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Particle physics in stalemate?
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White to move

of nature...

e ... but maybe there is no next move that
can be donee
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Not really...

e Next move of experimentalists is obvious

Put the Higgs under the microscope (a ete-Higgs factory)

e 3
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Not really...

e Next move of experimentalists is obvious

Put the Higgs under the microscope (a ete-Higgs factory)

...while looking for BSM elsewhere
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ete Higgs factories on the table

(cepf?, China ﬂb CERN
7 /s =90 — 240 GeV

/s = 380 — 3000 GeV

CERN

/s =90 — 375 GeV

T s =250 GeV
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Far future?

CEPC Project Timeline
o

& g & S S S
Y v v v v v

* 2015.3 Release of Pre-CDR

* 2018.2 15t 10 T SC dipole magnet built * 20 T dipole magnet R&D with Nb;Sn+HTS or HTS

* 15T SC dipole magnet & HTS cable R&D

Construction SPPC

(2022-2030) 8 Alternatives: ep/eA
I
I
Government Approval i — :
ga' * 2019-2021 Big Science cultivation " :
c : . . Operation :
o * Site selection, geological surveys I
8 and civil engineering design :
= * Key technology demonstration & :
v system verification * 2022 MoU, international collaboration I
I
§ l' 2021 Release of Acc. TDR * 2023-2027 Tunnel & infrastructure construction i
g * 2016.6 R&D funded by MOST * 2022-2027 Acc. components mass production; :
ﬁ. + 2018.5 15t Workshop outside of China 2028-2030 installa'Fio.n, ;Iignment & calibration, |
S « 2018.11 Release of CDR followed by commissioning :
« 2013.9 Project kick-off meeting f 3033 ?ec}s[;%” 02%32“2‘3;623’:‘* ;e'ease C;f ; :
etector s - etector construction, |
AR5 ReDrinnues Hy A installation and commissioning :
:
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I
I
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I
1
1
|
I

HTS Magnet R&D Program
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ete- at ZH threshold

eFor CEPC (but similar number and Z™ T "m cocoom |
performance for FCC): 250 | — o :
|
|
e 5.6 ab-! translate in a million ZH events 200} Total

150

100

e*e’ —»vvH(WW fusion)

50f

200 250 300 350

o mm—— 6
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ete- at ZH threshold

. . = 300 L
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ete- at ZH threshold

For CEPC (but similar number and &> ] “Toa cerocon
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i |
|
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Higgs boson sensitivity

Precision of Higgs coupling measurement (7-parameter Fit)

= LHC 300/3000 fb™" 1

— m CEPC 240 GeV at5.6 ab™" wi/wo HL-LHC

Relative Error

Kp Ki| K Kg Kw Ky Kz Ky
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Precision of Higgs coupling measurement (7—-parameter Fit)

= LHC 300/3000 fb™'

Higgs boson sensifivity

LLLiLlj|

Precision of Higgs coupling measurement (10-parameter Fit)

N
o

_
o
N

Relative Error

CEPC 240 GeV at 5.6 ab™’

m combined with HL-LHC

Relative Error

RRBSM
K;J BRlnv Kr

Ky

l. Vivarelli - Dual Readout Calorimetry - Seminar - RAL- 231d October 2019



Physics requirements for calorimetry

e Precision physics at efe- collider calls
for high-resolution hadronic calorimetry

Physics Process ~ Measured Quantity Critical Detector Required Performance

ZH — (T(~X  Higgs mass, cross section A(1/pr) ~2x107°

Tracker

H— ptp~ BR(H — pp™) @1 x 1073 /(prsin )

H — bb, cé, gg BR(H — bb, cé, gg) Vertex Tre ~ 5@ 10/(psin®?0) pm
H —qq, VV BR(H — qq, VV) ECAL, HCAL UjEt/E ~3-4%

H — BR(H — v7) ECAL op ~ 16%/VE ® 1% (GeV)

l. Vivarelli - Dual Readout Calorimetry - Seminar - RAL- 234 October 2019



Physics requirements for calorimetry

e Precision physics at efe- collider calls
for high-resolution hadronic calorimetry

Physics Process ~ Measured Quantity Critical Detector Required Performance
ZH — ("¢~ X  Higgs mass, cross section Tracker A(1/pr) ~2x107°
H— ptp~ BR(H — pp™) @1 x 1073 /(prsin )
H — IM(/(J BR(H — hb cz_gg) Nartex, T 5 & 10/ (p sin>/2 ) pm
< H—q3. VV  BR(H —qq, VV) ECAL, HCAL o JE~3-4% >
H — 4 BRUH = 77) FEALE oL ~ 1070/ VE & 1% (GeV)
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Physics requirements for calorimetry

e Precision physics at efte- collider calls
for high-resolution hadronic calorimetry

Physics Process

Measured Quantity

Critical Detector

Required Performance

i

ZH — ("¢~ X  Higgs mass, cross section Track A(1/pr) ~2x107°
racker ‘
H— ptp~ BR(H — pp) @1 x 1073 /(prsin )
H — bb, cé. qq_ BR(H —bh_cz_gg) Vertex, T 5@ 10/(psin®/? 0) pm
< H—q3. VV  BR(H —qq, VV) ECAL, HCAL T JE ~ 3 - 4%
H — ~y BRUT =77) ECATE oL ~ 1070/ VE & 1% (GeV)
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Particle flow approach

From Eur. Phys. J C77 (2017) 466

From arXiv:1706.04965 « o 1

c — _— . & FATLAS Simulation o Particle Flow Jets ((u)~24)]

. . . Q 0.6-CMS Anti-k ,R=0.4 = Calo_| 03F s b0

® B asic | d ed. TrO @ |<| N g —g 3‘-..‘ Simulation Rl < 1.3 «PF | o.25§— . " LCHJESJets u=0)
0 ; E ]

. L QO 0.2 - <1. ]
wins at low particle £ = nete ;
D 0.4 _ 0.15 e Y E

SNSrgy é ] ?%M
e Use tracks to measure o2 T ———
S — v LC+JES E

charged particles in _ 7

0_ il T . & -0.05¢ ‘

The Shower 20 100 200 1000 20 30 40 10° 2x10? 10°

Pl (GeV)

From hitps://warwick k/f i/physi taff mi warwick week tector_physics/warwick_lectur lorimet f

10

l. Vivarelli - Dual Readout Calorimetry - Seminar - RAL- 234 October 2019


https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/detector_physics/warwick_lecture_calorimetry.pdf
https://arxiv.org/abs/1706.04965
https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

A different approach

e Attfacking the problem from two
sides always gives opportunities to
learn.

e Dual readout calorimetry:

e Excellent native electromagnetic and
hadronic calorimeter resolution.

e Excellent lateral granularity.
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Hadronic Calorimetry - primer



Hadronic Calorimeftry - primer

e Hadronic shower:

e Driven by a relatively small number of strong interactions with nuclei.

e Strong intrinsic interaction intensity, but small targets (scale to bear
iNnmind 1 fm = 101> m).

10,9 production leads to EM component within hadronic shower.

: ABSORBER
E.M.
COMPONENT
(fem)
"p’ n’ TE"
---------------------------- HADRONIC
: S Heavy fragment COMPONENT
e ) >
: } { (1- fem)
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Hadronic showers

e Lofs of different physics processes at work in a hadronic
shower:

e EM component: large fluctuations in number and energy of 119,nC.
e HAD component:

e lonisation from charged hadrons.

* Nuclear remnants (fission, knock-off).

e Delayed photons.

e Invisible component (nuclei breakup).
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Hadronic showers

e Large event-by-event fluctuations in shape (and energy) deposit.

 Charged hadrons propagate the shower on large scale (A), local EM
showers from 119,nQ.

Fozed ™ 2
i

i '.“' o e wt ‘ ||;¢',"?- I
At i 1 e

Sheince,.
e

A R e
g Wi
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Why is hadronic calorimetry challenging?

Typically* the calorimeter
response to the electromagnetic

(e) and hadronic (h)
components is different

%k
This is actually tfrue for non-compensating calorimeter
(the vast majority of those in use nowadays)

e ——— 16
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Why is hadronic calorimetry challenging?

Typically* the calorimeter
response to the electromagnetic The fraction of energy in EM and
(e) and hadronic (h) HAD components is energy

components is different dependent with large
fluctuations

%k . .
This is actually tfrue for non-compensating calorimeter
(the vast majority of those in use nowadays)

e ——— 16
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Why is hadronic calorimetry challenging?

Typically* the calorimeter
response to the electromagnetic The fraction of energy in EM and
(e) and hadronic (h) HAD components is energy

components is different dependent with large

" .
This is actually tfrue for non-compensating calorimeter ﬂ UCTU CITIO ns

(the vast majority of those in use nowadays)

The calorimeter response to hadrons is energy dependent
and fluctuates a lof

16
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Calorimeter response to hadrons

e Typically calorimeters are calibrated to the EM scale

e For example: you shoot Ein=20 GeV electrons and want to read 20 GeV

e Then you choose k such that
Ee — keEin

* Then the response to a hadron of the same Ei, is

e and with respect to that of an electron of the same energy

h
By = Efum + —(1 = fo)
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fem €nergy dependence

e Simple model: only pions

are produced at each
interaction, respecting
isospin symmeiry

eThen the math is:

e 18
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fem €nergy dependence

e Simple model: only pions :

are produced at each 2 Ew~ 3E
interaction, respecting
isospin symmeiry

eThen the math is:

e 18
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fem €nergy dependence

«Simple model: only pions : Y B~ E
are produced at each 2 Ee~3E ZE,,0~<1_§>E
inferaction, respecting Sro~r-YEa=(1-2) \8 X
isospin symmetry \(‘
Q ./ — —>
*Then the math is: N < X,
: N
mE e % 0
> /4 Y >
= 0
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fem €nergy dependence

«Simple model: only pions : Y B~ E

are produced at each 2 Ee~3E ZE,,0~<1_§>E

inferaction, respecting Sro~r-YEa=(1-2) \8 X

isospin symmetry \(‘
Q ./ — —>

*Then the math is: N < X,

: A
f Eem 2 " + — ~
—_ == —_— —_— = 0
E 3
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fem €nergy dependence

e Simple model: only pions

are produced at each
interaction, respecting
isospin symmeiry

eThen the math is:

P Eem_1 2\"
em_E_ 3

2

<§> E = E,; (Condition to stop shower)

S
¢ g N X
: ™
- =
> 2 . —>
+ .
: \TE —p
m* *}7:/
— }71?0
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fem €nergy dependence

e Simple model: only pions

are produced at each
interaction, respecting
isospin symmeiry

eThen the math is:

: ZE,,1~§E
ZE”i~§E Z§HON<1—%>E

P Eem_1 2\"
em_E_ 3

2 n
<§> E = E,; (Condition to stop shower)

AU g < %
: A
=Y
> 2 . —>
+ .
: \TE —
m* *}7:/
— }71?0

E
n =plnE— (for some number p)
th
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fem €nergy dependence

e Simple model: only pions : EprSE
are produced at each 2 Ee~3E ZE,,0~<1_§>E
inferaction, respecting Sro~r-YEa=(1-2) \8 X
isospin symmetry ‘\(V
Q A/~ —>
*Then the math is: N \@ X,
ntE N o % 0
. =
fm=—ar =1 <2> S
- E 3 _— \TE —P X
<§> E = E,; (Condition to stop shower) : P
Nl
E x
n =plnE— (for some number p) }75
th

lnEL b k=1
fm=1-1(3) " =1—<£>
3 Ex ) (for some number k)
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fem €nergy dependence

e fem depends on the incoming particle energy.

e Fluctuations in fem are large and non-poissonian.

0.4

0.3

0.7
| Parameterization: o

(k-1) Tl sl
0.6 fem =1 -[l% ] N

0 A ~

I ,,/"+
A7 P
05 N P e +/ /////*
s a /’/ a)

/
— —Cu(k=082,E;=07GeV) |
—— Pb (k=0.82,Eg= 1.3 GeV)
e NIM A316(1992) 184 .

A NIM A399 (1997) 202
1 TN TR S S | 1

Average em shower fraction, < £,,,>
o

30 60 100 200

Pion energy (GeV)

Events per bin

20

0

150 GeV 1t
b)
0 01.2 01.4 016 0t8 1.0

Electromagnetic fraction, fep,
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The curse of hadronic calorimetry

ATL-CAL-PUB-2010-001

| ABSORBER

: E.M. E 1 ' l
COMPONENT o 0% * gggp - E
28 075 ... P_BERT_HP el
"p, n, n” (fem) " 0_75_ gg:P:BERT:NQE TR E
"""""""""""""""" HADRONIC . 655_'_ o ggzz—:im—m" i _§
: , \Ff\,* Heavy fragment COMPONENT ) g QGS_I;IC g
: I | (]-fem) 0.6/~ FTF_BIC —:— =
' 0.552— = o —z
0.5 - =
o.45§— S —i
* Non-compensating calorimeters: N A | -
response to em part different from S 1_"*'**—#—”%—1500,
that to non-em part. h/e <1 I E
o <fem> energy dependent = Non- Y 08 0 o oo

linear calorimeter response to I
hadrons. Emeas =L <fem T — (1 _fem)>
(4
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The curse of hadron calorimeftry (2)

2500;— Entries 78198
. E_ Cl) Mean 66.1
* Event-by-event fem fluctuations 3 S
dominate the hadronic < o0
. . S
calorimefter resolution g "
S 0 el L L e L
% =3 A . IR 0.35<fem <040
s swe D) [y pl [ 080 fme0ss
§ = ] AR
> 200
100:
% 0 4.(‘)I*j6;;)‘“ 0 100 10 0

Cerenkov signal (GeV)

N. Akchurin et al., Nucl. Instr. and Meth.
A537 (2005) 537 .

G
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The curse of hadron calorimetry (2)

e Event-by-event fem fluctuations
dominate the hadronic
calorimeter resolution

UA1 C-Modul Scintillator Fe =14 80%/ME
ZEUS Scintillator Pb =1.0 34%/E
WA78 Scintillator U 0.8 52%/VE ® 2.6%*

DO liquid Ar U 1.1 48%NE @ 5%*

H1 liquid Ar Pb/Cu <1.025* 45%NE @ 1.6%

cMs Scintilator | (700 Cug30% zn) | =1 100%E ® 5%
ATLAS (Barrel) Scintillator Fe =1 50%/NE ® 3%
ATLAS (Endcap) liquid Ar Brass =1 60%/NE ® 3%

Number of entries per bin

2500 f— Entries 78198
C Mean 66.1
200E @) RMS 124
1500
1000 E—
500F-
0 E I 1 L 1
= A . P 0.35< fem<0.40
= b) — 0.60< fem <0.65
300 e A T VA N ' N 0.80< fem <0.85
200 E-
100 E-
0g PN i 4 ‘ e allie o § T g
0 20 40 60 80 100 120 140
Cerenkov signal (GeV)

N. Akchurin et al., Nucl. Instr. and Meth.

A537 (2005) 537 .

e
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Dual readout - the principle

e Suppose | read out two signals, S and C, with different h/e.
Then:

23
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Dual readout - the principle

e Suppose | read out two signals, S and C, with different h/e.
Then:

Depends only on the detector, it can be
deftermined in test beam, for example.

23
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Dual readout - the signals

N practice, this is realised with:

» 5. scintillating fiber signal measuring dE/dx of partficles. Sensitive to all shower
components - h/e < 1.

e C: undoped fibres sensitive to Cherenkov signal from relaftivistic particles in the shower
(essentially only EM component) - h/e ~ 0.2 .

1O |eeeecrcecececcieeieicieanaannn ./;’m =]

g " - +EGeVy,et
E = <fem+ <;> (1 _fem)> o8 L * E GeV protons
S - +E GeV pions
06 |
C h _
==t (2) - < , :
RO S L
04
, I
1 - (;)S . Cl) /,/
‘o 1 <h> e | | . [(We)
¢/c ()()llllllll
0.0 02 0.4 0.6 0.8 1.0
k—— (hle)g— S/E
24
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Dual readout calorimeters (PMT readouts)

.DéoEOASM | Cu: 19 towers, 2 PMT each

2m long, 16.2 cm wide
Sampling fraction: 2%

2012

opebind Cu, 2 modules

Each module: 9.2 x 9.2 x 250 cm?
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: ~4.6%

Depth: ~10 A,

mt

2012
RD52 | Pb, 9 modules

Each module: 9.2 x 9.2 x 250 cm’ g
Fibers: 1024 S + 1024 C, 8 PMT =
Sampling fraction: ~5.3% !
Depth: ~10 A,

mt

INFN Pavia

l. Vivarelli - Dual Readout Calorimetry - Seminar - RAL- 231d October 2019



Dual readout calorimeter at work

- ‘

SaoZiEl -
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Electron response 40 GeV electrons

(a) (b)
i Scintillator 200 - Cerenkov
S 200 Entries 738" E Entries 7387
E b . C ( X
E (G@V) —> 2 E 22 I ndf 2803/19 E 3 [ ndi 335.5/223
5 160 g g-:fnna 1597 £0.01 160 £ ngnna 1,800+ 0.015
5 10 20 50 100 [o%e) Py - o/E=38% 120 | IS
12 T T L T I T § 120 E ;
I 0.0 . © E E
[ X, v Scintillation T 80 - 80 -
N ~ E F
10 ---= Cerenkov 1 S . "3
: ¥ — e SC § 3 3
8_ » i 0:......\ S O (R, " | i 0:.....L| L e | 1 L 1
' 0 10 20 30 40 50 60 70 &0 0 10 20 30 40 50 60 70 80

m N
< " ]
v S |
| \. % ] © |
[ o Scint.+Cerenkov
I \v - s o
i W ] 120 8065 2049
L 11% \.\ :\ 1 100 - o/E=2.8% 2279 + 0,023

RARN

Energy resolution (%)
(@)}

6 .\ N -
2 L - + 1 % . \\\ . 80 i
- £ \/E (GeV) W g
: 60 —
O 1 1 1 1 . 40 C
0.5 04 03 0.2 0.1 0 20 -
0 >....«L | 1 i | 1 1
< 1/\/E 0 20 40 60 80 100 120 140 160
Calorimeter signal
1.04 T T T T T T 1.04
:: Cu (low-energy measurements) Pb (high-energy measurements)
3 102} ] 102 |
% n
] [ ] N3 S
O o0k = v v Sl 1002 oL, e . .
Py - vy H + =
3
< . n
éo 098 r i 1 0.98
Q; 1
S0 T
S 09 v Scintillation - 0.96 | v Scintillation
§ i = Cerenkov
0.94 . , . . . . 0.94 . . . . . . .
0 10 20 30 40 50 60 70 0 20 40 60 80 100 120 140 160
Electron energy (GeV) Electron energy (GeV)
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Single hadron response - linearity

- a ]
1.0F l .
L Y = P PY 1
> 0.9f * 1
> 09 ]
O +1% ]
S 08} ]
= I
L] 3
e Dual readout signal largely 5 o7 o
. . . % el $ ¥ ;
recovers linearity while vastly ]
> ¢ ]
1 1 1 < 05 5
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Single hadron response - resolution

e Problem of calorimeter R&D: a fully containing calorimeter is
expensive.

in
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Performance of Dual Readout
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SIPM dual readout

e Single fibre readout with
HAMAMATSU SiPM.

000000
L
®
L
0000
L
addaddad
N
3
3

e Readout for Cherenkov and
Scintillation light separated to
minimise cross talk (the latter
expected to be ~ 50 times
larger if not attenuated).

S13615-1025
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Scintillation
SiPM array
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SIPM dual readout (shower shape)

eReadout of single fibre gives unprecedented Ilateral
segmentation.

 Em lateral shower shape measured with ~ 1T mm precision.
Doi:10.1016/j.nima.2018.05.016
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https://www.sciencedirect.com/science/article/pii/S0168900218306077?via=ihub

A practical implementation: IDEA

Magnet and iron return yoke

pRwell

4.0

Dual-Readout Calorimeter

3.5

3.0

Drift Chamber

I 100 e
[(Tee—— "
¢ 05 10 15 20 25 3.0 35 40 y 4

4.5 5.0 5.5

z [m]

See here for additional information
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https://indico.ihep.ac.cn/event/7389/session/0/contribution/228/material/slides/0.pdf

Simulation

1 Tower 1

Tower 40

e Full G4 simulation of “final” geometry
is available:

e Cu absorber, 1 mm fibers, 1.5 mm pitch

e Also existing parametrised simulation

for physics studies

75 projective elements x 36 slices

AQ = 1.125°

Tower size:
WEer siz Ad = 107

Read out the single fibre: 130 M channels

e 35
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Shower shape

 Single particle shower shape

e Using full implemented granularity

Energy (MeV)

36
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Electron response
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Hadron response

100 GeV pions
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Particle identification

e Compare electron and pion shower shapes
(20 GeV)

e Consider also Time of arrival of signal to
SIPM (fiber propagation and SiPM +
electronics time response parametrised in
full sim)
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Particle identification

Time of Arrival
(ToA)

C/S ratio Ros (S&C)

Cut value > 68.9 ns < 28.2 ns

e(e) 97.3% 94.2% 92.2% 98.9%

R(m) 15.2 12.5 20.8 35.7

e Correlations between these variables are weak (and more variables
can be explored)

* We estimate pion rejection of at least R(11) = 102 for ¢(e) = 90%.

e A very old study with the ATLAS calorimeter quotes R(11) = 3.2% (90% efficiency,
calo only, test beam, still E = 20 GeV)

e 40
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http://hal.in2p3.fr/in2p3-00105510/document
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2020 target

prototype

Ox 100 cms3
* Use 2 mm diameter tubelets (CuZn37, glued with arald

1

ild a 10 x

*Bu

te)

* 60 horizontal layers of 51 tubes

* 9 readout fowers of 17x20 tubes each

PM readout for the central tower, PMs (with reduced granularity) otherwise

*$

42
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Open Issues

» Copper/brass calorimeter would avoid problems with e/mip
e But lead more cost-effective

» Options to be finalised with G4 simulation

* Readout with longitudinally distributed fibres is the baseline:

*Excellent lateral segmentation and electronics all
outside the calorimeter

*But large number of fibres/SiPM readout channels
needed

SiPM readout (2):

digitiser (ASIC) & feature
extraction (FPGA)

— started investigating

— time stamps w/ O( 100 ps res )
— get shower longitudinal development

[Ax~35 cm = At~ 100 ps |

— started looking at neural network implementation

43
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Costs

e Total foreseen cost at the moment ~ 100 M€.

e Large number of channels (0(130 M)) completely dominating the
cost.

e Current estimates tell us 70% of the cost will be optical fibres and
SiPM, with the rest being FE electronics and absorber.

e Actively looking at ways of reducing these costs:

e Channel grouping: how much can we group together without
hampering particle ID?

e 44
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Summary

e Dual readout:

e Complementary principles w.r.t. particle flow.
e Excellent EM and HAD native resolution.

e Could be combined with pFlow approach if need be.

e Towards a 2020 prototype to develop readout model and
tubelet mechanical construction + test EM performance.

e Towards a full scale prototype - some open questions still to
be addressed.

 Lots of space for collaborations.

45
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From PMTs 1o SIPM

SIPM pros:

e Compact readout

e Resilience to magnetic field

e Large light yields

e High readout granularity
(particle flow “friendly”)

 Photon counting (calibration)

e High timing resolution

SIPM cons:
e Signal saturation/dynamic range
e Cross talk between C and S
signals
e Instrumental effects
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IDEA slice on beam (2018)

* A full combined test of IDEA:
 Drift chamber prototype

e GEM as preshower + uRWell for u
detection

eSeveral calorimeter options
tested on beam

Drift chamber Preshower

Scintillators
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SIPM dual readout
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Combined measurements (RD52)

e RD52 performance studied in detail elsewhere

e Focus on DAQ combination and combined runs with GEM-based

preshower
r ) ) Shower width from 5 mm Pb +
Zch ch *\/ Xch T Ych additional material
Rshower — Z E correlates with number of
ch ~ch clusters in GEM preshower
ER: EF
5 4SE A 45F
A mé S
350 350 + ___———‘—_'_+++
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EM performance Scintillator
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Results from 2017 test beam

- l m Detector operated at 0.5V over breakdown (PDE =
e 2%)
. t . m Temperature stability correction:
B 80
s L g0 m <0.5°C during a single run (negligible)
] o 0 . .
L m < 2°C during the full scan (considered )
i, m PDE correction for temperature variation
i _NphotonsxpDE
. Nfz'red = Niotal X |1 —€ Ntotal
’ N * Electron ez:loergy (GeV) “ * *
K type (1024 pixels)
1000 | | r. S
wafer #5 ® "
P 5 SiPMs " ]
Even if the SiPMs are not saturated with this '§f K .
setting, they are working in a strongly non linear 3 104 "~ ,*" D.Renker:
regime: a correction is required E 7 'T“ | NIMA 567 (2006) 48-56
0.1 1 10 100 1000 10000

Number of photoelectrons

Valid as a first approximation: the light uniformly

illuminate the SiPMs, all photons come at the same time

and spurious effects are negligible
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Fired cells / GeV

Scintillation light

Results from 2017 test beam

- | m Detector operated at 0.5V over breakdown (PDE =
o0 1 2%)
. ' . m Temperature stability correction:

3 80
: ¢ 8% m < 0.5°C during a single run (negligible)
e Sl m < 2°C during the full scan (considered )
i, m PDE correction for temperature variation

00 ° * Electron ea:orgy (GeV) “ * *“
90; +3%
80} % % l

¥ ¥ 1 s ~ Once the correction is applied, the linearity

70+

is improved even if it is not fully recovered

: (i.e. signal from the seed)

40+

30}

20/ 1 * *

e To reduce this effect we decided to attenuate
5 % the scintillating light using a yellow filter

| ¥ Hottest/E
1

L
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Beam energy (GeV)
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Cherenkov light

Cherenkov light yield:
Vgias = 5.5 Vo, (57.5 V) and PDE ~ 25%.
~ 28.6 Cpe/GeV, 2% linear from 6 to 125 GeV.
Correcting for 36% e.m. energy containment: ~ 69 + 5 Cpe/GeV.

40

& i 'More than 2 times larger than what measured
J

.l . with the previous* PMT-based modules.
3 l:z%

% > 7 1o * * * o v

3 t Example:

T 25f

| Stochastic term of RD-52 e.m. resolution

could be improved from ~14%/VE
up to ~12.5%/VE.
(sampling fluctuations: ~ 9%/\E).

20 -

15
0

1 L L 1 1 1
20 40 60 80 100 120 140
Beam energy (GeV)
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Grouping channels

In a full scale module, the number of readout channels will be of the order of 108.

The possibility to sum up the analog output is under study:
Number of SiPM that can be grouped guarantying the Multi-Photon spectrum.

SiPM dynamic range: sensors have to operate in a linear regime.

180 1400
’W ‘
|—9 siPMs

160

140 ~ Multi-Photon spectrum

120 l preserved also with
9 grouped SiPM.

| - Readout granularity can be

I i reduced: 2x2, 2x3, 3x3...
60 [ '
‘ ‘ | | SiPM number 1 4 8
a0+ | ‘
I [ v
200 [ ) M L Space granularity (mm2) 4.5 18 36
S w
0 L 1 1 1 A-ulL. A Lok, A I l
0 2 a 6 8 10 12 14
Fired cells
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IDEA slice on beam (2018)

* A full combined test of IDEA:
 Drift chamber prototype

e GEM as preshower + uRWell for u
detection

eSeveral calorimeter options
tested on beam

Drift chamber Preshower

Scintillators
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EM showers: relevant numbers

e Radiation length Xo: typical scale of longitudinal shower
development

A 1
X, ~ 1433 ) — ~—
Z(Z+1D(11.32-1nZ) \ cm? Z

e Critical energy Ec (below which ionisation takes over

bremsstrahlung)
160 MeV 1

N —

Z + 1.24) Z

e Moliére radius Rm (typical scale of lateral shower

development)
X, % 21.2 MeV

Ec

M = ~ const

e Shower depth (shower maximum), where the multiplication
process stops

1
:N—’NlnE
Z
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Reminder: why dual readout?

e Precision physics at ete-
collider calls for high-
resolution hadronic .
calorimetry g\m“

2 120-n- 300}
; : c 2% [
] 100 E_\/g v
; 80F . 200
: 60F ;

40F . 100

%0 60 80 100 120 140 40 60 80 100 120 140 40
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EM shower

0.125 B ! I I | I I | I ! | I | ! I I_
i 30 GeV electron
0.100 — incident on iron ]
S 0.075 -
o - i
~~ ~ .
S - i
W' 0.050 [~ —
~ - Photons .
_ 1/6. ]
0.025 [ x1/68 =
0.000 &
0 5 10 15 20

t = depth in radiation lengths

e Large number of particles involved

e Regular shape

 Small event-by-event fluctuations
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fem €nergy dependence

e Simple model: only pions STOP

are produced at each
interaction, respecting
isospin symmeiry

e Then the math is:
A 11t of energy E does

£ A nuclear inferaction

em 2\"
—1-(=
#=1-(5)

(3) -5 1/3 E goes 2/3 E goes
INto TTO—=yy Into 17*

Jom =

E
n=plh— (forsome number p)

P Eem += 1/3 E

) lnE£0 E k=1
{9
3 E ) (for some number k)
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Calorimetry - a primer

e Electromagnetic shower:

e Driven by EM interactions with atom EM field

e Moderate infrinsic interaction intensity, but big targets (scale to bear in
mind ~ 10-10 m)

* Main mechanisms at work: bremsstrahlung, pair production, ionisation.

e Lots of particles involved

ABSORBER =
-
e A e v
e * . e
e >
X,
— e . >

e G 1
l. Vivarelli - Dual Readout Calorimetry - Seminar - RAL- 234 October 2019



Measuring hadronic showers

e Definitions:
* e is the efficiency of the measurement of the EM component
* h is the efficiency of the measurement of the HAD component
*e/his a characteristic number of the calorimeter

* Normally e/h > 1 (mostly because of invisible component), and the calorimeter is
said to be non-compensating.

T T T
2151 eh = 1.8 .
s n°® component
g N\
S
> 10F -
§ Non-1t° component
b
s 9T 1
=
=
0 . 1 A i i H " |
0 0.2 0.4 0.6 0.8 1.0

Signal / GeV (arb. units)
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SIPM readout - results (test beam 2017)

# fired C cells | beam energy

35

30

Electron energy (GeV)

e Scintillation response showing
evidence of saturation

(addressed in 2018 test)

[ Cherenkov
L\Q
(@]
+I
| 4
v ¥ § Y o * +
v
v < T .
Y Run 1
& Run 2
I EARIET RISHY DRNES KUY TOMEY RRNEY TTR KON TISHET URNEE UUNNS LN TUNN CSTE WY (SR SUNT TN TR SN (ST T B AR SRS TS U
0 20 40 60 80 100 120

140

e Cherenkov light yield linear with
beam energy over a wide range

e Light yield 28 Spe/GeV:

e After correcting for containment ~
55 Spe/GeV.
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Calorimeter options used during TB

|

 RD52 module (combined data taking
with other sub detectors)

e SiPM-based readout (standalone)

* “Staggered” module (standalone)

The 15t time on beam
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