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My world line

« Education and academic positions
— 2002.9 - 2006.7:  Wuhan University, Physics, Bachelor
— 2006.9 - 2011.7: Institute of High-Energy Physics, CAS, Ph.D.
— 2011.8 - 2012.11: University of Giel3en, Germany, Postdoc
— 2012.11 - now: University of Mainz, Germany, Postdoc

« Research experiences
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Outline

Calorimeter in a nutshell
— Why high granularity?

Prototypes of a high-granularity hadronic calorimeter
— Based on SiPM and scintillator tiles
— Tile-on-SiPM design
— Readout boards assembly, system integration
— Beam test campaigns

Ongoing and further R&D efforts

Summary

CAL.‘G@ 20/12/2017 Development of a High-Granularity Calorimeter (yong.liu@uni-mainz.de) 3 JG‘U




Calorimeter: in a nutshell

 Calorimeter

— For energy measurement of incident particles
* Mostly also positions of energy depositions ‘
— Principles incoming
particles

« Showers initiated by incident particle

* Energy depositions in various forms
— lonization, atom excitation, Cherenkov light... “CMS Crystal-Calori
- Signal ~ total deposited energy (PbWOA4+APD)

« Categorized by structures

— Homogeneous calorimeters
* One material (high-density)
« Same for both absorber and active medium
— Sampling calorimeters
« Absorber: only constrain shower (passive)
— Typical material: Fe, Pb, U, ...

« Sensitive elements (that generate signals)

— Typical: scintillator, noble liquid, semiconductor,
gas chamber, ...
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Calorimeter: in a nutshell

« Calorimeter
— For energy measurement of incident particles
* Mostly also positions of energy depositions ‘
— Principles Incoming
particles
« Showers initiated by incident particle
* Energy depositions in various forms

— lonization, atom excitation, Cherenkov light... EM shower
« Signal ~ total deposited energy ABSORBER o
- Categorized by showers L
{4 7’7
— For electromagnetic (EM) showers S~

; %L‘* %
« Gammas, electrons, positrons —_

Xo :

— For hadronic showers
* Protons, neutrons, pions, kaons
« EM component: compact (e.g. 7° = yy) :

« Hadronic component: sparse (more depth) |
— undetectable energy: nuclear binding, v's |
— e/h > 1 (compensation necessary) 'l

¥ heavy fragment
A | n

: I '
- fEM fluctuations [ Nuclear interaction length | HadI’OnIC part h
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Precision physics and calorimetry
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* Precision measurements at future collider experiments
— CEPC, CLIC, FCC-eeg, ILC, etc.
— Higgs properties, rare decays in Standard Model, searches for new particles
— Categorized by multi-jet states and small cross-sections
— Jet energy resolution directly influences precision measurements

« High-granularity (imaging) calorimeters based on particle-flow algorithm
— Limited intrinsic energy resolution of hadronic calorimeter (HCAL)
— Reduce the role of HCAL for hadrons

%DDD Charged Hadrons
%

ee - VWZZ - vvqq

al Hadrons

Photons
Electrons

Muons
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Particle-flow algorithm

tracker ECAL HCAL
components | petector Energy Energy &
In jets Fraction Resolution i me || e
3 YRS § S - I=E=EI=.
charged _ .
) 60% E; 4E? "
particles (X*) B % 107 E *
Particle Flow
photons (y) ECAL 30% E; 0.15 /Ey tracker _ ECAL BHBCAL
Pi ununuuugﬁg 38t .:. 8o
neutral Y pm----- i
10% E; ] I | R—
hadrons (h) ECAL+HCAL % E; 0.55 . Ejy, h e

 Particle Flow

— Choose sub-detector best suited for each particular particle type
» Charged particles measured in tracker
* Photons in ECAL
* Neutral hadrons in HCAL

— Separation of energy depositions of close-by particles in the calorimeters
« Imaging calorimeter

— Jet energy resolution: o5 /E = 30%/+/E (GeV)
— Calorimeter hardware: highly granular (explosion of total channel number)
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High-granularity calorimeters

5 A " 5 ; [ PFA Calorimeter '

digital

T |
|Siioon | [Scitilator] | MAPS | |Sctilator| | RPC || GEM || Moo |

* Crucial for particle-flow algorithm (PFA)
— Typical jet energy: 50-250 GeV

« Technologies developed within CALICE
— Sensitive: silicon, gas, scintillator
— Absorber: stainless steel, tungsten

* Physics prototypes
— PFA: proof of principle

— Validate simulation models
« Test-beam data: various particles/energies
e Detailed studies on showers in Fe and W

ﬁ . '| R »\

IS |a78rs, 3x3,a1f1? cells
Physics prototype of
Sc-HCAL with Fe/W
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Analogue HCAL.: physics prototype

* Sensitive layers
— Scintillator tiles
— Silicon Photomultipliers (SiPMs)
— Light collection via WLS fiber
— Higher granularity in the layer center

* Absorber structures
— Steel: 38 layers (4.541;)
— Tungsten: 38 layers (4.94;)

* |n total ~ 8000 channels
— Built in 2006

— Taken data till 2011 (11 papers)
« Beam tests at CERN and FNAL

3x3 cm? cell (0.5cm thick)
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SIPM: In a nutshell

.3%1.3 mm? sensitive area

* Photon detector
— Matrix of avalanche photo-diodes (APDSs)

— Operated in Geiger Mode

* Reversely biased voltage (<100 V)
— Above breakdown voltage

« Large avalanche current
- High gain: typically 0(10°)
* Able to detect single photons
— Sensitive to 0(100)-nm photons
 Plastic scintillator: typically 350-520 nm

2668 pixels

Bias

+  GM-APD (aka cell, pixel, etc.) T e
— Intrinsic binary counter : e

— Usually analogue readout in electronics
« Current, or voltage, or integrated charge

Number of photons

O oOoONOOUVLBDBWN

=
o
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Tile-SIPM design

1 \sipm

SiPM detects light
via WLS fiber

SiPM directly collects
light from tile (wo fiber)

First glue SiPM to tile,

then solder SiPM onto PCB Scintillator partially (near SiPM)
melted during soldering, due to

Feasible via manual handling, but heat transfer via soldering pads

not suitable for mass assembly
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Why mass assembly?

« AHCAL
1 year

* 60 sub-modules

- 3000 layers 46 weeks

- 10,000 slabs 230 days
2,000 hours

« 60,000 HBUs

« 200,000 ASICs 120,000 minutes

. 8,000,000 SiPMs + 7,200,000 seconds

tiles
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Tile-SIPM design: evolution

WLS | Mirror

SiPM detects light N < v /
via WLS fiber N | /
| - / Align.
o

INS

SiPM directly collects
light from tile (wo fiber)

SMD-SiPMs first soldered as the other SMD
components, then tiles placed on top of SiPMs

New tile-on-SiPM design
suitable for mass assembly
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Tile-SIPM design: evolution

A scintillator til . - - , :
(30430%3 Prototyping guided by simulation

— How to couple SiPM to scintillator tile?
— Vary cavity shapes, sizes, surface properties...

« Simulation based on Geant4
— All (related) physics processes
— Detailed geometry descriptions
— Wavelength-dependent parameters

 Aims
— High efficiency for light collection

B! VWP, SHTDY iaser — Good response uniformity across tile area

Scintillator Tile
- A

* Final tile design
— A cavity to contain the whole SiPM package
— Simple geometry: easy to produce and polish
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Tile-SIPM design: evolution

A scintillator tile
(30x30x3 mms3)

Top view

_ SMB-=SiPM inside=Cavity

Geant4 simulation

Scine with gintillator Tile directly
reflective fail cut by laser coupled to SMBSiPM
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- ) 0}

- o =R
10 F ” @
e F c 5

- (@] —
£ 5F g o
-~ - P &
g I ol
= OF e 2
- g g
2

C (&)

J 0O o
10 F - S

- ©

st Electrans (2.28 MeV) 2 =

15 10 50 5 10 15
X position / mm

- e SOMEIANE Optimal design achieved: suitable for mass assembly;
good S/N; excellent response uniformity

CAI.I‘GG 20/12/2017 Development of a High-Granularity Calorimeter (yong.liu@uni-mainz.de) 15 JG‘U




Pioneering activities: mass assembly

1st AHCAL readout board with surface-mounted SiPMs
— Implemented the optimal tile design: SMD-SiPMs directly soldered on PCB

— Successfully built in 2014: 144 channels
« Electronics established with DESY (SMD-HBU)
Proof-of-principle: the first to demonstrate mass assembly capability

O

mass ass{embly will

pick-and-place “m i

& o
. 5

1st generation of Mainz SMD-HBU:
before assembly

&)
" e
| &)

o
BE DB
5 8 o O e o I

SMD-HEU: Botiom.View -
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Mass assembly: routine procedure

e 6 SMD-HBUs assembled in
2016

— Updated tile design
— 1000 new low-noise SiPMs

« Proof of routine procedure

« Adopted as the baseline for
the large tech. prototype

— * 2017: ~170 new boards
will be fully assembled
and tested

Tray.for tiles

to be placed ﬁ

Camera. system
with flash:light
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SMD-HBUs commissioning

« Test readout boards after mass assembly

— LED: extraction of SiPM gain; temperature monitoring
— Muons: measurements of MIP response in a dedicated cosmic-ray setup

. Fa %

V175 V327 B
c210 O
..

R9B8 (1

LED (in a hole) emits light to a tile
(equipped on the other PCB side)

Single phoeten spectrum

2 400
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>
o
s 350

7z 28 & 8
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Excellent performance:
all channels (1k) working;
low spread (gain, MIP)

30.7857:29.9143: 29.85 | 295 :29.6143 :30.7738 29.6143 29.7143

> ] o o m Rl o T - [ = [l

ADC

A201C0_TB2 5400.dat

I_I

SiPM Gain in ADC counts

Typical MIP respense

5 TDC_cutdat

Entries 1936
Mean 3212
RMS 14.38
2/ ndf 26.25/26
Width 3.45£0.47
MP 24.97 +0.29
Area 1883 +67.6
GSigma 4.289 +0.884

et Lo

» L] o =] m n ] k4 - - = [

Do lvvn b bvv i b b L1y
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100

MIP response / p.e.
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Test beam campaigns: CERN-SPS in 2015

DR s s o4 s o7 e sw - Rl « Tested both steel and tungsten stacks

aaaaaaaaaaaaaaa

t3 23 (57 53 us 145 141 169 185 201 21

% — Infrastructure for 48 layers; partially instrumented

« System integration: scalable setup

— Interface boards (Power, DIF, Calib): can handle a full layer
* Power board: optimized for power pulsing
* DIF board: equipped new FPGA to communicate with ASICs
* Wing-LDA: data aggregator designed for ILD-AHCAL

— Water cooling: only for interface boards (thanks to the
power-pulsing mode)

rsion 1.2, 26.6.2015

i : fiddd HHHHJT !'"

=10

" //'1.1 Iln"

AHCAL prototype in tungsten stack

e a——
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Test beam campaigns: DESY in 2016

* A small prototype for electromagnetic showers with high-quality SiPMs

— 15 layers, single HBU per layer
* 7 HBUs with SMD-SiPMs built via mass assembly, Tile-on-SiPM
« 8 HBUs with high-quality SiPMs, side-surface coupling
— New interface boards for all layers
— To demonstrate: achievable precision of EM showers, power-pulsing mode and
temperature compensation for SiPM

« Tested in DESY test beam facility in 2016

— MIP calibration for all layers
— EM shower data taken with and without power pulsing

EM Showers

Fraction of shower energy per cell (layer 6)

3
Fraction of shower energy [%]
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Test beam campaigns: CERN-SPS in 2017

* CALICE beam test with magnetic
field
— Only 1.5 T possible (aimed 3T)

« Technical aim

— Power pulsing in magnetic field
* Physics aim

— Performance with electrons

e CALICE-CMS common

beam test

— DAQ integration: EUDAQ R e

— Active temperature L | L " SAH@,/&(
compensation for SiPMs Sy (HGC BH)

B

CAI.I<39 20/12/2017 Development of a High-Granularity Calorimeter (yong.liu@uni-mainz.de)



New electronics

«  New AHCAL readout boards (HBUS)
— With updated ASIC chips (SPIROC2E) in new packages (BGA)

* New interface boards
— Detector Interface (DIF) board: equipped with modern FPGA

LED data w/wo power pulsing

60 EI 11717 17 1T T & !S‘Psicﬁ15' f ?E
50 - I_'IO pow.pu -
= with pow.pu -
» 40 ; -
£ F No gain drop observed
= - . .
: %0 = at 60us switchzon time
<2 F
10F ‘. m More tests ongoing
0E L e S MY Y. g SV AP |
o : ' 540 640 740 840 for several HBUS
s - o . amplitude [12bit-ADC tics] connected (in a slab)
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Towards AHCAL technological prototype

« Goal: to instrument AHCAL technological
prototype in a steel stack

Correspond to ~ 1% of barrel HCAL at ILC

Scalable to a full HCAL at ILC

40 layers in total; 4 HBUs in each layer

Big step towards mass production & QA
« Tile mass production via injection molding
* Quality assurance: ASICs, SiPMs, HBUs

S i ‘ ..-\

Sample tiles via injection molding

xyz Moving Stage

<— Fiber system

SMD Pads  alignment mask
silicone rubber

CALICE AHCAL Hi rd,
more space for additional boards

ADC (12 ch.)

ASIC PCB
interconnect multiplexer PCB

SiPM characterization test stand

—

Cosmic-ray test stand for HBUs

20/12/2017
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Development of key setups at Mainz PRISMA Detector Lab

* Photosensor test stand

— Selection of SiPMs for AHCAL, and full SiPM characterizations

— Development (in parallel) of custom-designed fast preamps for SiPMs
« Cosmic-ray test stand

— Commissioning all AHCAL HBUs after mass assembly (all at Mainz)

Photosensor test stand Cosmic-ray test stand

Dark box (1.8x1.3x0.8 m3)
with compressed air lifting

‘ Trigger and
tracking system

measure MIP response in a relatively short time range
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Photosensor test stand: low-noise SIPM

« EXxploit the test stand for characterizations of various SiPMs

SiPM Resent Development and
Applications, V. Saveliev, 2005

Metal Avalanche
Rq contact region

substrate
—
Single microcell

Dark-Count Rate vs Threshold

------------------

IIIHII| T TTTI

10"
e
< 102 e
8 =
2 10° =
b E
3 e —— SiPM wo trenches
q 104 L . e
ge (OV +3.5 V)
af =

-5 | .
10°E SiPM w. trenches
b (OV +3 V)
- 10 20 30 40 50 60 70 80

Threshold [mV]

Dark-count noises drop fast with threshold
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Photosensor test stand: SIPMs for tech. prototype

» EXxploit the test stand for
characterizations of various SIPMs

Dark-Count Rate vs Threshold

1065
105; “::Qb — 25 OC
- | = A —-30°C
State-of-art SIPM  u & | L0 2 40 °C
in SMD package % : = F m
$10°
E‘IO = ‘;'I...
s E Ale
. . . 310 i
Fully characterize SiPM: DCR, gain, PDE, 5 F ol
temperature behavior, pixel uniformity, etc. 10 “ T,
P . Y - Overvoltage +5V 4. % |,
1:§V0p - 572 \V/ AM A MO GBO 4 ®
Chosen for the large tech. AHCAL oy, PRISVA Detectorfab
- - 0 20 40 60 80 100
demonstrator (23k pieces in total) Threshold / mV
Single Photoelectron spectrum , Gain vs Bias Voltage Relative PDE vs Bias VOItage
seof- LED test ED test “r Xenon Lamp
The 3 plots correspond to the SiPM b ! L 1 m«f— e o G 2“;_ | | 1 1 1
prototype ShOWn |n the preVIOUS page 200 400 600 800 QDCCnan:«ue?:' 515 52 525 53 EEILES Volage [V] 5 515 s2 525 53 bias vnﬁ\?éﬁga[\i]
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Ongoing development: mega-tile

« Motivations: further simplify mass assembly
— Scintillator plates with embedded structures
— Optically isolated for individual readout
« Design: extensively optimized by Geant4 simulation
— MIP response (moderate), cell-to-cell crosstalk (minimum)

« Several prototypes developed and fully tested
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Mega-tile prototypes: highlights

Mega-tile prototype on SMD-HBU5S MIP: cosmic muons Optical crosstalk: UV light
MIP Response in Cosmics Data at Ct 128 Crosstalk in LED Data at Channel 22 (after calibraiton)
RCA_1
250— i hNpe_4 EI‘;ZI:S D;;;gg
200 s,

72 I ndf 85.78/71
Width 2276 0.125
MP 31.36+0.19

» 150— Area 5476+ 79.1

_g GSigma 6.868+ 0.283 &

|= = i

w . i
Central cell:;] "«

3.8%

(with pedestal correction)

/ | k31.4 p.e./MIP
. -~ ) | 0 L F T I I B J’JHﬂﬂm
' ReﬂeCtlve ,: | on top and ' ttom Surface ’ “ Mlgoresponszoin SiPM‘?fOp.e. o 0 e A &éistalkiol"zlét?oof#g.géperefeé? 0!1 o1z

Full size mega-tile prototype

* Protoypes fully tested with
— Cosmic muons
— On-board LED

« Excellent performance
— Moderate MIP response
— Low optical crosstalk

« Mega-tile is proved to be a promising design for AHCAL
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Other applications: CMS-HGC for HL-LHC

P — T

CMS Endcap T
. #\ Y §\ j,/ N\
Calorimeter ANV
/f N\ % 4\{/\‘}
Upgrade TN NN
7NN

1 Scintillator:

< 7=16

1 n=2.0

BH Layer 8

Whole modules : 4
Half modules : 5
Tnner area module equivalent : 0.70

« To cope with hash radiation environment at High-Luminosity LHC

« Scintillator-SiPM technology in Back-HCAL (BH) part
— Tile-on-SiPM design from CALICE
— Operated at -30°C to migigate noises
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Summary

Development of a high-granularity calorimeter (AHCAL)
— Based on scintillator tiles, read out by SiPMs

Tile design, system integration and testing
— The first to demonstrate mass assembly (now routine)
— Excellent performance achieved
— Tile design adopted as the baseline for AHCAL technological prototype

Key setups
— Integrated test stands for SiPMs and AHCAL readout boards

Further development of calorimeter active layers
— Mega-tile: proved to be a promising alternative

Synergy with CMS: endcap calorimeter upgrade (HGC)
Thank you!
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Backup
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AHCAL overview

AHCAL inside magnet: Technological Prototype:
compact design »

Cablin S S

Cm

«  Sandwich calorimeter based on scintillator tiles (3x3cm?)
read out by Silicon Photomultipliers (SiPMs) )

*  Electronics fully integrated into active layers ‘Scintillator Tile | % p— It Re;d;ut{eléét'rc;‘m
«  HCAL Base Unit (HBU): 144 channels (4 ASICs) '

- ey : With scinti{lator‘tileé! :
«  High granularity: 8M channels in total Denee
— Challenges for mass assembly and data concentration 30x30x3 mms3

ut]
SMD-SiPM
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Calorimeter granularity optimization

« Jet energy resolution versus the number of HCAL cells
— Towards cost optimization
— 3x3 cm? cell size is still a very reasonable choice: 8M cells

4

— 3.8

3.6

—— 45 GeV jets

—— 100 GeV jets
—— 180 GeV jets
—— 250 GeV jets

I

3.4

3.2

RMSqo(E)/Mean, (E) [%]

3

|

28
26 |1 | | | | | | | | | | | | | | | | | | | | | | | | | [ | | | | | | | | | |
"0 10 20 30 40 50 60 70
Nchannels [Millions]
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Commissioning: LED calibration and MIP response

SiPM response to LED light

Gain Mapping of a HBU

SiPM Gain of a HBU

m ° (144 channels)
E >_ 18 )
180 — -E = ) ainHisto
o £ . 3 8= prel
C E AMS 0.8147
8 1"“? Slngle phOton é 8 w:: f 1‘" ;:‘::m 353:‘;2’;
= lmj -O 25’_ ‘ Mean 2ﬂ:5;ﬂ:07
o Spectrum e % I o
L m;— B 12 < 15l: f‘ l
= C © f F \
i3 ,‘ M = S ,SpTead 3.7%
g 'y s . ‘ |
20 m\“ﬁl Jd‘l l,l‘mj‘ {M ) 6 _0_- t / \
PR & | . R . . TR i XX [0)] L R B I S
b0 ET) 0 500 700 m Gain
ADC / counts Channel Index in’x " SiPM Gain / ADC counts
SiPM response to muons MIP Mapping of a HBU m MIP Responses of a HBU
o 20 2;?::?“?;?;3 MIP-Response (CERN July Testbeam) 1< (144 channels)
D 20— Mean 1.303 - 8 . -
= E RMS 0.876 >_ o 5 MipHisto
o 180; c O © el Entries 144
s = o Ay
o, muons peak at 1 MIP < < e Eind 1842/ 10
120= — detector well calibrated 8 @ F Consan 2264 268
100 = E S 15 Sigma  2.285 £ 0.196
a0 E % E
so— c o 3 d (0)/A
o c s b pread 9.7%
20J g S :
00&"“6.‘5””1' 15 2 2s 3 '35 4 45 5 O % 8o 1s 20w 3‘5 '4‘0””4“5””0
, oone @ Maan MIP response / ADC counts
deposited energy [MIP] Channel Index in X = P

Promising performance achieved: uniform gain and MIP response
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Timing analysis: muons

* Time reference: TO
— Signal from trigger scintillator
— Obtained from muon data
«  Muon: time resolution
— Time of hits relative to TO
— MC tuned to describe the data . g
o . ~1.5A/15Xo *
— Similar results in steel and tungsten

Muon Hit Time Distribution

0.1 T T T T T T T T T T T T T T | E L T T rTrrTTTTTT —

g 0.09F | | | = g | | o | ]
€ 0 onE.  CALICE AHCAL TTT Hons E £ 0.08= CALICE AHCAL | —— Simulation =
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Timing analysis: pions

Geant4 v10.01, Mokka v08-05-01

« Time calibration procedure established
— Based on muon data/MC

« Ongoing analysis of electrons and pions

‘ i ~1.5A/15Xo*
Teaser: comparison of absorbers in MC

_ Timing behavior of shower components
70GeV Pions QGSP_BERT_HP Tungsten vs Iron

(Reminder of T3B results)
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Ongoing efforts: same to be done for data JINST 9 P07022 (2014)
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