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Future lepton collider
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; — SM prediction
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* Physics after Higgs discovery: : f
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* BSM physics (dark matter, EW phase transition, SUSY, LLP...) :
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* Projects: CEPC, FCC-ee, ILC, CLIC. N l Natire vol 607, 52-59 (2022)
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04893-w
https://www.science.org/doi/10.1126/science.abk1781
https://www.science.org/doi/10.1126/science.abk1781

Future lepton collider

. . CEPC 2018 Bz _ $ o \,V
® Detector reqU|rement. 0A015*CEPC*V1;‘:‘ I s - © ) 00\‘,:2‘675’ v
* For hadronic final states W /Z/H — qg: BMR<4% | X, ’ @/\Q
* For flavor: precise PID in heavy quark decay E H&% X
K/m separation, jet tagging, jet charge, etc.  oonsf & b, Y
* Particle Flow Approach: il
* Measure the jet by its components: Ejot = Etrqcker + Epcar + Encar
* Hardware + Software:
Hardware: separate clusters from Software: correctly assign calorimeter
different particles. energy deposits to the particles.
- High granularity. - Clustering
- Compact sampling structure. - Pattern recognition.
tracker ECAL HCAL tracker ECAL HCAL tracker ECAL HCAL
pt Illlllli “.;l p2 or -----------EEE et -u:;--
. 0| —— fogza I » ) Tem— IT I
Hardware }-==--- - e mm e o e il | Software |- ----- e mmen - ---olfflele
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Calorimetry and PFA

. CALICE concept: sampling calorimeter. L—|—Imc"“’""'"’ter

- ECAL: Si/Sci + W * *

* HCAL: Sci/RPC + W/Iron —
5
l }

* High granularity.
__JEn
. - o

* PFA reconstruction: PandoraPFA.
; ‘
Silicon | |Scintillator | MAPS Scintillatorl | RPC || cem || Micro

megas

Can we think about a homogeneous ECAL?
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Homogeneous ECAL

= . JINST 15 P11005 (2020
- Why crystal calorimeter e
* A long history in particle physics precise measurement: y O - g
o VB 1% ®16%/VE &”'057 — o3
L3@LEP, BESIII@BEPC, CMS@LHC, HERD, Panda... O wemE o

» Bright light: oz /E~3%/VE
* Photon recovery from bremsstrahlung,

1 0.12 0.14 0.16 0.18 0.2
M (y,) [GeV]

« 1% reconstruction. 3
* Fast response: B T T R T VR
E/GeV
® |ntl’0duce t|m|ng |n PFA 016 Geant4 simulation
0.
T [ —45Gevy
_ PbWO4 LYSO §0.14ﬁ — 45 GeVS’(Brem recovery with 15%/@)
RM (cm) 357 500 507 012k —— 45 GeV e (Brem recovery with 3%/\E)
X, (cm) 1.86 0.89 1.14 o1
L XiX[*=0.4
A (cm) 39.3 20.7 20.9 oo
Light yield (ph/MeV) 58000 130 30000 >t
0.04—
Decay time (ns) 1220 30 40 0025
* BGO for a balance performance & cost. o I s
5 5.5

43 435 44 445
Reconstructed momentum [GeV]
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https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005

Homogeneous ECAL

 New concept of crystal ECAL:
* Advantage:

* Optimal energy resolution. Software task:

* Better EM sensitivity for flavor physics. * Clustering

* But at what cost:

* Larger Ry, & smaller A; /X, m)p more shower overlap.
* Not self-supporting mp Need supporting mechanics (dead material).

* Pattern recognition.
+ Overlap: energy splitting.

150
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Homogeneous ECAL

* New concept of crystal ECAL: orthogonal arranged crystal bars.
* Double-end readout with SiPM (Q, T).
x

* Cross-location by bars. | Crystal Scintillator (eg. B6O, LYSO..)
* Less readout channels, lower cost. f e —— )
\Phofodefectors (eg. FPMT, SiPM___)/ y
N

Wo0d

Incident
particles

Reconstruction
(v, Ej) '

Cross-location

Hit (x;, yj, Erec)

Software task:
* Clustering

* Pattern recognition.
+ Overlap: energy splitting.
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Homogeneous ECAL

* New concept of crystal ECAL: orthogonal arranged crystal bars.
* Double-end readout with SiPM (Q, T).
x

* Cross-location by bars. | Crystal Scintillator (eg. B6O, LYSO..)
* Less readout channels, lower cost. f e —— )
New challenge: multi-particle ambiguity. Photodetectors (eg. FPMT, SiPM.Y " |
S

Wo0d

Incident
particles

Reconstruction
(v, Ej) '

. Ghost hits.
Cross-location N

Software task:
Hits (i, ¥}, Erec) * Clustering

* Pattern recognition.
+ Overlap: energy splitting.
+ Ambiguity removal
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Homogeneous ECAL

* New concept of crystal ECAL: orthogonal arranged crystal bars.
* Double-end readout with SiPM (Q, T).
x

S

* Cross-location by bars. | Crystal Scinﬁllaffr (eg. BGO, LYSO..)
* Less readout channels, lower cost. i TP i
New challenge: multi-particle ambiguity. Photodetectors (eg. FPMT, SiPM.Y " |
.................................. ) < 8
[ o © photon 3
3000;'_'; ete- = ZH - vvaa o charged - ;
N it > ho ]
2000k \v'? =240 Ge ] . ;
: I e, Incident
_ 1000} 1L particles
£ o0 5
N 2
g

-2

—1000¢

Software task:
* Clustering
* Pattern recognition.
+ Overlap: energy splitting.
+ Ambiguity removal

—2000¢

—3000}.
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Particle flow algorithm

* PF performance decoupling
* Ojet~0trk D 0rMm D Onaa D 0confusion- Confusion is an important limitation factor.

Contribution Jet Energy Resolution rmsq(E;)/E; o [T
E;=45GeV E;=100GeV E;=180GeV E;=250GeV | = 4f R sion o Lonkage
Total 3.7% 2.9% 3.0% 31% C -+ Confusion
Resolution 3.0% 2.0% 1.6% 1.3% s 3fF .
Tracking 12% 0.7% 0.8% 0.8% E [ ]
Leakage 0.1% 0.5% 0.8% 1.0% oL T ]
Other 0.6% 0.5% 0.9% 1.0% [T e :
Confusion 1.7% 1.8% 2.1% 2.3% B
1) Confusion (photons) 0.8% 1.0% 1.1% 1.3% A ]
ii) Confusion (neutral hadrons) 0.9% 1.3% 1:7% 1.8% 0 L
1i1) Confusion (charged hadrons) 1.2% 0.7% 0.5% 0.2% 0 50 100 150 2&0 /2G53 v
JET
* Confusion mainly comes from the imperfect pattern recognition. PandoraPFA, Nim.A Vol 611, Issue 1, 2009
:ﬁ% oof‘%éé ;f»f&iﬁ oopﬁéo%% Hadron

r 2 ¥,
Photon
7 7 |
Pandora in LC

e.g. Perfect photon reconstruction
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https://www.sciencedirect.com/science/article/pii/S0168900209017264

Particle flow algorithm

* PF performance decoupling
* Ojet~0trk D oM @ Onaa D 0confusion- Confusion is an important limitation factor.

Contribution Jet Energy Resolution rmsq(E;)/E; T T T
E;=45GeV E;=100GeV E;=180GeV E,=250GeV | = 4f R sion o Lonkage
Total 3.7% 29% 3.0% 31% C ++ Confusion
" Resolution 3.0% 2.0% 1.6% 1.3% @ 3f .
Tracking Crystal ECAL improyes 1.2% 0.7% 0.8% 0.8 % E I B
Leakage the intrinsic resolutjon 0.1% 0.5% 0.8% 1.0% 2k R ]
Other 0.6 % 0.5% 0.9% 1.0% e ]
Confusion 1.7% 1.8% 2.1% 23% B e e
i) Confusion (photons) 0.8% 1.0% 1.1% 1.3% . 1
ii) Confusion (neutral hadrons) 0.9% 1.3% 1.7% 1.8% 0 L]
ii1) Confusion (charged hadrons) 1.2% 0.7% 0.5% 0.2% 0 50 100 150 200 250
E c/GeV
Iv) Confusion (ambiguity) Software task: PandoraPFA, Nim.A Vol 611, Issue 1, 2009

* Clustering
* Pattern recognition.
+ Improve the performance.

* Overlap: energy splitting.
* Ambiguity problem.
2023/9/4 + Minimize the impact.


https://www.sciencedirect.com/science/article/pii/S0168900209017264

Simulation

- Detector geometry

* Global: octagonal ECAL,R = 1.86m,L = 6.6 m,H = 28 cm

* Crystal Bar: 1x1x40~60 cm?3

* Super Cell: 2 layers of perpendicular crossing bars ~40X~60X2 cm3
* |deal digitization: no dead area, supporting, mechanics, etc.

* How events look like

b 'sgé'é
ete” - ZH - vv + 2jets, 2 photons, E,, = 5 Ge\j - — 4
V5 =240GeV " -

Distance =15 x 1j5:Cn:
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Reconstruction algorithm

A pattern recognition PFA

/ Calorimeter Hits /
Y
Track Clustering
Extrapolating v
Local max finding Read-in and preparing
Software task:
[ Track Matching || Hough Clustering Cone Clustering ] = CIUStermg
* Pattern recognition.
Py Pattern recognition: * Overlap: energy splitting.
xis Merging simplify the ambiguity problem « Ambiguity problem
Energy Splitting Overlap splitting
¥
Energy & Time Matching Ambiguity removal

/ Particle Flow Object /

2023/9/4 13




Clusterlng & recognition

- “Global neighbor clustering for pre-processing. e
* Clustering

* Pattern recognition.

I - :. = =AW e * Overlap: energy splitting.
Crysta| bars Cluster in 2 T = 2 . \ * Ambiguity problem.
: >

Software task:

|rect|ons

* Shower recognition:
e Use the local maximum to simplify the pattern in homogeneous ECAL

g = Energy core
S
incident |
photon
— B i
; 3 0
10O
z 'sqgoo 18501900 19502000 20502100 10 v 180018507000 7950"~ 2006 20502700
xmm 250200150 100 %0 0 50 100 150 200 250 x/imm
Energy deposits in crystals Picking out local-max in each layer Local Maximum Distribution
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Clusterlng & recognition

. Global neighbor clustering for pre-processing. Software task:

* Clustering

; o T B T * Pattern recognition.
I 3 i ST Ty * Overlap: energy splitting.
: : I =25 WS g * Ambiguity problem.
Cluster in 2 &
Crystal bars '
N {_'

|rect|ons

300 ‘|stance 1515

Y ,T ;G

* Shower recognition: ool Bl L™
* Use the local maximum to simplify the pattern in homogen w0 1 |
¢ w0 Energy core Z o4+ R
i N c
_ '__% ~ \g -10Q7
incident |
photon == FIUS el
o = & | I / -30 ]
2 31502200
z 'sqgoo 1850 1900 1950 2000 2050'” r:"lloo 10° 72;0 speedbaldlipealllu,
Energy deposits in crystals Picking out local-max in ea —30§8601850
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Clustering & recognition

« Shower recognition:
* 3 individual algorithms for different type: track-match, Hough, Cone-clustering.

* A set of topological cluster merging. Software task:
* Clustering

o * Pattern recognition.

st * Overlap: energy splitting.
t ,apo\ ted point 2N ' * Ambiguity problem.
e X\ JRRAE & » 0
t\'ack .,.,al-'ll"-'l 1['“ in C L ‘Q [ ]
Ene‘ gy dep' S — c( \\\ Half Cluster Half Cluster
o1 Py core axis
_———)‘ Ecenter
core axis branch axis Pb p3

branch axis

Half Cluster Half Cluster

Wecenter Pc
core axis
P4 Woeenter

branch (cone) axis

core axis
10%

Energy “core”

Ecenter P2 Po

branch axis

o - N w & o o ~ o« o

1800 1850 1900 1950 2000 2050 2100
x/mm
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Clustering & recognition

« Shower recognition:
* 3 individual algorithms for different type: track-match, Hough, Cone-clustering.

* A set of topological cluster merging. Software task:
* Clustering
" * Pattern recognition.
.n‘ * OQverlap: energy splitting.
(rapo ted POV 5 & T 2 photons, E, =5GeV
‘a’L [ .-CI—' 0 ] ¢ i =15X% - |
rack Tl AL s Distance =15x15em.
oSItS ——r—1 N | PR
gnergy deP o Il
£ "image Space l 8 ) .
““F T Energy “core” ” 3
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Energy splitting and matching

Software task:

* Clustering

° Spllttlng for the overlapped shower: * Pattern recognition.

* Overlap: energy splitting.
* Ambiguity problem.

* Calculate the expected energy deposition from EM profile.
* Expected energy : E; 7 = ES®°IXf(|x; —xc|)

o ill" 1 IR
:I II ll!. Il 1 06
II.II

—1001 [ 1 o2

i ; Ele[icp = - : " :Z;: ----- Showerl :
* Assigned weight: w;, = > exp o SenfBE wlyely i U o Showen —
nk . T
3 ] | =
s (I

* Ambiguity removal:
* Information from: track, neighbor tower, time.

i e SRR SRS

PRI BRI BR R ' = T iy
S00 80 60 40 20 0 20 40 60 80 100

1850 1000 1950 2000 2050 2100 2150
x/mm y/ mm

Track

time
info

Neighbor
module
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Algorithm performance

. Photon reconstruction
* Recognition efficiency ~100% for y with E > 1GeV
* H — yy reconstruction: a(mw)~0.32 GeV.

E L L L B L R L 3
 Canimprove the H = yy measurement precision in CEPC. e T 1% 3%/E smearing, = 094 GeV E
1800 —— Rec., =032 GeV =
o T 2anan naniilv:
-§ 15 y - 6 0.18F 1200 E
= 09 S z 0.16f—SNGIE PO 4400 =
0.8F = 5 8001 E
: ) : 0.14} 00E E
0.7E / = 0.12f 400F =
062 i 01 200;_4__AL ‘v--r"'"I [, WU |_;
05t / : 0.081 P10 7115 120 125 130 135 140
L/ = m,,/ GeV
0.4f / - 0.06 ]
0.3 - 0.04F =
0.2i/ ; 0.02F > ]
:| ] 0: 1 1 1 1 | 1 1 1 1 1 1 1 1 T T T T T T T —8 | |:
1 10 0 10 20 30 40 50
En/GeV En/GeV
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Algorithm performance

* ¥y — v,y — T separation
* Separation efficiency ¥95% with distance > 30mm. I Ya g; Ye(m™) I

I_I
Y — ¥ separation efficiency Y — 1 separation efficiency
> 100f /,,.;; ] > 100 AN R g
c L _ C L i L
K} . ] K} . :
2 80 £ 80 ‘
w - . L - ‘ 1
- / —— 2 Hough clusters 7 . —+— 2 PFOs i1
60 —+— 2PFOs — 60—
] N B —e— Position
B —e— Position ] :' a
40 / —e— Position + Energy | 40_ —e— Position + Energy
20[ . 20} _
- A_/ — :J ]
O 10" 20 30 40 50 60 O 750 100 150 200 250 300 _ 350
Distance / mm Distance / mm
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Summary and outlook

* A novel design of crystal ECAL for the future lepton colliders

* New homogeneous ECAL design, better energy resolution, less readout channels.
* Can be compatible with Particle Flow and match the physics requirement.

* Module construction and test will be presented in This talk.

* A new pattern recognition PFA for this new design:
* Main challenges in the software are the overlapping and ambiguity.

 Series of algorithms are developed and show promising results.
* Final reconstruction of jets and Boson Mass Resolution (BMR) is under developing.

* Look into the future:

* Time information from SiPM can be further used in PFA.
* Deep learning approach: graph neural network, self-attention, etc.
* Alis always very promising in pattern recognition.

Thank you for your attention!
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