MUON

X

%2/ ndf 21.41/25
Prob 0.6695
p0 —0.003794 + 0.00842
p1 9.063 + 0.07095
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YZ ECAL

z(cm)

XZ

¥=/ ndf 1.732e-19/25
Prob 1
p0 3.428e-12 + 0.00842
p1 10 £ 0.07085
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3D Plots Apr2011 60GeV run630093 Event 32290 MUON

scatter 3D ECAL
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scatter 3D DHCAL

2 displacements (in X and Y) +
2 angles (in XZ and YZ planes)

XY Alignment from Track Fits Before Moving DHCAL Apr2011 50Gey run 630081 MUON
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Before Alignment
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After
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| Eniries EEH
-1 | Underflow 1
— Overtow 1
| | ndf 14
120 [ :'rn: 1.613¢-08
_ | Congtanl 12 . ¥
— Maan 0.0ZBET = 0.00895
100 — Sigma 0.2955 + 0.0DEG
B Avareg 0008227 =5.001217
= AME i BCHESE =001 0655
a0 —
60 —
40—
[ I I N R T SR | (AN I T T T N SN SO A Y [ | I i
L R — = 05 0 05 1 15 > 55
Distance {cm)

Results vs run number: 1x 50GeV and 5x 60 GeV

(not enough muons in 120 GeV data)
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" Beam energy Run | Number of muon events
50 GeV 630081 792
630090 47
630091 13
60 GeV 630092 21
630093 53
630094 19
s 630095 3
120 GeV 730097 3

Global fits of the aligned tracks:

Position:

X/Y: +0.013 (stat) £0.016 (syst) cm

Angles

XY/YZ: +0.013 (stat) £0.064 (syst) °©

i.e. a few % of cell size
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I ) H ( :A I I I l lea rlty Mean Hits Jun2011 PION (& SENE— —
2000 Prob 0.7367 | Prob 0.001812
PO 25.86+3.914 | po 13.77 + 0.2705
p1 0.8459 + 0.03727
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NHz'ts _ pOEBeam
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400 red: straight line fit
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Re SO I u t i on Hits Distrbution Jun2011 40GeV Iﬁfi aia .EII:H;L RON
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Configurations for Pion Energy Resolution

# Period Setup Sample DHCAL Calibration Resolution

1 June DHCAL All Linearity fit June } ——

2 April DHCAL+ECAL Late showers Linearity fit April

3 April DHCAL+ECAL Early showers .. corrected by ECAL* better?

4  April DHCAL+ECAL Early showers Energy Sum best?
EDHCAL (Hits) * ECAL online calibration for
energy deposition in Silicon,
[, completed by energy
- ECAL (MIPS in Si) deposition in tungsten

0 = o L |l = . | v v 4 1 44 1 1 e e § i e e I T IS SN L —yp L — L =
0 20 40 60 80 100 120 140 160 T80y Arbitrary unie e S al I l p e
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Energy Calibrated to Beam

Energy vs Hits
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Resolutions per Dataset

#1 #2 #3
Results April 2011
Results Energy Resolution June 2011 DHCAL using Linearity tit | DHCAL using ECAL Correction
Beam Energy | e™Resolution | 7"Resolution | | Beam Energy Resolution Resolution
8 GeV 0174 + 0.004 12 GeV 0.210 =+ 0.020 0.152 % 0.009
16 GeV 0212 + 0003 16 GeV 0.190 + 0.004 0.151 £+ 0.003
32 GeV 0.148 £ 0.001 | 0.153 % 0.002 s fi‘; et b
siaberal v == 32Ge 168 & 0.00: +0.002
il{] GeV 0. j_z.g + [:1_[}(: ! 0. j_-‘41 == (: .[: 02 40 GeV 0.149 £ 0.002 0.127 £ 0.002
DD GE’V {] 2” T “[}( 1 [}-35 = ( [{]2 50 GeV 0.148 4+ 0.002 0125 + 0.002
60 GeV 0.126 £0.001 | 0.146 £ 0.002 60 CaV 0.141 =+ 0.004 0118 =+ 0.002
120 GeV 0.119 £ 0.001 | 0.133 £ 0.002 120 GeV 0.134 4 0.005 0.113 4 0.004
Beam Energy | Energy Resolution .:1((_:.-31 )
#4 50 GeV 0.1061 £ 0.0005 | 0.750 = 0.004
60 GeV 0.095 = 0.003 ).740 = 0.006
120 GeV 0.071 = 0.001 ).780 = 0.008

14




“0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06

Pion Energy Resolution

27 ndt 124176
Prob 0.05345
a  0.5986 + 0.02533
c_0.1207 + 0.003485

e [ ndt 113.6/4
Prob 1.212e-23
a 0.6453 £0.01514
C 0.1098 + 0.002146

¥2 [ ndf 15.65/6
Prob 0.01577
a 0.4441+0.02256
c 0.1081+ 0.002679

v¢ / ndi 4.36/ 1
Prob 0.03679
a 0.7238 + 0.008665
c 0.0259 + 0.003631

o

A

20

Fit function:
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S»

a b

|
100
Beam Energy (GeV)

|
120

H2
H1
H3
H4
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Pion Energy Resolution

Energy Resolution PION
Period and Method Marker | 50 GeV | 60 GeV | 120 GeV | Average
DHCAL April 2011 Linearity fit N 0.148 0.141 0.134 0.139 H2
DHCAL June 2011 Linearity fit #* 0.135 0.146 0.133 0.138 H#1
RN A E N T O A [0125 |0118 |0113 |0.119
correction # 3
RWEALWECALAPRINE o (ndos. e0wz: 4o | oom #4
Sum of energies

Difference between energy resolutions

Compared periods 50 GeV | 60 GeV | 120 GeV | Average

DHCAL April 2011 Linearity fit to . "y - N
DHCAL June 2011 Linearity fit 6% | 4% | 1% | 1% | H2 — #1

DHCAL June 2011 Linearity fit to . i b -
DHCAL April 2011 ECAL correction | /7 | “19% | -15% | -14% | #1 —#3

DHCAL April 2011 ECAL correction : " i i
0 ECAL+DHCAL Sum of energies | ~107¢ | ~18% | 36% | -23% | #3 —#4

cumulative: ~40%
16



Conclusion and Outlook

The 2011 data of combined runs DHCAL and SiW-ECAL were analyzed.
Several/severe caveats

* Muons could be used to align the detectors
to ~0.02 cm in position and ~0.1 ° in angle.

e The presence of ECAL should improve the “pion”

energy resolution. Better particle ID necessary.

DHCAL analysis plans: detailed better pion performance analysis from
data and Monte-Carlo simulations (McGill and Beykent universities)
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Extras
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Calorimeter Comparison
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