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Detector specs for future electron positron colliders
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Slide: F. Richard at International Linear Collider — A worldwide event

Challenging spec for hadronic calorimetry (3% at 100 GeV is a sampling term of about
30%/\/E with small constant term). Modest spec on EM calorimetry (20%/\/?).
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Modern approaches

There are two approaches to achieving this resolution: using the calorimeter as little as
possible (high granularity calorimetry) or through improvements to the calorimeter

resolution (dual readout)
High granularity calorimetry
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Because the approaches are very different, they are truly complementary.
At future facilities with multiple interaction points, such complementarity should be encouraged
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Calorimeter Energy Resolution (GeV)

HGC reminder:

Can live with a “mediocre” calorimeter resolution
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Tracker and Calorimeter Resolution in Absolute Scale

T | | T o rrl I T T
I T RS0 P P S s SRR PRSI U IR R R A |
(o e it I 1T T T T T

- R SR p—

____________

' ' ' oo oa ofi s i ook a '
...|.||| P |.|...I i .|.|.||| i ]

2

1 Energy %Qe V) and Mame:%gm (GeV/e).

TPC Momentum Resolution (GeV/e)

Counts

HepSim

Phaotons: « E.l'Eh:- =027
Charged leptons: -:E."Eh:- = [0.06
Meutrinos: ¢E(E,» = 0.06
Charged hadrons: ¢E(E» =0.48
Meutral hadrons: -:E."Ehp =0.13

100

_L.-_|
I |||||||_LL:-:-|_:_||_1—|-|

q]“Illl‘i”ﬂ.E III.ClI-I 04 05 06 07 08 09
Relative contribution 10 jet energy

Counts

HepSim
—— ¥ <Ey~ 150 GeV
x= ¢Ey = 3.04 Gay
—— K':¢E3 = 5.5 GaV
— E% ¢Ey - B.47 GeV
A (Ey = B.E2 GaV
ke «E3 - 5.28 GV
—— pi<Ey = 4.05 GaV
—— M ¢E» = 4.B4 GaV
—— K ¢E3 = 5.46 GaV
— I ¢Ep - T.51 GV
¥, CEj = BAE GeV
— i <E)r= BT GeY
o (Ep = 777 GBV
za] os v, (E3 = B.54 GaV
HH —— e cEy -sE2Gev ]
—— T (E) = 658 GeV
- 727 GeV

20 40 50
Energy of particle within jet [GeV]

Calorimeter resolution requirements not that
stringent. 50% HAD and 10% EM stochastic terms

Very well studied by a strong group with members from Europe, Asia, and the US See Jim Brau’s talk later in this

series. Lots of work being done in CMS now (FSU, Texas Arlington, MN, UCSB, TT, NW, Pitt,...)

Poschl https://indico.ihep.ac.cn/event/11938/ ¢, 2020 Hadron Collider Summer School
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Higgs mass resolution [%]

Pattern recognition

PFA Fast simulation (Preliminary)
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Figure 4. The main topological rules for cluster merging: 1) looping track segments; 1) track segments with gaps; )
track segments pointing to hadronic showers; 1v) track-like neutral chusters pointing back to a hadronic shower; v) back-
scattered tracks from hadronic showers; vi) neutral chusters which are close to a charged cluster; vif) a neutral cluster near
o & charged cluster; viii) cone association; and ix) recovery of photons which overlap with a track segment. In each case
the amrow indicates the track, the filled points represent the hits in the asseciated cluster and the open points represent the
hits in the nevtral chuster.

Of course, the
pattern recognition
is challenging.

Hadronic resolution
is also still a leading
driver




Dual readout fundamentals
Contribution to hadronic resolution due to e/h
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Fig. 9: Schematic of development of hadronic showers.

ABSORBER
e hd
- m }ODMPDNENT
0 fx.r"‘ﬁr\-ru °
-

E.M.

HADROMIC
“* Heavy fragment COMPONENT

MN21Bc

(=] A

¥

el — {8

- efmip = 0.8

Now-t comiporenr

Ih'|

n* componeni ’ '\
]

{C)
:.'h.-
N
i}
i =l
] M 4 )

il

P &

Al

VI

{efrnkios sipnal (GeV)

NBD< fom < DLES

A< [ <045

Tk

(L1

Numiber of counts (arb. wils)

U] 0.2 0.4 0.6 0.8 1.0
Stgnal S Gel farh. wnifs)

FIG. 2: Mustration of the meaning of the e/k and e/maip val-
ues of a (generic) calorimeter. Shown are distributions of the
signal per unit deposited energy for the electromagnetic and
non-em components of hadron showers. These distributions
are normalized to the response for minimum ionizing particles
(*mip”). The average values of the em and non-em distribu-
tions are the em response (“¢”) and non-em response (“h") |
respectively.

If you could know shower by shower what fraction is pizeros, you could remove this

resolution source
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DREAM/RD52/IDEA

Use Cherenkov light to measure, shower-by-shower, the fraction of the shower
energy in pizeros. Use scintillation light to measure all ionizing energy deposits.
Apply a scale correction that depends on this ratio.

Using this, you can get sampling terms of 3% for electrons/photons and 30% for
hadrons.

This is the DREAM or IDEA of the RD52 collaboration.

For an excellent review of their exhaustive work, see: Wigmans, New
Developments in Calorimetric Particle Detection, arXiv: 1807.03853



Measurement 1: Cherenkov radiation
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Measurement 2

But since this is only sensitive to the relativistic portion of the shower,
need something else to generate signal from the entire energy deposit
» plastic scintillator (advantage of sensitivity to neutrons)

e Crystals like BGO, PbWO4 (advantage of excellent EM resolution)



RD52

RD52 started by studying dual readout in crystals.

following geometry

The dual-readout fiber calorimeters C_'N_FN

Istituto Hazionale di Fisica Hucleare

2003
DREAM Copper
2m long, 16.2 cm wide
19 towers, 2 PMT each
Sampling fraction: 2%
5315% Copper, 2 modules

Each module: 9.3 * 9.3 * 250 cm?
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: 4.5%, 10 A,

2012 S, 20k e
RD52 Lead, 9 modules % o000
1 —JI0e—

Each module: 9.3 ¥ 9.3 * 250 cm?3 al
Fibers: 1024 S + 1024 C, 8 PMT
Sampling fraction: 5%, 10 A,

But then they moved to the

f"'r Dual readout HEAI:\‘I

Scintillating fibers

& = 1.05% mm

Cherenkow fibers
& = 1.05 mm

Brass capillary
ID = 1.10 mm,
0D = 2.00 mim

2.5m

Tower 1

Tower 40

Tower 75

|P*_,,,/‘le./25m
z

75 projective elements x 36 slices

Read out the single fiber: 130 M channels
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A6 =1.125°
Tower size:
A¢ = 10°
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Test beam prototypes

has sampling media parallel to
incident particle direction to
uniformly sample the
longitudinal shower.

Dual-Readout Calorimetry: arXiv:1712.05494
Lee, Livan, Wigmans Rev. Mod. Phys. 90 (2018) 40

Sarah Eno 2020 Hadron Collider Summer School
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Why it works

Number of events per bin
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The top plot shows extracted C/S ratio.
The middle is the signal from the Cherenkov alone.
The bottom is the Cherenkov signal in bins of C/S.

Dual-readout moves the center of these individual gaussians
to the same place, leading to better resolution

Sarah Eno 2020 Hadron CQH@Smg@MgoCalorimetry: arXiv:1712.05494
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In 2D

When you have a pure EM shower, both are calibrated to give a response of 1.

When you have a “pure hadron” shower (no pizero production), the Cherenkov response is low but the scintillator
response, while lower than before, isn’t much lower.
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FIG. 8: The § — C diagram of the signals from a (generic) dual-readout calorimeter [29]. The hadron events are clustered
around the straight (red) line, the electron events around the point (1,1). Experimental signal distributions measured in the
scintillation and Cerenkov channels for 200 GeV “jets” with the DREAM fiber ealorimeter [30] are shown as well. Also shown
is a typical (Cerenkov) response function measured for electrons in DREAM.

Dual-Readout Calorimetry: arXiv:1712.05494
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IDEA

Measured EM

resolution
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Just ignore the “jets”
curves. They are a
strange measurement.
The single pion
resolution has a
stochastic term of 30%,
even for this small
calorimeter. Pretty
good!

FIG. 44: The average calorimeter signal per GeV (a) and the
fractional width of the signal distribution (b) as a function of
energy, for single pions and multiparticle events (“jets”). Re-
sults are given for the RD52 dual-readout calorimeter signals,
obtained with the rotation method [32].
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Our simulation (Lucchini)

https://arxiv.org/abs/2008.00338
Dual readout correction works as expected,

> delivering ~25%/VE @ 1% to hadrons for a

large calorimeter
o linearity and gaussian distributions are
restored
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However, this method also works in crystals
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Fig. 2. The PWO matrix consisted of seven crystals with dimensions of
3 x 3 x 20 cm3. These were arranged as shown in the figure and the beam entered
the matrix in the central crystal. All crystals were individually wrapped in
aluminized mylar. Both the upstream and downstream end faces were covered 025 T T T

with filters. See text for details. ;«I_\ b b
g " o :
; : : . = 020} ~ — — Emission Cerenkov light ]
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Time (ns) matrix. Diagram (a) shows the emission spectrum of the scintillation light, as well

as the transmission characteristics of three filters used to obtain the Cherenkov
signals. In diagram (b}, the Cherenkov spectrum is plotted, together with the self-
absorption coefficient of the PbWO, crystals, as a function of the wavelength [5].

Fig. 3. The time structure of typical signals measured in a single BGO crystal,
placed perpendicular to the beam line. The crystal was equipped on one side with
a yellow filter, and on the other side with a UV filter, and read out with small, fast
PMTs. The signals were measured with the sampling oscilloscope at a rate of
0.5 GHz, or 2.0 ns per sample.

Detection of electron showers in dual-readout crystal calorimeters (https://www.sciencedirect.com/science/article/pii/S0168900212014520)
Sarah Eno 2020 Hadron Collider Summer School



https://www.sciencedirect.com/science/article/pii/S0168900212014520

crystals

Why did they move away from crystals? Crystals would allow EM resolutions of 3% /vVE?

 Not a compelling case for precision EM resolution

* At the time they did these studies, SiPMs were not well developed. PMTs are
expensive, and they thought they could only afford one per crystal. But to see the
small Cherenkov signal over the large scintillation signal, had to cut down the
scintillation signal, ruining the precision EM resolution. All the cost of crystals and
none of the benefits

 PMTs also had limited wavelength sensitivity, didn’t go much below or above the
scintillation region.

* Also because of the readout constraints, thought the calorimeter could not be high
granularity with crystals

But Sipmms change this.



Lucchini/Tully/Eno/IDEA/RD52 proposal

Drawing from the pioneering work of RD52, but
upgrading for new developments in inexpensive,
high-QE, tailored-wavelength sipmms See:

https://arxiv.org/abs/2008.00338 " SCEPCal E2 == 4 Dual readout HCAL

Also see Shnowmass LOl: SNOWMASS21-IF6-

o 3x3x54 mm? active cell

008.pdf o oo
. . 0t~ 20 pS b ;:1.05 n'unh
o Timing layer Brace
o LYSO:Ce crystals (~1X,) 05 = 500
R\

5
o 3x3 mm?*SiPMs (15-20 um, Solenoid

0/E~ 3%/VE

e ECAL layer
o PbWO crystals
o Front segment (~6X, ~¥50 mm)
o Rear segment (~16X, ~140 mm)

iL:r & ] 16% 1 ll:..T:':lll "
o 10x10 mm? crystal , — - .
~1H, 0,153, B
o 5x5 mm?2SiPMs (10-15 um)
o 3 SiPMs (one on entrance, two on exit) CMS ECAL crystals are 22x22x230 mm
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Some crystal options

e PWO: the most compact, the fastest, the cheapest
e BGO: in between (potential for dual readout)
the less compact, the slowest, the brightest

° Csl:

Also BSO: better in theory but

cost unknown

better for PFA

T 4

better stochastic term
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Technological advancements (SiPMs)

e Many technological advancements in the field of photodetectors
e Compact and robust SiPMs with small cell size (high dynamic range) extending and enhancing
sensitivity in a broad range of wavelengths
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Cherenkov detection in PWO and BGO

Sensitivity in both the UV and infrared region with Silicon Photomultipliers

At least two crystal candidates for a compact, cost-contained ECAL with DRO capabilities:
o PWO (e.g. CMS) and BGO (e.g. L3)

o Detect Cherenkov photons in either the UV (BGO) or infrared region (PWO)
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self-absorption

~10% of signal from Cherenkov in CMS ECAL
(N_Akchurin et al.) increasing due to radiation damage that

filters out the UV scintillation component!
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BGO has a larger stokes
shift, wider range of
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Cherenkov signal detected and exploited for timing
applications even for electrons from 511 keV y-rays!
Stefan Gundacker et al., 2020 Phys. Med. Biol.65 025001
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https://iopscience.iop.org/article/10.1088/1742-6596/110/9/092034/pdf
https://iopscience.iop.org/article/10.1088/1361-6560/ab63b4/pdf

SCEPCAL e.m. resolution

Contributions to energy resolution:

O

(@)

O

O

Shower containment fluctuations

Longitudinal leakage
Tracker material budget
Services for front layer readout

Photostatistics

Tunable parameter depending on:
e SiPM choice
e  Crystal choice

Noise

Negligible with SiPMs

e low dark counts, high gain

Channels intercalibration

~0.5% constant term

(E)/ E [%]

© 10

107"

Geant4 Simulation: Segmented Crystal Calorimeter - Electrons

- 4 total energy resolution
B o_,(E)/E = 2.5% /|E © 0.3%
- --4-- shower containment fluctuations
- --+#-- photostatistics
:A
_.\
L
B \\:.1\
S
- A
N e
- S e
B R
I \.§
Tt em
1 11 I| | | 1 11 I| | | | I | I|
1 10 10°

Beam energy [GeV]
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Hadronic resolution
Correct the energy deposit in the HCAL with DRO

w

OE/E

Correct the energy deposit in the back section of

the ECAL with DRO
Calibrated sum of ECAL+HCAL

107"

1072

——®——  Pure HCAL (S-based DRO): 0.25 /{E & 0.010

- — & HCAL+ECAL (only HCAL dro): 0.42 /VE & 0.025
i HCAL+ECAL (dro corr): 0.27 /VE @ 0.021

e

Good stochastic term
recovered with ECAL Dual
Readout!

- adding raw ECAL energy
adding DRO corr ECAL
— pure HCAL

IIIII| | 1 |

10 10°
Particle energy [GeV]
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DRO correction for the energy
deposit in the ECAL

before correction
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PFA b@ﬂefItS See Marco’s work in our paper on this
High e.m. resolution potential for PFA

e Many photons from 1° decay at ~20-35° angle wrt to jet momentum

can get scrambled across closeby jets
e Effect becomes more pronounced in 4 and 6 jets topologies

e More in C.Tully’s talk contusion term from

photon mis-assignment

at FCC-ee workshop lety : ft/
i , Tom je
»\\ ':I '," ¥e.1 5 ’ clustered T° 1E T T T T y T

-

HepSim: Z— bb (e'e” @250 GeV) ¢ from jet A F — HZZ --> bbqaqq (6 jets)

N ! ] 1 - .
4000 T T T T T T T T T T T T T T R I,' ! . } Y,_\ 1 - —— HZ --> bbqq (4 jets) 2 jets
! S YB:Z - [ — HZ --> b-buu (2 je-t'sj
wE 6 jets 4 jets E

—— Photon - jet angle 1
— n'" - jet angle
— m - jet angle

3000 | B

Probability
[
(-]

107

2000 Photons from 1°

Counts

Reconstructed m° momenta
follow "~ (no bump)

0 50 100 150
Minimum jet angular separation [degrees]

1000

L 1 1 -
0 10 20 30 40 50 60 70
Angle photon-jet (degrees) lost photen \\
from m° 4
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Counts

Improvements in photon-to-jet assignment

e High e.m. resolution enables photons clustering into n%s by reducing their angular spread
with respect to the corresponding jet momentum
o Improvements in the fraction of photons correctly clustered to a jet sizable only for e.m.

resolutions of ~3-5%/V(E)

HepSim: Z-> bb (e*e- @250 GeV)

25000 . = 97—+« T
| T 4/
— Y -0 /E = 0.03 3 /OIV
. — Yy -0/E =0.05 ./ -
ideal e.m. resolution — Y- 0¢/E = 0.10 E
— Y -0/E=0.15
e 20000 |- -
—_— —
worst jet in a 4-jets topology worst jet in a 6-jets topology i i
10° g T T T T ' I T T
—— std algo (worst): Truth MC —— std algo (worst): Truth MC 15000 |— _
—n° clustering (worst): Truth MC 10° —n® clustering (worst): Truth MC ) .
10° t Peak height
] S tters! i
Lo® 10% o matters:
10000 |— 0, —
10%/V

(1]
E 3 ]
103 ] s 10 —
<] L .
: JJj_IhL -— £
2 : 102 - |
10 5000 -

E3 i & B
10 10 L ) ":":" -
1 | L H1h 1 | 1 I -I_II’+ -|I-|+ | 0 M 1 | . I.‘“:
V] 0.1 0.2

]
-0

0.5 1 0.5 1 .
Fraction of rto-photons mis-assigned to jet Fraction of rto-photons mis-assigned to jet M (yy) [GeV]



/ to e"e"Brem recovery

Example from CEPC CDR reference design
(electron tracks with no Bremsstrahlung recovery)

h 4

14000

12000

Events /0.8 GeV

10000

8000
6000
4000

2000

Ibl'llllll

Z->putu- Recoll

CEPC CDR
5.6 ab™, 240 GeV
ete ZX-u' X

Muon Track -
Ap/p ~0.3% -

» CEPC Simulation
— S+B Fit

Background

120

I ] I I h {
130 135 140
MPeeol [GeV]

Events /0.8 GeV

» Z>ete~ Recoil

10000

Qo
Q
o
o

6000~
4000

2000

T T T |
= CEPC Simulatio

CEPC CDR

— S4B Fit 5.6 ab’, 240 GeV
----- Signal ete »ZX—e'e’X
Background

Electron Track
Ap/p tail ~1-2%
(two tracks)

e [===pmemm -]

135

140

MEecol [GeV]
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~80% of

resolution
recovery with

3%/V(E)
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https://arxiv.org/abs/1811.10545

Flavor physics

Phase2 Simulation sy, = 5.02 TeV

%1'7: R RERRE
T e . CMSI
- - Preliminary
150  Hydjet e P
Precision EM resolution and rab <15 48
timing could benefit flavor : 1
physics program 1'3;_ E
12 K 4102
1.15— .
- T
o 10
o 2 3 4 5
p (GeV/c)
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Cost-power drivers and optimization ..

SiPMs
89%

e Channel count in SCEPCal is limited to ~2.5M
o 625k channels/layer (2 “timing layers” + “ECAL
layers”)

Crystals
81,0

e Cost drivers in ECAL layers (tot “95M€):

. NN
o ~81% crystals, 9% SiPMs, 10% z ot ECAL cos
_ _ : N N | forEcae
(electronics+cooling+mechanics) 2
~ o o O 10° _m\,_\ 3 Doy —— B
o 19% of cost scales with channel count e — =
e Power budget driven by electronics: ~74 kW _._y“lmt
5 18 ) 5 kW/l aye r B I ; :g:g 2:32:::3 ........... > \\\~\\,\\ .............................
—+— 3long. segments "~ RN N
| —+— 4long. segments S N N
e Room for fine tuning of the segmentation and of the detector " s
performance/cost optimization (see backup) ngstal wansverse width (o
v

Reference design:
1 cm?, 2 segments
cost ¥ 95M€
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Active members

Italy: actively working on testbeam work on the HCAL part

* Pisa

e Cagliari

 Roma la Sapienza
* Pavia

e Calabria

South Korea: simulation of the HCAL part
e Kyungpook

China: crystals and contact with Shanghai crystal
* |HEP (Liu and Ruan)

USA: in our copious spare time, working on simulations of the ECAL part and thinking about crystals
e Sarah Eno, Chris Tully, Marco Lucchini, Jianming Qian, Ren-Yuan Zhu, Sunanda Banerjee, Bob Hirosky, Harvey
Newman, Nural Akchurin, John Hauptman, Toyoko Orimoto



Other US interest (gathered by Hwidong Yoo of Yongsei

University)

Totally seven topics are in pipeline

Topic1: “Feasibility study of merging the MIP Timing Detector and Dual-Readout
Calorimeter at future e+e- colliders”

» Domestic collaborators: C.5. Moon (KNU), J.H. Yoo (Korea Univ.)
* US collaborators: David Stuart (UCSB)

Topic2: “Fast optical photon transport at GEANT4 with Dual-Readout Calorimeter at
future e+e- colliders”

» US collaborators: 5.Y. Jun (Fermilab) & GEANT4 collaboration under discussion

Topic3: “Heavy flavour tagging using machine learning technigue with silicon vertex
detector and Dual-Readout Calorimeter at future e+e- colliders™

» Domestic collaborators: S.H. Lim (PNU)

* US collaborators: Jin Huang (BNL), Qipeng Hu (LLNL})

Topicd: “Sensitivity study of H->Zy with Dual-Readout Calorimeter at future e+e- colliders”

+ Domestic collaborators: K.W. Nam (SNU)
* US collaborators: undsr discussion

Topic5s: “r reconstruction and identification using machine learning technique with Dual-Readout
Calorimeter at future e+e- colliders”

+ Domestic collaborators: K.H. Kim (Yonsai Univ.), Y.5. Kim (Sejong Univ.), Y.J. Kwon (Yonsei Univ.)
* US collaborators: M. Murray (University of Kansas)
Topice: “Various physics cases with Dual-Readout Calorimeter at future slectron-ion collider”
+ Domestic collaborators: S.H. Lim (PNUJ, H.S. Jo (KNU), Y.S. Kim (Sejong Univ.)
* US collaborators: under discussion
Topic?: “Multi-object identification in the final state with Dual-Readout Calorimeter at future e+e- colliders”

+ US collaborators: P. Chang, F. Wusrthwein, A. Yagil (UCSD)

Sarah Eno 2020 Hadron Collider Summer School
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Open gquestions

Almost everything

How to support it mechanically?

What is the jet as opposed to single particle resolution?

How does upstream material affect the jet reconstruction?

What is the best tracking system to go with this calorimeter? (current proposal is TPC, but this doesn’t
work really for high intensity Z running)

Can cms-style particle flow improve event reconstruction?

How would segmentation affect tau reconstruction?

Scintillation/Cherenkov separation can be achieved by wavelength filtering, timing, polarization. The
default plan is wavelength separation. But can inexpensive electronics that includes timing help? Can
pulse shape measurements in the readout help ()?

The crystal dual readout hasn’t been done with modern photodetectors. But only those (according to
simulation) allow this to work. We need to purchase crystals and do test beam measurements.
Which crystal should we use? PbWO4, BGO, BSO?

Would the timing layer solve the beam background problems at muon colliders?

Assembly needs to be understood



Other countries

Goal of DR R&D Project

¢ Primary goal: build a prototype detector for the detector design of CEPC experiment

* 5 year R&D funding supported by Korea NRF

¢ Consists of 16 modules (4 x 4): contain almost (97.5%) full hadronic shower
energy

¢ Demonstrate engineering aspects for full geometry detector

¢ Optimize the performance of the detector
2017-9  2020-1 2022-5 TBD

Propose a design of Dual-Readout Calorimeter to IDEA detector concept
R&D Perform R&D (including engineering aspects) based on HW & SW

Prototype Build 4x4 detector and perform test beams

Production RI=is}

Secured Funding in Korea

¢ ~$0.4M per year from Korea National Research Foundation (NRF)
* Start from Mar. 2020 to Feb. 2025: full 5 years are guaranteed

e Total $~2M to build a prototype detector and test beam study

» Sufficient amount of funding to build full size prototype detector to contain full
hadronic shower

¢ ~30% overhead included

¢ Additional small funding is also available
* Seed research funding from Yonsei University
e Maximum $100k

¢ Seeking a full support from wider domestic HEP community in Korea

Is the US funding any area of future detector R&D this well? Sad!

Sarah Eno 2020 Hadron Collider Summer School




Conclusion

Dual readout is an exciting complementary technology that can deliver
the needed calorimeter behavior

It can also allow precision EM calorimetry

SiPM advances have been crucial to extended the possibilities

Lots of work to do! Come join us!



BACKUP

Sarah Eno 2020 Hadron Collider Summer School
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Calorimetry for future e*e” Higgs and Z factories

et Z

Higgs can be identified independent of
decay mode using the “missing mass “ or
“boson recoil mass” method, where you
identify the Z and use its 3-momentum as
the 3-momentum of the recoil particle and
the center-of-mass collision energy minus
the visible energy as the energy, requiring
that to be consistent with the Higgs mass.
Mass peak can distinguish ZH from WW, ZZ.

HIGES BOSON PHYSICS 319

Process Cross section Events in 5.6 ab™!

Higgs boson production, cross section in fb

ete”— AH 196.2 1.10 = 108
ete” = v i H 6.19 3.47 x 10¢
ete” s ete  H 0.28 1.57 » 107
Total 203.7 1.14 x 108
Background processes, cross section in pb
e~ — e7e” () (Bhabha) 030 5.2 % 109
eTe” = gq () 54.1 3.0 x 108
ete”™ = ptu (v) Jor 7 ()] 53 3.0 = 107
eTe” = WW 16.7 9.4 x 107
eTe” 3 L2 1.1 6.2 % 108
eTe” eTe £ 4.54 2.5 % 107
eve” s e W e pWT 5.09 2.6 x 107
Table 11.2: Cross sections of Higgs boson production and other SM processes at /5= — 240 GeV

and numbers of events expected in 5.6 ab !, Note that there are interferences between the same final
states from different processes after the W or # boson decays. Their treatments are explained in
the iext. With the exception of the Ehabha scatiering process, the cross sections ane calculated using
the Whizard program [14]. The Bhabha scattering cross section is calculated using the BABAYAGA
event generator [ 15] requiring final-state particles to have |cos#] < 0.99. Photons, if any, must have
E., > 0.1 GeV and | cos .+ | < 0.99.

Sarah Eno 2020 Hadron Collider Summer School



Separate EWK bosons

Massive Boson Separation

! | ! ! ! ! ' ! ! I ! ! ! | ' ! ! 1 ! ! ! T T T T T T T T T T T T T T T
> CEPC CDR D ZZsvwqg | B CEIILC Preliminary’
3 0.031- D WW —hag __ 0. 06: % % [j 77—)\,Vqéﬁ_ {udl_.(fle.almed__:
o I [ JzHovves - o [ WW-slvyg (ud) Cleanned -

' - o[ 1 7ZH V44 (g8) Cleanned
= 0.05 — .
< S B o ! §
_ G 0.04" - 1 :
0.02 5 Mar ‘ . ]
I 0 - ! ]
o C i ]
— 0.03f | .
= - | -
i ] <C - | ]
0.01 : 0.02f ; H :
0.01F \jﬁ § \ ]
0 A B e " 0_ s ]
60 80 100 120 140 160 60 80 100 120 140 16l
g mBoson [ e ]
Peizhu Lai & CEPC CDR  WW sample: using uivqq sample, CEPC-RECOQ-2017-002 (DocDB id-164),
Plot: the visible mass without the muon CEPC-RECO0-2018-002 (DocDB id-171),
11/03/19 Topical Calo WS@IHEP 21

Eur. Phys. J. C (2018) 78: 426
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Jet resolution is essential to e* e ~ Higgs factory
calorimetry

Boson Mass Resolution (BMR)

LA Lyl S—— e
T B R Rl TR . T T ' T
: : 1 4 CEPC Preliminary] I I F’[ellmmary |
A A __ C T [T i
UL E ”I | 1 S
X 3} 1 2 | '
g | 'y lg{wH, H—bb) 1 £ | | o(qqH, H—inv) 1 5 : v 1
B 1 8 1 8 | -
= I <T p < . ¢ | H,H 1T
=N NNl | Assuming ] T | /]| aqkl b=
1 - i BR(H—inv) = 10% : |
- B L/ - -
i ’ 04 = = 08 |- -
i ] - 1 METTINTE S G B S A S S
ﬂullliil::u 1I_leu _‘_r'[llll 0 I s ' 10 15
Man I l e 0 10 20 a0 40 .
g ﬁslfwar?r% P BMR[%] | | BMRI[%]

VS+ B | 3

hadronic calorimetry (30%/\/?).

Accuracy=

The precision for many of the key measurables are steepish functions of the resolution

Nov. 2019 Sarah Eno, Beijing Workshop
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High granularity

In high granularity calorimetry, you use pattern recognition to remove energy
deposits from charged hadrons that are well measured in the tracker, using
the calorimetry only for photons and neutral hadrons. Since it is a sampling
calorimeter and doesn’t have compensation, calorimeter resolution is modest
(15% EM, 50% hadron). High granularity is needed to do the challenging
shower pattern recognition.

AN, Tracks andixlusters clearly
’ : «__,./ identifial e by eye throughout
! most of detector.

it

ighprios Y
O(500 GeV) ~—— | 400 .

.

Sarah Eno 2020 Hadron Collider Summer School
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Particle flow

600 HepSim
wu L
= L ——— Photons: <E/E,> = 0.27
3 ——— Charged leptons: <E/E,> = 0.06
O 500 Neutrinos: <E/E > = 0.06
B —— Charged hadrons: <E/E ;> = 0.48
400l —— Neutral hadrons: <E/E > = 0.13
30057
200
1001
L =
[}_Illllllllllllll-:_:T:—’_i_ll_l_l—i

0 04 02 03 04 05 06 07 08 09
Relative contribution to jet energy

Figure 1. Left: relative contribution of different particles (photons, neutrinos, leptons, neutral hadrons,
charged hadrons) to the jet energy. Right: energy distribution of different particle types clustered within jet.

Counts

10°E

10

HepSim

¥ cEi> = 1.59 GeV
= cEi> =3.04 GeV
—— K2 <E» = 5.58 GeV
—— E"t<Ep =8.47 GeV
Az ¢E> = 6.62 GeV
Kg: <E> = 5.38 GeV
— <Ei> =4.95 GeV
n: <Ep = 4.84 GeV
—— K{: <Ep = 5.46 GeV
— En<Ep =7.31 GeV
vy <Ep» =845 GeV
— <Ei> = 8.87 GeV
v <Ep =7.77 GeV
v <Ep» =8.84 GeV
H —— e <E» =582 GeV I
i QE— <Ep = 5.59 GeV

—E':cEi)=.'r'.2? Ge"u"'|
LD L

b 10 20
Energy of particle within jet [GeV]

eta

Particle Flow Calorimetry and the PandoraPFA Algorithm (https://arxiv.org/abs/0907.3577)

Marco Lucchini studies using hepsim https://arxiv.org/abs/2008.00338ah Eno 2020 Hadron Collider Summer School
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Final States of ete Higgs Physics @™~246 GeV

« SM Higgs
- 0 jets: 3%: Z—ll, v (30%); H—O0 jets (~10%, 11, uu, vy, yYZ/WW/ZZ—leptonic)
- 2jets: 32% Higgs 4

Slide borrowed from Manqi Ruan

* Z—qq, H-0 jets. 70%*10% = 7% (LCWS 2019, Sendai, Japan)

* Lol v Ho2jets. 30%770% = 21% Strategy: make all the possible

e Z-ll, vw; H—WW/ZZ—semi-leptonic. 3.6% ag. measurements in each

- 4 jets: 55% different channel and combine Jet resolution is a key benchmark for
the result! e*e" detectors performance

e Z—qq, H-2jets. 70%*70% = 49%

o« Z-ll, w;, H-WW/ZZ—4 jets. 30%*156% = 4.5%
- 6jets: 11%
WW, ZZ,

» Z-qq, H-WW/ZZ—4 jets. 70%*15% = 11% 2y, vy

™, py

-
-

. . . w 99 Z boson
» 97% of the SM Higgsstrahlung Signal has Jets in the final state decay

Final state

 1/3 has only 2 jets: include all the SM Higgs decay modes
« 2/3 need color-singlet identification: grouping the hadronic final sate particles into color-singlets

« Jetis important for EW measurements & jet clustering is essential for differential measurements
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Role of calorimeters on

PFA jet performance

HepSim: Z-> bb (e*e

@250 GeV)

L N A AL
'| — Vv : <Ei/ Ejet>= 0.28
— neutrinos: <E;/ Ejet>= 0.05
— leptons: <E;j/ Ejet>= 0.05
— neutral hadrons: <E;/ Ejet>= 0.12
—— charged hadrons: <E; / Ejet>= 0.46

1000 H

Events

500

~2.7% contribution to jet
resolution from calorimeters
(added in quadrature)

e Baseline jet performance
depends on particle composition
and the relevant sub-detector
re50|ut|0ns o/ 01 0.2 03 g: 0.7 0.9
] Relative contrlbutlon qlet energy
v "N
° Ca |Orimeter re50| Ution 008 HepSim: Z-> bb (e*te- @250 G:eV) 008 HepSim: Z-> bb (e*e- @250 GeV)
: . - . S
reqUIre.mentS to .aChIeve ~ 0_07; X = 68% HAD ~ 45%/\IE ~ 0_07; X = 68% E.M. ~ 20%/\/E
target jet resolution of ~3% o > 2.2% on jet T S > 1.5% on jet
o  EM (photons) = 0061 ‘ = 006
better than 20%/VE 0" 0.0sF- o 005k
o Neutral hadrons e -
0.04 0.04F
better than 45%/VE 0031 0030
C & ORI et
0.02* 0.02f- ’ /
r I SO
0.01 0.01 -
:II\ :flljlll\\‘lllll\\\IIII|I|\\‘IIIIlI\\\‘IIIIlI

02 03 04 05 06 07 08 09

Calorimeter resolution to neutral hadrons

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045
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Jet reconstruction in PFA

Key features of PFA in Jet reconstruction:
Swaps out hadronic resolution for tracks (charged

(@)

(@)

hadrons)

Corrects momentum direction at the vertex

HepSim: Z-> bb (e*e” @250 GeV)

Relative energy contribution at given angle

— all

—— photons

—— charged hadrons
—— neutral hadrons

n*/- from jet
bending outside
the calo jet cone

momentum at
vertex can be
reconstructed

10 20 30 40 50 60 70 80 90
Angular aperture [degrees]

100

. B = '.-‘..,.',-" 44
\ Picture borrowed from Marcel Vos




Counts

High e.m. resolution potential for PFA

e Many photons from nt® decay at ~20-35° angle wrt to jet momentum

can get scrambled across closeby jets
e Effect becomes more pronounced in 4 and 6 jets topologies — i

— H->WW

o IVI O I'e | n C TU | |y’S ta I k confusion term from ° - 2 j;EtVS 4jets

et photon mis-assignment 6 jets

at FCC-ee workshop = 5 ,  clueredrs . / |
‘\ : ll YB 1 4 ’
N ; h ' ¥ cluster‘ed 0 P

Frequency
=}
w
T

HepSim: Z-> bb (e*te- @250 GeV)
WO 7T T T T T T T

ol 11 i W s s B SPR
1

-0 2 3 4 5 6 7 8 9
Number of jets per event

—— Photon - jet angle
— n*/ - jet angle
— n°- jet angle

3000 - 2500 ' : : . : -
—— Z->bbbar
i - - e Minimum angular separation
- 2000 | T H>WW between jets
2000 | Photons from n°® b (et) > 10 Gev |
315°° B antikt, R=0.4
c
I 2
(%)
Reconstructed n® momenta 1000 1=
1000 follow rt*/- (no bump)
500 |-
olaf 1 1] LY
V] 1 150 100 150
o Minjmum Jet anguIar separation (degrees)
0 10 20 30 40 50 60 70 vy v 45
Angle photon-jet (degrees) lost photon 6jets 4jets 2jets

from 1r° 4


https://indico.cern.ch/event/838435/contributions/3658382/attachments/1970353/3277643/FCCeeCaloTully.pdf

Counts

Improvements in photon-to-jet assignment

e High e.m. resolution enables photons clustering into n%s by reducing their angular spread
with respect to the corresponding jet momentum
o Improvements in the fraction of photons correctly clustered to a jet sizable only for e.m.

resolutions of ~3-5%/V(E)

HepSim: Z-> bb (e*e- @250 GeV)

25000 . = 97—+« T
| T 4/
— Y -0 /E = 0.03 3 /OIV
. — Yy -0/E =0.05 ./ -
ideal e.m. resolution — Y- 0¢/E = 0.10 E
— Y -0/E=0.15
e 20000 |- -
—_— —
worst jet in a 4-jets topology worst jet in a 6-jets topology i i
10° g T T T T ' I T T
—— std algo (worst): Truth MC —— std algo (worst): Truth MC 15000 |— _
—n° clustering (worst): Truth MC 10° —n® clustering (worst): Truth MC ) .
10° t Peak height
] S tters! i
Lo® 10% o matters:
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Events /0.8 GeV

Brem recovery

Example from CEPC CDR reference design

(electron tracks with no Bremsstrahlung recovery)

Z->ppu- Recoil

14000/

12000

10000

8000/

6000
4000

2000

CEPC CDR
5.6ab’ 240 GeV
ete ZX-u'uX

Muon Track
Ap/p ~0.3% .

= CEPC Simulation |
— S+B Fit

120

"1g5 4o
MES! [GeV]

Events /0.8 GeV

» Z>e*e~Recoil

4000

2000

__________

10000 T T 1 )
|« CEPC Simulation CEPC CDR
- —S+B Fit 5.6 ab', 240 GeV
[ Signal gte —ZX—e'eX
8000__ Background ]
Electron Track

(two tracks)

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

B ] et TP

120

135
MEeo [GeV]

T |- T
130

~80% of resolution recovery
with 3%/V(E)
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https://arxiv.org/abs/1811.10545

The combination of

a high precision ECAL with an excellent HCAL

would be IDEAL to take up the challenge of precision physics at
future e*e” colliders

« Design optimization of a segmented crystal ECAL
« Integration of crystal ECAL with a Dual ReadOut
HCAL

« Optimization of Dual ReadOut in crystal ECAL



Overview of a SCEPCal module

o SCEPCAL: a Segmented Crystal Electromagnetic Precision Calorimeter

o Transverse and longitudinal segmentations optimized for particle identification, shower
separation and performance/cost

o Exploiting SiPM readout for contained cost and power budget

o,”~ 20 ps

Timing layeY——
o LYSO:Ce crystals (~1X,)

o 3x3x54 mm? active cell
o 3x3 mm?2 SiPMs (15-20 um)

o—— 0. /E~3%/VE

ECAL layer
o PbWO crystals
o Front segment (~6X,)

o Rear segment (~16X,)

o 10x10x200 mm?2 crystal 49
o 5x5 mm? SiPMs (10-15 um)



y [mm]

y [mm]

¥ [mm]

Some crystal options

PWO: the most compact, the fastest, the cheapest
in between (potential for dual readout)
the less compact, the slowest, the brightest

BGO:

Csl:

better for PFA

better stochastic term

Crvstal Density A Xo Rm Relative LY Decay time Photon density (LY / dLy/dTt Cost (10 m3) Cost*X,
Y g/cm3 cm cm cm @ RT ns Tp) ph/ns (% /°C) S/cm3 S/cm?
PWO 8.3 20.9 0.89 2.00 1 10 0.10 -2.5 8 7.1
BGO 7.1 22.7 1.12 2.23 70 300 0.23 -0.9 7 7.8
Csl 4.5 39.3 1.86 3.57 550 1220 0.45 +0.4 4.3 8.0
Values from: Journal of Physics: Conference Series 293 (2011) 012004
PWO
Fraction of energy deposit per channel in E1 Fraction of energy deposit per channel in E2 Fraction of energy deposit per channel
45TS(eV electrons PWO w, =3 ' 5 g 10 5
Xo™=0.3 Ry =2.00 cm B g g ~ [ pwo 1008
ECAL Iengt_h: 24 X, X, =0.89 cm & & [ Ry=20cm g
Module width: 10 cm H 5 100~ | s 5
12 o2 L g
{2 j - - \ o8
& g ol b
BGO o C
Rw =223 cm o 750_—1 L | | | 1
X0 = 112 cm . 1 2 3 4 5 6 7 8 9 X[‘cﬂm] 1 2 3 4 5 6 7 8 9 x[‘c?n] 0 50 100 150 200 250 300 «mm]
Fraction of energy deposit per channel in E1 Fraction of energy deposit per channel in E2 Fraction of energy deposit per channel
E ! g E e w‘g
. . K e
° sl £
) g _
4 L 10
3 °C
2| C
1 *50_—v 1 Il 1 1
1 2 3 4 5 6 7 8 9 10 0 50 100 150 200 250 300

2 fmm)

i 2 3 4 5 6 7 8 9 10
x

x[em]

x[mm]
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SCEPCAL e.m. resolution

Contributions to energy resolution:

O

(@)

O

O

Shower containment fluctuations

Longitudinal leakage
Tracker material budget
Services for front layer readout

Photostatistics

Tunable parameter depending on:
e SiPM choice
e  Crystal choice

Noise

Negligible with SiPMs

e low dark counts, high gain

Channels intercalibration

~0.5% constant term

(E)/ E [%]

© 10

107"

Geant4 Simulation: Segmented Crystal Calorimeter - Electrons

- 4 total energy resolution
B o_,(E)/E = 2.5% /|E © 0.3%
- --4-- shower containment fluctuations
- --+#-- photostatistics
:A
_.\
L
B \\:.1\
S
- A
N e
- S e
B R
I \.§
Tt em
1 11 I| | | 1 11 I| | | | I | I|
1 10 10°

Beam energy [GeV]
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Impact of tracker and dead material budget

e Tracker material budget <0.3X, for <2% impact on stoch. term

o Well within the target of the CEPC and IDEA reference tracker designs
e Dead material for services <0.3X, for impact on stoch. term < 2%

o Compatible with estimated material budget from cooling (5 mm Al plate)
and readout electronics

PWO - electrons PWO - electrons
) 10° : . < 10
(o) ~ . = .
=0 — 003 £ — Towlresolfon
8 i —— TRK X0 = 0.1 8 p— Photostatistic
. _ 8 L e
- | : TRKX0 =02 - F ----- Shower fluctuations
® : — TRKX0=03 ) 7|
10— . TRK X0 = 0.4 W -
L - - by 6 ettt ettt ee et e e e en e et eent et e et e et et et e et et e et e en e et e et e e e et e e ens
-~ X —— TRKX0=0.5 RS
L i . TRK X0 =0.7 B SO a0
\;: - bq) :
[} B . -
© | . 4 :_ AR R TR
1= : ° ;___/____. """"""""""""""""""""""""""""""""""""""""""""""""
- 2 i'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.;'.:.;'.'.4.'.'.'.'.'.'. N
- : e ’ e
1 | T 1 1 1 L1111 | 1 1 1 1 | : | I I I I

10 102 00 L '0.1' - 10.2| 11 [0_3I L1 10.41 [ 10.5| L1 |0.6| L 10.7
Beam energy [GeV] Tracker material budget [XO0]



Particle ID with longitudinal segmentation

_ o Topology of longitudinal energy
electrons pions . . .
o iy deposits in different layers

Electrons of 45 GeV in Timing layers Pions of 45 GeV in Timing layers . +/
provides clear electron / it
§ —4— Timing: total energy § c —4— Timing: total energy
Q ST o S
O + Timing: first layer O B + Timing: first layer d
—}— Timing: second layer o —}— Timing: second layer I S c r' m I n at I O n
w 1r —12
Timing 8 - < non convertlng pions
et -
layers T -
10 ZE) B o . e —10
: o L = el.g_;tﬁrg._ns ‘f
~ -/ e
- <. - —
C1 0—1 - = 8
1\!\!\!\!“,!\!!!\!!!4 A bl o — - -
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 — = '-f_g-'_:'
Energy deposit [GeV] Energy deposit [GeV] = C "‘3:"-..- :
Electrons of 45 GeV in ECAL layers Pions of 45 GeV in ECAL layers z(l B o . 6
o T 0 10°F B ‘
S . —}— ECAL: total energy S F —}— ECAL: total energy O = ﬂ|\ '{Conve rtlnlg ijF]S
ol0F o L LL] | | L |
&) E —'— ECAL: front segment O + ECAL: front segment O L | | | ll[ | \IH H‘ Ll
[ —}— ECAL: rear segment F —}— ECAL: rear segment = \ I| I| | H | ‘ (‘\”[[ | 4
ol S ) u| fiinin
: o102 . M M
I B 2
101 B
| | 1 I I | I | I 0
: 7 10° 10 53
0_ ‘H5”H10HH15”H2|0"H25”H30HH35 I I“rOHH45 10 I 02I I0.4I I IOAGI I 0?8 I I 1 Total energy deposlt In ECAL [GeV]
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Particle ID with time-of-flight

Phase2 Simulation sy, = 5.02 TeV

ﬂ 17_ Erob 0T T | I I I I | I I | I ]
~ - ) ' :
o Excellent time-of-flight capabilities — .- | CMS -
for particle identification: i - Preliminary
1.5 _ 1 ]
o Time tagging of MIPs with ~30 ps - Hyd:est 1= 10°
time resolution with single layer 1.4 h1| < -
=« See MTD in CMS Phase 2 upgrade - | 1
1.3 -
o Time resolution of 30 ps to e.m. showers E i P
with E >20 GeV 1.2 KJE -
with the ECAL (rear) segment(s) - .
= See Phase 2 CMS ECAL Upgrade e
- T
1=
B I 10
B | I 11 i i ‘ k | [ 1 | | | 1 | | | | | 1 | :
% 1 2 3 5

4
p (GeV/c) 4


https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
https://cds.cern.ch/record/2283187/files/CMS-TDR-015.pdf

Cost-power drivers and optimization ..

SiPMs
89%

e Channel count in SCEPCal is limited to ~2.5M
o 625k channels/layer (2 “timing layers” + “ECAL
layers”)

Crystals
81,0

e Cost drivers in ECAL layers (tot “95M€):

. NN
o ~81% crystals, 9% SiPMs, 10% z ot ECAL cos
_ _ : N N | forEcae
(electronics+cooling+mechanics) 2
~ o o O 10° _m\,_\ 3 Doy —— B
o 19% of cost scales with channel count e — =
e Power budget driven by electronics: ~74 kW _._y“lmt
5 18 ) 5 kW/l aye r B I ; :g:g 2:32:::3 ........... > \\\~\\,\\ .............................
—+— 3long. segments "~ RN N
| —+— 4long. segments S N N
e Room for fine tuning of the segmentation and of the detector " s
performance/cost optimization (see backup) ngstal wansverse width (o
v

Reference design:
1 cm?, 2 segments
cost ¥ 95M€
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Integrating excellent ECAL with excellent HCAL

o Ultra-thin solenoid (~0.6X,) between ECAL and HCAL
e Ease the HCAL design (cost/performance) from the ‘burden’ of e.m. resolution

Geant4 view ‘

rear side |
© © 00000 00000000000

Brass capillaries
OD=2 mm, ID=1.1 mm

Solenoid

[ oo

1X, 6X, 16X, 0.7X,
[ L L L

. . : \
T T ] 90 0000000060006 06060600600
~1A, 0.16A; °: : i ; i F o

Geometry inspired by
the presentation of

V.Chmill
at FCC-ee workshop o



https://indico.cern.ch/event/838435/contributions/3658383/attachments/1970617/3277853/20200116-TenKate_-_FCCee_Detector_Magnets_Thin_2T_Solenoid.pdf
https://indico.cern.ch/event/838435/contributions/3658379/attachments/1970244/3277159/3rdFCC_Val.pdf

Reference dual readout HCAL

e HCAL-only performance studied by selecting events that do not interact in the ECAL

e Dual readout correction works as expected,
> delivering ~25%/VE @ 1% to hadrons
o linearity and gaussian distributions are restored

. : L
DRO correction for C energy resolution to K%
£ 8000 Ll
8 = —180 ~ ——m——  Pure HCAL cher only: 0.72 /VE & 0.086
U\J 7000 - 0 s Pure HCAL scint only: 0.32 /VE & 0.069
g 5000 C | —®—— Pure HCAL (S-based DRO): 0.25 NE ©0.010
% - | = Pure HCAL (C-based DRO): 0.24 /VE @ 0.014
S 5000
8 C
X 4000
C r . RS
o - 10
@ 3000
c u
O C
2000
1000 —
: 1072 1 1 111 | 1 1 1 1 1 1 L1 |

(=)

10 10
Beam energy [GeV]

=:| «— cher only

«— scintonly

- | «— DRO corrected
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Response to e.m. showers channeling at0 deg

e Energy resolution: wfE- 1
~17%/V(E) @ 2% (at O deg angle) s
e Non-uniformities for impact angles <~3_E©
deg =
(requires non-pointing design?) E
N B IE T
Scintillation - 60 GeV Cherenkov - 60 GeV Total - 60 GeV

y [mm]
y [mm]
y [mm]

x [mm]
response drop in brass tubes 58
and air gaps




Combini

1. Correctt
2. Correctt

ing ECAL&HCA

ne energy depositint

ne energy depositint

3. Calibrated sum of ECAL+HCAL

(H1]
it ——®——  Pure HCAL (S-based DRO): 0.25 /VE & 0.010
@) 1k
- ——4&—— HCAL+ECAL (only HCAL dro): 0.42 /VE ® 0.025
HCAL+ECAL (dro corr): 0.27 /{E @ 0.021
107"
1072 L L

he HCAL with DRO

ne ECAL with DRO

Good

uuvvu TAJ T W

term recovered
with ECAL Dual

+—

+—

107
Beam energy [GeV]

Readout!

adding raw ECAL energy

adding DRO corr ECAL
pure HCAL

_dual readout

HCAL
beam Edep,corr)

Coon/ (E

1.4

2t pefore

- o .
L of ol - -
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1.2

0.6f

0.4l

DRO correction for the energy
deposit in the ECAL

T correction
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0.2~

O_IIII

T Pantli Pkt ol
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Implementing dual readout in crystal ECAL

e First test of combination of a DRO crystal ECAL with DREAM HCAL back in 2009 with BGO
modules (N.Ackurin et al., NIM A 610 (2009) 488-501)

— T T | LA S

-

48%/\/E + 1%

e Total signal
4 S signal
* C signal

0.10

Limited by poor ECAL
e.m. energy resolution

~3x3x24 cm?3 tapered crystals
from L3 readout with PMT
without optical contact

0.05

Energy resolution (G/E)
&

IC

Beam

025 0.20 0.15 0.10 0.05 0
— WE DCl DC2

Fig. 8. The energy resolution of the BGO ECAL as a function of energy, for electrons
with energies ranging from 20 to 200 GeV. The relative width of the distribution,

ITC
hY

T N. Akchurin et al / Nuclear Instruments and Methods in Physics Research A 610

%\A

i

o/mean, is plotted versus the beam energy, separately for the scintillation and
Cherenkov components of the signals, and for the total signal, integrated over the
first 115ns. See text for details.

Affected by leakage fluctuations

™ Leakage counter

Average Cerenkov signal (GeV)

200

100 |-

50

Successful demonstration that DRO principles also apply to a hybrid
calorimeter system (despite many experimental limitations!)

ra

—— R=021'+ 079 fu
-—----- Stand-alone fiber module
— BGO + fiber module

0.2 04 06 0.8 1.0
Electromagnetic shower fraction, f.



https://reader.elsevier.com/reader/sd/pii/S0168900209016039?token=6EF6420FA983BF7BF51E463BDE9E46A4755AB57D2DC6A53554BF0F379AE2EF208D1FF99BAE855D42F14859F9D39B7019

Technological advancements (SiPMs)

e Many technological advancements in the field of photodetectors
e Compact and robust SiPMs with small cell size (high dynamic range) extending and enhancing
sensitivity in a broad range of wavelengths

14
FBK

SiPM Cell, top view

Cell size

Std. SiPM | RGB-

3{=1e HD

15 ym

0.1

(L=4.5um)

2nd layout gene

RGB-HD SiPM technology

| RGB-HD|(L<2um

L?HQD*’*‘

1st technolog

‘ (L=7um)
/ Improving fill factor
for small cell size!
0 10 20 30 40 50 60 70

Cell size {(um)

50-75 um cell size
High sensitivity:
PDE up to 75%

-@ 45
2. £ Hamamatsu
o 40— -
O 35
eV =
< =
@ 30— _——
W s 2018 version
o C
20—
15—
10F
51
O: II|IIII|IIII|IIII
3 35 4 45

ngh dynamlc range:
~4500 cells/mm?
PDE up to 50%

Over-voltage [V]

61



Cherenkov detection in PWO and BGO

e Sensitivity in both the UV and infrared region with Silicon Photomultipliers

e At least two crystal candidates for a compact, cost-contained ECAL with DRO capabilities:
o PWO (e.g. CMS) and BGO (e.g. L3)

o Detect Cherenkov photons in either the UV (BGO) or infrared region (PWO)

0.4

~
~
~
~
~
~
S
~
~
~

0.2

1
.

PWO
— 1.4
> B Scintillation
< [ —— Cherenkov
‘— 1.2l ---- Transmittance (2 cm)
> L Transmittance (20 cm)
‘0 - ---- FBKNUV-HD SiPM PDE
c 1‘_ - -- - FBK RGB SiPM PDE
Q B )
£ -
. >
5 . .
o L infra-red optimized
oc 06 SiPM

; UV optimized \‘\-___ el
oo/ | |SIIP'YI TR MM% |/
800 400 500 600 700 800 900

Wavelength [nm]

Cherenkov photons
above scintillation peak
are much less affected by
self-absorption

~10% of signal from Cherenkov in CMS ECAL
(N_Akchurin et al.) increasing due to radiation damage that

filters out the UV scintillation component!

BGO
— 14
S B Scintillation
S, 12 | —— Cherenkov
> =L .
:5') B Transmittance
[ - Hamamatsu SiPM PDE
L ¢
£ L
2 o8l
= L
(_U -
&J 0.6—
0.4|-
B ~1 AZ
0.2 /
i 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 I 1 | 1 1 1 1 | 1 1 1 1
:900 400 500 600 700 800 900

Wavelength [nm]

BGO has a larger stokes
shift, wider range of
transparency for UV
Cherenkov

Cherenkov signal detected and exploited for timing
applications even for electrons from 511 keV y-rays!
Stefan Gundacker et al., 2020 Phys. Med. Biol.65 025001
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https://iopscience.iop.org/article/10.1088/1742-6596/110/9/092034/pdf
https://iopscience.iop.org/article/10.1088/1361-6560/ab63b4/pdf

Validation of Geant4 ray-tracing simulation

e Geant4 simulation for ray-tracing of Cherenkov photons validated

e Reproducing experimental results from test beam

beam

Fig. 2 The PWO matrix consisted of seven crystals with dimensions of
3w 3 x 20em’, These were arranged as shown in the figure and the beam entered
the matrix in the central crystal. All crystals were individually wrapped in
aluminized mylar. Both the upstream and downstream end faces were covered
with filters. See text for details.

4/29/20

F. Bedeschi, G. Gaudio, et al. https://www.sciencedirect.com/science/article/pii/S0168900212014520

Geometry and material description in the paper

>

.
r g
r g

»

PMT1

Y V VY VY

7 crystals with dimensions of 30 X 30 x 200 mm?

All crystals were individually wrapped in aluminized mylar.

Hamamatsu R8900-100 tubes

Both the upstream and downstream end faces of the matrix were covered
with a large optical transmission filter (U330 or UGS5)

Silicone cookies were used to reduce the light trapping effect PMT
25 x 25 x 5 mm?3
PMT2

Silicone gap ! \ PMT window

refrac_idx 1.403 refrac_idx 1.525
25 x 25 x 0.1 mm?3 25x 25 x 0.8 mm3

Crystal wrapped with aluminum sheet of 0.985 reflectivity
0.1 mm silicone gap between crystal and PMT Borosilicate glass window
Interface between gap and PMT window is set as the filter

UMD Meetipg, Yihui Lai 1

PMT surface is set as sensitive

Filter transmission

Absorption coefficient (m*!)

S
w

<
o

e
[

- v r
«  Emission scintillation light a |

0
025
~ b
~ i 3 .
020 F ~ — — Emission Cerenkov light ]
~ - Self absorption PbWO,
0.15
0.10
005
0 . . .
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MC to data comparison: simulation predicting
~40% more Cherenkov photons (fine tuning ongoing)

Filters

No filter /No filter
No filter/U330
No filter/UG5
U330/U330
U330/UG5

Detected photons
(50 GeV e-) (50 GeV e-)
Upstream downstream
9950 14860
9146 781
9199 1278
517 774 650
513 1246 1250



Ray-tracing in the SCEPCal

e Study impact of various parameters on light
collection efficiency for both S and C:

o LCE grows linearly with SiPM active area
o LCE grows with shorter crystals

2 SiPMs

Rear segment

Front segment

Light Collection Efficiency

Light Collection Efficiency

o
=

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

107!

102

10°°

Light collection efficiency for rear SCEPCal crystal

E —— SiPM1mm
= —— SiPM2mm
& —— SiPM3mm
H SiPM4mm
- —— SiPM5mm
;IL Scintillation
5. photons (S) : : :::Jﬂj
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Z(mm
- —— SiPMimm I
I —— SiPM2mm .
— SiPM3mm Y Lal

SiPM4mm
—— SiPM5mm

-  Cherenkov
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z (mm)

SiPM
side
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SCEPCal key tfeatures for DRO optimization

High granularity increases light collection efficiency (both C and S)
1 cm? cross section compared to ~ 3 cm? in L3/CMS

0.12

0.1

x2.7 <--

Light Collection Efficiency

- 0.08,

(©)

(@)

crystal length reduced by ~2x

SiPM active area can be tuned to achieve target resolution (stoch. term)

light collection efficiency increasing linearly with SiPM area
SiPM with smaller dynamic range but high PDE can be selected for C-detection

(@)

II|III|I

J

/

|

Y.Lai

SCEPCal rear crystals

1 I 1
100

1 1
150

L30mm_SiPM5mm
L50mm_SiPM5mm
L100mm_SiPM5mm
L150mm_SiPM5mm
L200mm_SiPM5mm
L250mm_SiPM5mm

Photostatistic term (@ 1 GeV) [%]

—_
o
T

L — PDE=20%

— PDE=40%
—— PDE=50%

1 1 1 1 111 1 1 1 1 1 11 | |
1 10 182
SiPM area [mm®]

Photo-statistics term for S can be
tuned by increasing the SiPM active
area down to <2%
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Photo-statistic requirements for S a

Poor S directly impact the
ECAL resolution stochastic
term

(even without DRO):

o S$>400 phe/GeV to limit the
contribution to HCAL stoch. term
below 20%

A limited resolution to C
(photostatistics) impacts the
C/S and thus the precision of
the event-by-event DRO

correction
A C>SG60phe/GeV to limit the

o /E

ECAL+HCAL DRO (stoch. term)

107"

1072
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DRO in the rear SCEPCal segment only

o Majority of the energy deposit from hadron is in the rear ECAL section

o Dual readout can be implemented in the rear section only
o No degradation in performance wrt a full (front+rear) DRO ECAL
o +50% in channel count wrt to non-DRO ECAL can be mitigated by decreasing
granularity in the rear compartment where shower radius is larger

Counts

doubling SiPMs for DRO
only in the rear section

o102

i \ most of the events with

<10% of kaon (ECAL) energy 120 GeV

in the front layer

—5GeV

— 10 GeV

— 15 GeV
30 GeV
60 GeV

— 300 GeV
4
——
. —t
%=
—_——
—== =
- S
o I
- kaons ot

[ A | | |

| | |

0

) N S N N I v
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ECAL, front ECAL, rear
E /E

dep

dep

o/ E

107

1072 -

—®——  Pure HCAL (S-based DRO): 0.25 NE @ 0.010
F ——4&—— HCAL+ECAL (only HCAL dro): 0.42 /\E & 0.025

HCAL+ECAL (only rear ECAL dro): 0.28 NE @ 0.020 )
HCAL+ECAL (dro corr): 0.27 /VE ® 0.021 '

10 | 10
Beam energy [GeV]
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Summary

o Highlights of a segmented crystal ECAL (SCEPCal):

o Excellent DRO hadron calorimetry with 27%/V(E) @ 2% is achieved with a
segmented crystal EM calorimeter in front of the thin solenoid in the IDEA
detector

o Addition of ¥3%/V(E) @ 1% EM resolution for photons and brem recovery for
electrons

o Enables efficient pre-clustering of pizero photons, shown to reduced photon
misassignment in the 4th jet by a factor of 4.5 and the 6th jet by a factor of 8 -
impacting 2/3 of all HZ events.

e Optimization of DRO capabilities:
o Methods to extract C from rear crystals significantly improved with SiPMs and
shorter crystals, relative to previous tests (2009 DREAM+BGO, 2013 BGO/PWO
DRO studies)

o Option for interleaved pure-C radiating crystals with PWO also being studied.

e Combination of DRO ECAL and DRO HCAL allows for separate optimizations of channel count,

I [ T [ T
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https://reader.elsevier.com/reader/sd/pii/S0168900209016039?token=6EF6420FA983BF7BF51E463BDE9E46A4755AB57D2DC6A53554BF0F379AE2EF208D1FF99BAE855D42F14859F9D39B7019
http://dx.doi.org/10.1016/j.nima.2012.11.105

Additional slides




Outlook

o Progress on standalone simulation for further cost/performance
optimization of the SCEPCal layout and its integration with a DRO HCAL

o Experimental (beam) tests to consolidate parameters

o Looking forward to a more quantitative PFA benchmark for a comparison
of calorimeter designs



Events

Jet composition

e 30% photons, 50% charged hadrons, 10% neutral hadrons
o Neutral hadrons are mainly kaons with mean energy of ~5 GeV

HepSim: Z-> bb (e*e- @250 GeV) HepSim: Z— bb (e*e” @250 GeV) HepSim: Z-> bb (e*e- @250 GeV)
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Crystal based Spaghetti Calorimeters

o Technology wise, a lot of progress in high granularity crystal calorimeters

- New materials and new production processes
o Undoped LUAG crystals as excellent cherenkov radiators

o Crystal based SPACAL being studied for LHCb HL-LHC upgrade

LusAlsO12 Undoped:
p =6.73 g/cm? Cherenkov radiatior
X, =1.41 cm Cerium-doped:
A =23.3cm Good scintillator

lllll

Refractive index, n = 1.86

LELL
) | L1
1 .

L1
LELLN

Test beam results of a high granularity LUAG fibre calorimeter prototype (

)

Formerly for “Studies on sampling and homogeneous dual
readout calorimetry with meta-crystals”



https://iopscience.iop.org/article/10.1088/1748-0221/15/05/C05062/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/6/10/P10012/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/11/05/P05004/pdf

Increase of C/S ratio in irradiated PWO crystals

o An example of high wavelength Cherenkov detection

o Radiation damage in PWO crystals filtering out the scintillation and enhancing the relative
contribution of C photon (with lambda>500 nm) to the signal
o Pulse shapes also get faster

From “Evolution of the CMS ECAL Performance and R&D Studies for Calorimetry Options at High Luminosity LHC”, M.Lucchini

g 100 - PbWO non irr _trapsmission , g_ 1 i i Q : :
§ 90~ Eﬁmg U: nsm:(mn H”‘? S 3 [ —e— Total Light Output i —— non-irradiated crystal
- oy cherenkov spectrum - iy 5
7 8oL T PbWO scintillation emission 5 " —a— Scintillation fraction %_ 'uind =37m
B4 - ; ) R 1
E - QF pialkal w&ﬁlww ~ 10" X —=— Cherenkov fraction "} £ Mina = 3.8m K
§ 70 oy ; \ < Mg = 106
= - y 3 \ = = ]
60 - <\ g u =10.9m
50- 107k IS
] :: // 3 \ %’ g
40¢ / : y T \ o \
H / =
30 j\ ; X . \
/ : ‘“«“\A@
10 T\“" I — ’:
i I‘“W\I_V\III L1 |\\|k\\“'r'r IO 104‘ TR SRS R T—— l ! L TR T
900 350 400 450 500 550 600 650 700 0 20 40 60 80 100
Wavelength (nm) u ol m'] ‘ ~———_

Figure 4.5: Left: wavelength dependence of Cherenkov and scintillation light compared with 20 39 40
the transmission of hadron damaged crystals and the quantum efficiency (QE) of the photode- Time (ns)

tector. Right: contribution of scintillation and Cherenkov signal to the total light output at
different ji;pnq.
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https://cds.cern.ch/record/1975537/files/CERN-THESIS-2014-197.pdf

Linearity (SCEPCal + DRO HCAL)

Gaussian distributions and response linearity restored

Counts
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More on performance/cost optimization




Detector cost drivers

° Crystal (0) ptio NS CMS ECAL PWO crystals

o LYSO:Ce for timing layer (optimal choice for the CMS MTD) g
> PWO (very compact - CMS and PANDA ECALs preferred choi¢ ==
o Many other crystals on the market may allow further optimi® B

o Crystal costs used as reference

o Quotes from crystal vendors

m PWO: ~7€ /cc (for 10 m3, cut and polished)
m LYSO: ~30€ /cc (for cut, polished and wrapped elements) 3

e SiPMs

o Recent estimates from CMS Upgrade experience:
m  ~6€/SiPM (9x9 mm? active area)
m can embed a LED for monitoring: additional ~1€/channel

o Cost constantly dropping and technology improving in the Iz
m canaim at a factor ~2-4 reduction in the next decade



Cost and power breakdowns for SCEPCal

T1+T2 (TIMING)

E1+E2 (ECAL)

# of readout
channels

Total cost (barrel+endcaps)

~124 M€

Area barrel 53 53
Area endcap 19 19
Total area (barrel+endcaps) 72 m? 72 m?
# Channels barrel 977k 859k
# Channels endcaps 344k 374k
Total # of channels (barrel + endcaps) 1.3 M 1.2 M
Crystal cost 10 M€ 78 M€
SiPM cost (+monitoring for ECAL only) 8 M€ 8.5 M€
Electronics cost 5 M€ 4.5 M€
Cooling+power+mechanics cost 5 M€ 5 M€
Sub-total cost (barrel+endcaps) 28 M€ 96 M€

SiPMs (kW)

Electronics (kW)

Sub-total (kW)

Total (kW)

T1+4T2
(TIMING) E1+E2 (ECAL)
~1.3M ~1.2M
2.7 2.5
34.3 33.5
38 36

~74 kW
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PWO - electrons (TRK O.1X0)

—e— Crystal length = 14.6 X0
—e— Crystal length = 16.9 X0

Crystal length = 20.2 X0

Crystal length = 21.3 X0

[N Crystal length = 22.5 X0
10 Crystal length = 23.6 X0
C @ Crystal length = 24.7 X0

Optimization of crystal volume ¢ e

e Crystal pointing geometry
—>reduce by ~20% crystal volume and channel count

I | T | %

el il = o S
I I -l' _I-.-"-l'l_l-_:l-l.a e 1111 | 1 111111 1 | | 1 1 |
i Frel O T 5% D T e 10” 10%
L "3;‘14‘/[)":( AL aeag 5 1 Beam é%ergy [GeV]

e Optimizing crystal length vs energy resolution
o with 20 X, contribution to constant term from
shower leakage comparable to intercalibration a5
precision: O(1%)
o no substantial impact on stochastic component
(negligible wrt photo-statistics term of ~4-5%)

6./E @ 1 GeV (shower fluct. only)
FooN 0 T 6./E @ 45 GeV (shower fluct. only)

o E)/E [%]

Lo by by I PR R R NN T T N R T N
14 16 18 20 22 24

Total crystal length [XO0]




Fraction of energy deposit per channel in E1 Fraction of energy deposit per chanrel in E2
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Optimization of segmentation

Segmentation optimized for performance/cost:

o Transverse segmentation:

- 1cm ~ R,/ 2 (half Moliere radius)

o Longitudinal segmentation: 2 segments
—>particle ID with no dead material at
shower max
—>simple for readout and services (front and
rear)

Impact of ch. count on overall detector cost <20% for
baseline segmentation choice
Total cost ~ 95 M€

o
S L Lo
L_ij ——total ECAL cost
= - - - channel cost
(%2}
Q N
© 10°
—— crystal volume cost "~ _ :
| —— 1long. segment ... . £SO S
—— 2 long. segments :
— 3long. segments "~ -
4|~ 4long. segments M S e S
10°; 5long. segments oo ‘\\ .................... > \\\\ .....
_ —— 6 long. segments fﬁfifﬁﬁﬁﬁ{ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ.‘ﬁﬁf'ffffffﬁffiﬁﬁﬁﬁlﬁlﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁf'ﬁffffﬁfﬁfﬁﬁﬁﬁijlﬁ
L ) 1 1

Crystal transverse width [cm]

v
Reference design:

1 cm?, 2 segments
cost ¥ 95M€



More on SiPM readout




Event

Fraction of S and C photons detected with dual SiPM

-  —— S produce » RGB and UV SiPM are used to detect Cherenkov and scintillation
- Y]al — sanivesipm photons
= ~ Coprod \
1 = —_—c zriv:z?pm ~ All the photons detected by UV SiPM are considered as S
- —— S measurement # The 550nm filter is added to RGB SiPM, so only photons with
10 T Cmeasurement - wavelength > 550nm could be detected. In this region, C is dominant
- » The left plot shows spectrum of S and C when they are produced,
1 02:_ ~arrived at the end and collected by SiPM
= # The number of photons at different stages are shown in the table
- N below, but it is a rough estimate, as the scintillation spectrum we are
08 T using is clearly rough up when wavelengths > 550nm.
wavelength (nm)
Generate 4.5x10°/GeV 5.655x10%/GeV
VIS Longpass Filters
% — Arrive atthe End 5% 3.8%
80 e 400nM
£ —
s 60
E g 500nm
LK — sstom Detected by SiPM UV (1.1%) UV (0.49%)
i - — = RGB (0.014%) RGB (0.28%)
wmw w W m  wm w R UMD Meeting, Yihui Lai \“‘. : e 4 &
Wonegh () Misidentification as C



Dynamic range with SiPM
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More Geant4 simulation




SCEPCal layout overview

Timing SCEPCal HCAL
Tracker .
Crystal grid Segmented Crystal ECAL (dual readout)
T14T2 E1+E2 = 24X
1.8 m, ~0.3 X,, Si 0
m or ! 0.8X,

El E2

I I 6X, 18X,

T~

5 mm Al [0.056X,] / layer
for cooling, services

Ultra thin
Solenoid

<0.17,
<0.6 X,

A

1\,

—>

A

2 layers 2 layers

v

v

A

~8\,

A

no longitudinal
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S-CEPCal Geant4




Electron momentum at ECAL
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10 GeV i - yy (Geant4 events display)
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