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Calorimetry in one slide
ELECTROMAGNETIC CALORIMETRY HADRON CALORIMETRY

Need a strong interaction —

g need lots of stuff. And dense stuff if you
’ are reasonable!

Electron

Electrons like to interact.

Whatever layer is first is your ECAL.

Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043
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https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043

The two styles

Homogenous Sampling

e  Everything captured e Only get snapshots of the shower

Great for electrons and Great for hadrons because
photons that deposit all you can interleave really
readily deposit energy via dense layers, and pay for a
ijonization lot of them
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Scintillating crystals for electromagnetic calorimetry

Homogenous

e  Everything captured

Great for electrons and
photons that deposit all
readily deposit energy via
ionization

& Electromagnetic Calorimeter Examples

Technology (Experiment) Depth — Energy resolution Date
Nal(Tl) (Crystal Ball) 20X, |[2.7%/E'* 1983
Bi,Ge301 (BGO) (L3) 22X,  |2%/VE ®0.7% 1993
Csl (KTeV) 21Xo  |2%/VE ©0.45% 1996
CsI(T1) (BaBar) 16-18X, |2.3%/EY* @ 1.4% 1999
CsI(T1) (BELLE) 16Xy |1.7% for E, > 3.5 GeV 1998
CsI(T1) (BES III) 15Xy |2.5% for E, =1 GeV 2010
PbWO, (PWO) (CMS) 25X, |3%/VE®0.5%®0.2/E | 1997
PbWO, (PWO) (ALICE) 19X, |3.6%/vVE & 1.2% 2008

Scintillating crystals the way to go

https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-part

icle-detectors-accel.pdf
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https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-particle-detectors-accel.pdf
https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-particle-detectors-accel.pdf

Scintillating Crystals for ... hadron calorimetry
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https://www.sciencedirect.com/science/article/pii/S0168900211019851#f0030

Hadronic energy deposition

~

“electromagnetic” (EM)
e component

“hadronic” (Had)
component

absorber

Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043
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https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043

Hadronic energy deposition

~

absorber

Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043

EM/Had ratio
fluctuates
event-to-event
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https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.025002
https://www.sciencedirect.com/science/article/pii/016890029290901F?via%3Dihub
https://www.sciencedirect.com/science/article/pii/016890029290901F?via%3Dihub

Hadronic energy deposition

~

Detector response
) differs for each
component
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Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043
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https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.025002

Hadronic showers in crystals

\

Both
components
produce
scintillation -
light! »

image credit:
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf

9
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https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf

Hadronic showers in crystals

Most of the
Cherenkov!
Both
_ components
produce é@@
scintillation &
light! @“
& Can use the
& Cherenkov light
& produced for an
& event-by-event
0@@‘\“ correction

image credit:
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf

10

# Fermilab Grace E. Cummings | US Muon Collider Workshop, 08 August 2025


https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf

How to separate Cherenkov and Scintillation light

Wavelength Filters Time structure
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https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
http://www.phys.ttu.edu/~dream/resources/publications/610_488.pdf

How to separate Cherenkov and Scintillation light

Wavelength Filters Time structure
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https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
http://www.phys.ttu.edu/~dream/resources/publications/610_488.pdf

e 2 GeV Electron Beam
e 4 Broadcom 6x6 mm SiPMs per end

e Prioritized configurability

o tested many crystalffilter combinations
o used same SiPMs for each

“rear” — Cherenkov All SiPMs

“front” — Scint Channels Channels covered

[

Second
SiPMs (not pictured) (not pictured) amplification Stage

Crystal — cookie — Crystal — cookie — filter — cookie — SiPMs
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Support structures

Low + High
gain to DRS
= Front
Wy
7N “t
o g Pulser and
_______________________________ ojl/ LED for
Calibration
| system
Beam Image: Y. Guo
Low + High
gain to DRS
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2.5 Results to showcase today
BGO DSB Glass ABS Glass

e 25cmx25cmx18cm

o ~16 X,
e ‘rear’ channels: Hoya U330 filter
e “front” unfiltered for scint-only

Average pulses for “rear”
(unfiltered) channels @ 90°

% : : < 30
£ ch7, 90 deg, OV = 0.92 V, BGO, no filter > ch4
«© ch7, 90 deg, OV = 4.42V, BGO, U330 fiter g/ —
é 1 L ch7, 90 deg, OV = 3.42 V, PbF2, no filter % Ave ra g e ch7
© s
. pulses @ 90°
I I w/R64 filter
05 B I
| 10+ .
I \
0 - \\ s o - 0
| S e il
0 200 400 600 800 : ‘ ]
t-tyag (nS) 0 500 1000
t (ns)
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https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ

2.5 Results to showcase today
BGO DSB Glass ABS Glass

e BaO+Si0O,+Ce,0,+Gd,0,
e 2cmx2cmx15cm
o  ~6X,
e ‘“rear” channels: Hoya R64 filter

e  “front” unfiltered
Average pulses for “rear”
(unfiltered) channels @ 90°

30 T
r ~ch4 H

] S
© r 13 I
> 1t = Average o7 ]
N wol pulses @ 90°
Y w/R64 filter
0.5
O —
0 200 400 600 800 L L 111
0 500 1000

t-trpg (NS) & i)
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https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ

2.5 Results to showcase today
BGO DSB Glass ABS Glass

e B,0,+Si0O,+AL,0,+Ce,0,+Gd,0,
e 25cmx25cmx6cm
o ~4 X0
'r e unfiltered runs best!

Average pulses for “rear”

y — 30 ‘ (unfiltered) channels @ 90°
g ch7, 90 deg, OV = 0.92 V, BGO, no filter " $>: Ch4
(1] B ch7, 90 deg, OV = 4.42 V, BGO, U330 filter = 04
; . ch7, 90 deg, OV = 3.42 V, PbF2, no filter = Average ch7
= ©
©
. pulses @ 90° ~50
I w/R64 filter
-100
s
E
0.5 I 3 -150
10 - . 8
S
—-200 1
| —250 1
0 ] 0 —— channel 4
—300 4 —— channel 7
0 200 400 600 800 ; \ ] 0 200 400 600 800 1000
0 500 1000 t[ns]

t-trpg (NS) t )
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https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ

2.5 Results to showcase today
BGO DSB Glass ABS Glass

° BZOZ+Si02+AI203+Ce203+Gd2O3
e 25cmx25cmx6cm

o ~4 X0
e unfiltered runs best!

Analysis ongoing!
(this is the 0.5)

Average pulses for “rear”

: _4 (_ 2 (unfiltered) channels @ 90°
Average o O N

pulses @ 90° O-s0

a(t) (mv)

a(t)/a
T

o

You can see the
Cherenkov edge by-eye! |
7 Easy for waveform
i analysis!

05 ~150

Voltage [mV]

—200 1

—250 1

—— channel 4
—300 4 —— channel 7

0 200 400 600 800 L \ ] 0 200 400 600 800 1000
) 0 500 1000 t[ns]
t-trpg (NS)

t (ns)
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https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ

2.5 Results to showcase today

BGO

max

a(t) (mv)

0.5

0 200 400 600 800
t-trpg (NS)
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DSB Glass

first time these heavy glasses have been
used in a beam test!

BaO+Si0,+Ce,0,+Gd,0,

2cmx2cmx15cm
o ~6X0

‘rear” channels: Hoya R64 filter ¢  unfiltered runs best!

“front” unfiltered

30

20

Average
pulses @ 90°
w/R64 filter

T
~ch4 H
~ch7 [

500

ABS Glass

° BZOZ+SiOz+AI203+Ce203+Gd2O3
e 25cmx25cmx6cm
o ~4X,

Average pulses for “rear”
(unfiltered) channels @ 90°

—150 1

Voltage [mV]

—200 1

—250 1

DSB and ABS Properties: Ren-Yuan Zhu's CPAD2023 talk

—— channel 4
—300 4 —— channel 7

0 200 400 600 800 1000
t [ns]
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https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://indico.slac.stanford.edu/event/8288/timetable/?view=standard#33-progresses-of-inorganic-sci

Angle Scans - All crystals and glasses

Why angle scans?

P 9\\;(‘/" Cherenkov is directional
"\,6 i > — another handle for
\\'r«' ///sr \yl‘@ -90 separation!
¢ ¢ 80 %
90 & %
- -60 =
-45 :,} -30 :.}
0 I 0 =  Why these angles?
. 28 \g Only really meaningful w/
* 80 > full sweep, cut down on
angles for time.

90

45
90 3
M@ M
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PbF2 - The Control

e ~22x

® 20cmlong

Serves as Cherenkov
shape in fits!

max

a(t)/a

0.5

ch0, 125 mV, 90 deg
—— ch1,125 mV, 90 deg ]
ch2, 125 mV, 90 deg |
—— ch3, 125 mV, 90 deg
—— ch4,125mV, 90 deg H
—— ch7,125 mV, 90 deg

Normalized average pulse -
shape, no filter

.0.

200 400 600 800
t-tipg (NS)
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BGO (Bismuth Germanate)

Cherenkov (from PbF,)

x
©
1S
(4v}
= 1+
=
(4v
ﬂ

In principle...

©0-0-©

0.5

ch7, 90 deg, OV = 0.92 V, BGO, no filter
ch7, 90 deg, OV = 4.42 V, BGO, U330 filter
ch7, 90 deg, OV = 3.42 V, PbF2, no filter

/ All Scintillation

Scint + Cherenkov

.|
200 400 600 800
t-tigg (NS)
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... but these are really similar.
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The Single Delay Line (SDL) method - take a “derivative”

e 2 nsdelay
e Cherenkov 1 PE shape from PbF,

é T T T T é
o 1 1 pe Cherenkov . - - 1 pe Cherenkov
= normal pulse = 06 SDL pulse
© N? i
®
s
0.5} =
0 —
0 200 400 600 800 -60 _éo —40 -30 -20
t-trpg (NS) t-tigg (NS)
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The Single Delay Line (SDL) method - take a derivative

e 1 pe scintillation shape — convolute 1 pe Cherenkov w/ y = lexp (_E)
o W/t =314 ns — decay time of BGO & e

5 5
e 1S
© - 1 pe Cherenkov < 0.006
= 06 SDL pulse T =
C B T C
o Q I
& S 0.004
s s |
0.002
0
-60 50 —40 -30 —20 0 200 200 600
t-tigg (NS) t - t1pg (NS)
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BGO SDL Analysis

e Build average SDL pulse at most probable amplitude for rear channels to
extract photoelectrons per energy

800

600 [i-

events, normalized

400 |

200

0 100 200 300 400
a oy (MV)
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BGO SDL Analysis

e Build average SDL pulse at most probable amplitude for rear channels to
extract photoelectrons per energy

-1 °©

g —— Measurements o}
«© Fit = Cerenkov + Scintillation [ % +
~ Cerenkov - .
= Scintillation g 800
c I o
AT . =

3 c

' © 600 -
= Channel 7 3
©
~ average pulse

@ 90°

0.05 -
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BGO SDL Analysis

e Build average SDL pulse at most probable amplitude for rear channels to
extract photoelectrons per energy

Geant4
é I —— Measurements K F } I ‘ ' *2 400 I l " [Fodes |
© 3 Fit = Cerenkov + Scintillation | % L _n\ g’ I _gg ::g |
o~ Cerenkov ~ ) F - I
= | Scintilation E 50 Or, Maj - e |
@ o) ZP
& c ¥ ; —80deg ]
£ 017 7] %) 300F 85deg M
© L 1 € H —90deg |
% Channel 7 % soop |
- average pulse r |
i ° 1 200 .
0.05 @ 90 - 400 |- ] I 1
I 200 . i : |
0 [ I \x
s ! ! |
| I 0 | L L 0 - - L L
-60 -40 -20 0 0 100 200 300 400 0 500 1000 1500 2000
t-1rpg (NS) a,,, (mV) E gep (MeV)
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BGO SDL Analysis

. . _ . LR *
Light yield = (amplitude from fit *a__ \..,) / (Alpe Edeposit,MPV)
15000 . < 100— -
S
3 ! +g:; ?5’ i CH4, U330 |
o I CH4, U330 || g e~ CH7, U330 |
== ~e CH7, U330 | = 80f a /\
c d > | ]
2 2 | /
F10000[ L% = = [ /
5 11 W/\\Zi‘* e g 6o ] Let’s be optimistic!
_ N wl. ] at 90°
5000 |- . i
[ I ] Ch4*4 =160 pe/Gev
201 | . (Ch4+Ch7)*2 =120
| [ ] pe/GeV
0 | 1 1 1 ! 0 I i | | | 1
-100  -50 0 50 100 100 50 0 50 100
angle (deg) angle (deg)
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DSB-3 (Barium Disilicate) Scintillating Glass

T . DSB Properties: Ren-Yuan Zhu’s CPAD2023 talk
e Scintillating glass

o  Some admixture of BaO+Si02+Ce203+Gd203

S : é i JE—— rl\/Ieasurements
\E, Average pU'SeS sl | © 0.06F ——— Fit = Cerenkov + Scintillation {
= 600 ° . cht | = | Cerenkov
© @ 90° w/out filter ~ch2 || Té; ———— Scintillation
ch3 (aV}
y = Average waveform
: | T 004 o -
= 90° w/out filter
400 - . E
» ) o
200 i I
! | 0
() . .
0 500 1000 50 (') 50
tne) t-tigg (NS)
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https://indico.slac.stanford.edu/event/8288/timetable/?view=standard#33-progresses-of-inorganic-sci

DSB-3 SDL analysis

Light yield = (amplitude from fit * a [ (Alpe * E

max,MPV) deposit,MPV)

§ ?000 SR “om T TN
8 2wl ] s [ | ~1000 Cherenkov
5 i‘ 3 [ - ciir,nced | pe/GeV (if our
£ 3 eoof \\ 1| Geant model of
S ~CHO i 1 .

10°f wom : \ DSB is correct)!

- - CH3 400 - T —
CH4, RG64

- chr. s || ; +\‘ First time this glass

102 /// - 2001 — y/ has been put in

beam!

-100 -50 0 50 100 -100 -50 0 50 100

angle (deg) angle (deg)
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Summary and future plans

e Test beams promising!
o DESY test beam comfortably surpasses goal of > 50
Cherenkov photoelectrons / GeV
m BGO
m DSB glass for homogenous HCAL

e 5 x5 BGO crystal matrix — lateral + transverse

containment
o 22 Xo
o Segmented — higher granularity in the front
e Joint test beam w/ DR hadron calorimeter
o The system performance is what matters

e Simulation maturing
o crystal ECAL integrated into Key4HEP
o Full DR test beam modules implemented in GEANT4
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