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Calorimeters: (more) examples
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Calorimeters in space: FERMI/LAT

U Fermi Satellite with LargeeaTelescope (LAT) instrument.
U GammeRay Telescope
A (200 MeV g< 300 GeV)
U Launched June 11 2008
U Consists of:
A TrackerPbfoils + Sitrips
A Calorimetesde next slide
A Anticoincidence Detector : plastic scitil@$ator

NASA’s Fermi telescope reveals best-ever view of the gamma-ray sky

Credit: NASA/DOE/Fermi LAT Collaboration




Calorimeters in space: FERMI ECAL

Homogenous calorimeter made fror@s[128scintillating crysta's

11 incoming gamma ray

[ U 18 modules (400mmx400mmx250mm) ~100 kg each

U 1 module:
A carboriberalveolastructure +
A 96Cs[T)crystals(2.7 cm x 2.0 cm x 32.6 cm)
A arrangeih 8layerf 1xrystalgach
U Eachmodulaligne®C wrtitsneighbots
forming,y(hodoscopicarray

U Depth 8.6 ¥(10.1 including tracker)
Y Need shower leakage correction

P8R2_SOURCE_ V6 acc. weighted energy resolution 68% containment

U Light read by 2 phdiodess; \\\ —ori
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Calorimeters in space: A3

U Alpha Magnetic Spectrometer (AMS):

A HERIlike detector operating as external modlﬂfeﬁ

A Launched in 2011 3%

;15

U Search for Dark Matter;raatier, precise study =,

X

of high energy cosmic ray (flux, composition), =

5

gamma rays.

Positron Spectrum

[ 2016
on 198 |
[ My =1 TeV
- Conies
[ W&H".ﬂﬂ' of o
— Wy, Og,
- Tth E'F"'E ,F;:;;c Rﬁfyﬁ
E | IEnergy [GeV] |
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AMS: A TeV precision, multipurpose, magnetic spectrometer

Transition Radiation Detector

(TRD) Time of Flight
Identify e*, e- (TOF)

Z E

e —

Silicon Tracker
Z, PorR=P/Z

Ring Imaging Cherenkov
. A (RICH)
Electromagnetic Calorimeter E

(ECAL)
E of e, e

Z and P, EAor R are
measured independently by Tracker,
ECAL, TOF and RICH




The AM®2 ECAL

Sampling calorimeter made from Lead + Scintillating fibers

3-D imaging of shower development ECAL support structure
A 9 SupeLayers (SL) alternatively oriented
along X and Y axis (5 SL along X, 4 long Y)

- L.
."
:
"‘

,t’d
-~y

1 SupeLayer (~18.5mm):
A 11 groove®bfoils (1mm thick) interleaved
with 10 layers of scintillating fibers (@~1mm)
glued by epoxgsin

LRI

2 R
< -
Depth~17X0 5 owsp
. F - ~ 0)
Fibers read BMT b 10%ZE (test beam)
e [
W o0as—
- B 104202 (g 44005 %
1.35mm 008 [— k W(E)
U‘ﬂ‘lﬁi—
{F.‘UEE—
%cintillating = -
fiber -
o L L L L L L L L
0 20 40 B0 ad 100 120 140 180 180

Erergy [Gal)
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(selected) Future of HEP at colliders

0 0Shor tHELHC €028035)
A Upgrade of séeTaeAS, CMSé (

U Longer ternf30G50 years)
A Lotsofegoi ng di scussions on

A Possible neate colliders

A Linear (ILC, CLIC)

CEPC+SppC 7R &l

A CirculaRCC, CEPC, €é)
A Possible new hadron colllﬁé]ﬁh =
A mcolliders, é

0 Physics Goals: - —
A Higgs

A high precision measurement on couplings to fundamental fields,

A Tri andquadtinear couplings (HH, HHH production)
A Search / Studyrefw physics
A SUSY,exthi mensi ons, &

A => High mass resonancéief(d e éjets+METmull e pt on s,

Requiréigh precision for calorimefin particular for je
+ timing capabilities
+ radiation hardnessé

[S |

é
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Jet Resolution

U Worst than (or at most as good as) single hadron resolution
A How to improve on jet resolution ?
A ie, how to get rid / mitigate the inherent fluctuations (in pEN(?Ar on

0 Two approaches:
A Minimize influence of calorimeter. use combination of all detectors
=>o0oparticle flowd (software and |

A Measure the shower components in each event: access the source of the
=> Dual readout (mostly hardware + software)

11



Hadronic/Jet Resolution

U Hadron Calorimeter Resolution limited by fluctuagamglind;,, guant um,
A Noncompensation degrades resolution.

i Excellent hadron resolution already achieved by several experitBent (~30%/
A Absorber/scintillating fibers compensated calorimeters: SEASA(B),
A Resolution ultimately limited by sampling fluctuations

U How to improve resolutige:

A Reduceontribution from sampling fluctuations

A Elimat&Reduce effect of fluctuaticiEvin

A Elimat#Reduce effect of fluctuation in invisible energy
é WITHOUT the inherentproblenfs Ast andardo compensa
(time integration, volume, sampling fraction)

|:> Dual readout calorimeter !
(one possible solution)

12



DualREAdouMethod (DREAM): concept

U Estimatd;,,eventby-event [1]:
Aidhardwareo identificati on
A comparing light from Cerenkov light and light from sdifitiation (

U Note: ideally, one wants to measufg(atsportional to binding energy) to remove
fluctuations in invisible energy
A Using time structure of showers

U Why Cerenkov ligfat
A almost exclusively produced by EM component
A 80% of neemenergy deposited by-reativistic particles
(mainly spallation protonsbritevhundred of MeV => no Cerenkov light)

U Same medium read by 2 different fibers
A 2 e/h for the same event

[ 1] . Aol do i dea; al t hoMogkeit nfloA rienviiteiva ladfy twh etehprgy stiycpse s
calorimeter device Pr o c . 11t h ShyAdy 1986, SIAE ReNort@eqduly 19835 p. 42. 13



DREAM Prototype

Basic structure:
4x4 mm? Cu rods
2.5 mm radius hole
7 hibers

3 scintillating

4 Cerenkoyv

DREAM prototype:

5580 rods, 35910 fibers, 2 m long (10 Aint)
16.2 cm effective radius (0.81 Aing, 8.0 pm)
1030 Kg

Xo=20.10 mm, pm =20.35 mm

19 towers, 270 rods each

hexagonal shape, 80 mm apex to apex

Tower radius 37.10 mm (1.82 pm)

Each tower read-out by 2 PMs (1 for Q and 1
for S fibers)

I central tower + two rings




How to determine E afg,?

140 ’ S = F - fem + — (1 . f(.‘lll)-
Leakage Q/S =1 (e/h)s ?

i [P : T 1 ]
120+ |corrected O=E fun I ” /]) (1— fmn)_

-~ —_—
g 8
| 1] ' ’ ' 1 ' 11

eg. If e/h=13(S),4.7(Q)

Q fun+021 (1 fun)

Cerenkov sienal
3

S .,/Llll + 077 ( ./Lln)
20f
j - S= ¥0
T S £ =%
0 20 40 60 80 100 120 140
Scintillator signal T 1-(Bfe)s _ o4
1-(h/e)q

Q: Cerenkov
S: Scintillation



DREAM prototype results (1)

160E- | Entries 13507
Mean 133.1
RMS 18.6

Uncorrected

> A ™ |
L 300

O E: Entries 13507

i E |X*/ndf 292/158

Q 2005 [ Mean 190.1

9 oE (SEOR P Gaussian response
— lmé»f

o E b ) Q/S method

L) 0% \ .

600 E Entries 13507
S /ndf 95765
4005 | Mecan 202.5

Knowledge of

T

jet energy used

E Sigma 4.29
e 2 5
2008 Q+S hethod
= C E
0F :
0 50 100 150 200 250

Cerenkov signal (GeV)

Figure 2: Cerenkov signal distributions for 200 GeV multi-particle events. Shown are the raw data (a). and the
signal distributions obtained after application of the corrections based on the measured em shower content, with (¢)
or without (b) using knowledge about the total “jet” energy [5]. 16



Calorimeter response
= o o
~1 oL =

<
o)

DREAM prototypesults (2)

Linearity of response ! Energy (GeV)
30 50 100 300 1000 oo
. 23 T T [ T T T 1] T T [
= ) . ===y —a- Scintillator
-——————————.——3 ————————————————————————————————— + 39%- i a-- Quartz |
°* o - I —e— /S corrected| |
20 - ]
- - T
] | §ist )
g
2
B :"innx (raw L!:.llf'd] E |U_— |
 Pions (after Q/S
(1) ———Cal?brilli:m [(G-:' | 20 T
L
0 50 100 150 200 250 300 s[ )
Energy (GeV) I b )
o s -
—0.20 015 0.10 0.05 0
Ultimately expect ~20Cha/ ~— 1/\VE
Prototype Resolution Limited by (lateral) leakage
A Many other tests done @ihn st ead of Cup, wi t

AWould need to see what

t

g1 Vit



Jet Resolution improvement:
another path

=T
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Energy Flow, Particle Flow (1)

U Two ways to deal with fluctuations:
A Adjust the hardware to response to equalize thehes&&h d war e 60 ) c o
A ldentify the various components (EElM)@md weight them adequately
Osoftwared)compensation

U Software weightingas deployed at H1 detectn3paCat al or i met er

A Reconstruct3Dl uster (group of ﬁl’;%gw e C

A Energy of every cells is correcedbighting factdepending or[ [[ |j
A energylensitpfcellE..y/ V.o)
A dense&EMdepositgsmipfromhadronic
A totalenergy of the cell cluster

=> |ess tail in energy distribution, more Gaussian shiafgeinamaved resolution

19



Energy Flow, Particle Flow (2)

Going a step forwarde

U Typicallghe jeenergy fraction can be splaverage:

A ~65%charged hadrons

Ve

A ~25%photons
A ~10% neutral hadrons

UoDefaulto way to recons sy ATLAS

0

A Neutrinos: via missing energy - Rl 169045
A efg mainly ECAL (+tracker) % Date:  2010-11.12
A Charged hadrons: calorimeters § Time: ORTT4% CET

(but tracking system can be used as well)
A Important to understand if promptpromopt (decay d6\s
A Neutral hadrons: calorimeters (mainly HCAL)
A Muons: muon statianatker

Butno attempt to reconstruct individual particles
and/or avoid double counting (trackaio)
AldJets are Aclusterso of <cal or

Can we combine measurement of tracker and calorime

20



Energy Flow, Particle Flow (3)

Pi oneered 1 n ALEPH at LEP

Tracking:

A Large number of hits O(20)

w Vertex A redundancy of measureme
Detector A Very High precision

. Inner Tracking
Chamber

Time Projection )
I ECAL Pbwire chambers):

A 3x3cm transverse segment
. A 3 longitudinal compartments
A Multiple readout
A

1)

Electromagnetic
Calorimeter

J

. Superconducting s~20%IE
Magnet Coil 1.5 T

. E:lccl)rr?:]eter
Muon \ ) HCAL (Fe/readout tubes):
Chambers A Coarse granularity
Luminosity A s~100%E

Iy AAFTER the cg

The ALEPH Detector

osi mple designo !

21



Energy Flow @ ALEPH: description

(simplified) Overview of the algorithm
U Reconstruct charged tracks and clusters in calorimeter

Al ncluding cleaning (nOJiE

U Extrapol ate traclkadoobjpect

U For eaclkaloobject:
A for identified electrons, mupp6, remove energy fra
calorimeters

A Only charged hadrons (mpisthg and neutral hadror
should remain

A Neutral are built as clusters not linked to tracks or

Wi

incompatible E/p

22



FI owd I n ALEPH:
~ 12000
o '
= Monte Carlo ALEPH
S
5000 “310000 + 1992 Data
QL . .
o —— QGaussian fit
4000 %]
“E Peak = 90.5 GeV,
3000 % 8000 Resaolution = 6.2 GeV.
o
2000 5
‘g 6000
1000 E i
v 4000 f
; ]
2000
\
.
0
0 25 50 75 100 125 150

U Also: better angular resolutibraly g e r

U BUTu |

the coil before reaching the HCAL.

t

mat el

y

mi

Total Energy (GeV)
6 GeV resolution

vs 13 GeV for calorimeter only

| mpr oved
ted by HCAL

by a f
resol
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Beyond Calorimetry: The Particle Flow paradigm

Particle Flow:
U Reconstruand identify every stable particle in the event
A Combining Optimally all information frontietestdrs

A Charged particles measured by tracker (~pe = e

A Photons by ECAIE(E ~1€20%) :;g%’g:g%

A Neutral hadrons (ONLY) by K§EAE~50100%) ! — 0.05% p_+1%
Y Much improved resolution on jets

wrtcalorimeter measurement only /

(vs ~70% of particles measured with HCAL
In traditional approach)

E ou P; {GeV}

U Not only:

AAim at having a fAGlobal Event Des

A Use adapted calibration for each object

A Natural mitigation of-pggat hadron colliders)
A Improved angular resolution

A Access to stdiructure of shower

A et .

24



Needed ingredients for a good Particle Flow

0 Good separation of charged and neutrals
A high field integrBkB nNeffecti ve grant
A Small granularity (to minimize overlapping shawers)

U ONod materi al before the calc
Anlighto tracker, calaqgrimete

U Small Moliere Radius
A to minimize shower overlap

U EfficientTracking

W HCAL
-

' : Clusters
neutral | o
hadron * ; ﬂ[ detector

25



Particle Flow @ LHC (CMS)

—

-50F
-100}

50 W

_200_| v e b b by

-200 -150 -100

75 i i ia iy | Ligvalonas

HCAL
cluster

+— HCAL Tower

(25 ECAL|cry
underneath)

| NN

2.
0.65 07 075 0.8 085 0.9 095

171.05
n

U CMS design meets several of the criteria for a go
A Large Field IntegrdBxR= 4.9T.m
A CMS: B=3.8HcalRadius R = 1.29m
A ALEPH: 1.5 x 1.8 =R

A ECALwith excellent resolutsyyH 103%),
granularity and smgJ(&R2 cm).
A poor HCAL resolution (as ALEPH)

A Excellent trackinthigh granularisy,/pT~19%T)

U BUT, considerable challenges!

A Up to 2 X0 of tracker material in front of EC/
A Nuclear & EM interact

A pp collisions, pilp and (very) high density of
particles

First studies started in ~2004 26



PFLow@ CMS: Results

| CMS Preliminary |

Jet Response

0.2

0

&
)

o
.

&
o

&
o

]
—r

.........................................

........

.........

i 1 1 1 1 | 1 1 1
Qﬂ 400

LSRN S NN S S == Particle-Flow Jets |
== Calo-Jets
N 1 1 i 1 1 1 1 i 1 1 | I 1 i 1 1 1 1 i
100 200 500 600

P, (GeV/c)

Jet Response close to 1
BEFORE any jet correctio
(use of calibrated particles})

| CMS Preliminary |

Jet-Energy Resolution

0.45
0.4
0.35
0.3
0.25
0.2

0.15=

0.1
0.05

{1l —3— Corrected Calo-Jets

Pl —— Particle-Flow Jets

..................

P, [GeV/c]

Large improvement in Je
Resolution, especially aplb

27



p——

U, Resolution (GeV

PFLow@ CMS: Results

MET
from
primary
vertex
particles

SEME Preliminary 2012 Z—uu several kinds of particle-flow MET:
B 1 1 I 1 I I ]
: - Dd.lFmI:IuFlnllEir :
25:— | —: MET
: MC Particle Flow % ;f,-f frnm
2[}}- D.u'l:Fl‘I.id:llFlan'f.i.?‘r » * + —_ p“EI.Ip
i « ? ] articles
15_—|—mmclnnmw1.§, . - . ] p
i o -
_ . ]
10— 2 —
i . bl . . oo P ] !i
S5F . Multivariate MET
i | | - estimation
DEJ 10 20 S0

Number of Primary Vertices

Almost insensitive to pile-up

etc.

28



PFLow@ CMS: Results

Jets

energy resolution / 2
angular resolution / 3

Flavour dependence of
response / 3

Systematic error on JES / 2
« electron in jet » b tagging
guark-gluon jet tagging

MET:

resolution / 3

— smallest tails

T

— jet fake rate / 3 @ same eff.
— energy resolution / 4

Not

only for |etsé

Electrons
— down to pT = 3 GeV
— in jets

K

— 4% more efficient ID @ same bgd
rate

— better momentum assignment at
high pT
e, U, T, yisolation
— pile-up control
Physics analyses

— Better trigger for jets, MET, taus
(PF@HLT)

— e.g:
» FSR photon recovery in H=2ZZ
» embedding in H=2tt
» jet substructure

29



The ILC case

U Study HiggdJnitarity top ate+e linear collider¢ | L C, CLI C, ¢&)
A Heavily involves W, Z and H in hadronic modes (high BR)

jet LERIike, 60%E |,
ex: WW scattering % o[ 26 = 0:60 £, 40
W q 0 30
Ry | 2
éjet . 10
7, W 1
) 0 00 0 04-0
W q
§jet GoaI:BO(}GE ﬂ
= | I oof :
U Challenge: W/Z separation 8ok
A Hadronic decay of W/Z sof 1
A Need to separate W&Z 405_ ]
le, measure the mass ¢étipairs: : !
20F .
DM(W,Z2)~10 GeV| '

of ]
40 60 80 100 120 140
=>SE/E~3%

30




A word on resoluti on

U Forgetting the correlations, the jet resolution can be written as:

-

2 _ 2 2 2 2 2 2
o) jet O nt + G Y +G ho +G »:mlfusiml_l_ G tlu‘eshnld_l_ G losses

S confusionMIXiNg between neutral and hadron deposited energy
S threshorg threshold for_ each species (integrgte fluctuations at low energy of jet fre
S 0sses 10SSES due to imperfect reconstruction

L L L L B
4 —=— Total - Other N
-=- Resolution -e-Leakage -
--+- Confusion |
3 [ -4 : . .
S 1 U Studies show tbenfusion term play a major rble
iy :
> - . — . .
g . 1 U Towards ultim&8owperformance:
n . - ] A focus more on separating showers
' - (ile, granularityjhan single particle resolutic
0 L |°|I...;.| N I A
0 50 100 150 200 250

Ejer/GeV 31



oParticl e FI

ow Cal or

Another step beyond: Design the detector for PF

Hardware:

LOW

* Need to be able to resolve energy deposits from different particles
==p Highly granular detectors (as studied in CALICE)

—

Software:

il

Bth,

* Need to be able to identify energy deposits from each individual particle !
== Sophisticated reconstruction software

EE— 3

e

L T

m

ey

.
e
G

* Particle Flow Calorimetry = HARDWARE + SOFTWARE

Il ni ti ally

t hought

f or

TESLA

32r



oParticle FIl ow Cal or i

met er s

LOW

Another step beyond: Design the detector for PF

33



ILD

o
0
“
N

ECAL

ol 4d ~ 4

FCAL
Yoke/ Muon HCAL

Detectors for ILC

Coil

HCAL

ECAL
TPC

Vertex

U Lots of R&D since 15 years. TDR in 2013.
U Lots of possible options. EX:
A 3Dtracking:

A High Precision vertex (Si) detector +

A High Granular Calorimeters
A ECAL with 30 longitudinal samples
A HCAL (48 long. Samples)
A Bfield 3.5T
A Iron yoke instrumented with Muons dete
system (Gas or scintillators)

CiC

34



Si/ W higlgranularity ECAL (1)

U One possible option studied inside the CALICE collaboration: Si/W sampling calorimeter

Barrel Module pyeofar
structure

Fastening
system
(rails)

A R~1.8m
A W absorber Endcaps
A Ensure compactness (~20 cm thickness),
A small RM
A Si as active medium
A for 30 layers: ~2600 m? of Si,
A Large S/N
A Extreme high granularity
A 1@ channels (vs & LHC 1Y)

35



Si/ W higlgranularity ECA(2)

——

R

Compoxite part
(15 mn thick)

Prototype: 3/5 of one module.

W Heat shield: 1004400 uym
. (copper)

' PCB: 1200 pm
(with FE embedded)

e ———————

glue: 75 pm

6.8 mm

Kapton® film: 100 pm

Carbon-fibre support contains every
second W plate.

2 PCBs of embedded front end
electronics with glued 16x16 sensors
are on both sides of other W plates.

1 barrel module = 5 x 15 slabs
1 slab = 8...13 x Active Sensor Units,
1 ASU = 4 x Si sensors = 1024 chan.

HV, LV, signal cables, water cooling

run in 3 cm ECAL - HCAL gap, exit
between barrel - endcap.

Hamamatail Si sensnr -



SI/W prototypes

Physics Prototype Technological Prototype LC detector
Proof of principle Engineering challenges

2003 - 2011 2010-...

1
DBD for ILC
JINST 3, 2008 TDR EUDET-Report-2009-01 e
ECAL :
Number of channels : 9720 Number of channels : 45360 Channels : ~ 100 106

Weight : ~ 200 Kg Weight : ~ 700 Kg Total Weight : ~ 130 t

37



SI/W: physics prototype

A30 layers of variable thickness Tungsten
AActive silicon layers interleaved

AFront end chip and readout on PCB board
AAnalog signals sent to DAQ
A10,000 channels

A°CB contains VFE electronics
A4 layers, 2.1mm thick
Mnalogue signals sent to DAQ

© M. Anduze

Hx6 1x1cksilicon pads
AConnected to PCB with
conductive glue

38



Si/W: physicgrototype test beam results

Linearity of response Resolution, ~16%#

T T T T T[T T T T[T T T T[T I T [TTTT «*/ ndf 17.64/32 - Q_|||||||||||||||||| 2/ ndf 30.69/ 32
I Prob 0.9812 X B ‘ s 16.53+0.14
- CALICE 2006 data a 96.25 + 11.13 """m 8__ ; 5\_|:L|IL({I;;:?c(.'ﬁ data . 107 0.07
- p 266.5 + 0.4802 E - 7
L _ w B :
n a7 - T K
n - ) ~ I ]
— ‘ — E - ]
- : w" OF . E
- = 5 e :
- - ] SC o E
- ) g - e ]
B i i 4 i ]
- | TS :
n : ] N _f,a’i' ]
_I 1 | 1111 | L1111 | L1111 | L1111 | L1111 | L1111 | 1111 | L1111 | 11 I_ Z; . | Ll | Ll | Ly | Ll | L1 | L |:

5 10 15 20 25 30 35 40 45 2°045 02 025 03 035 0.4

Ebeam (GeV) 1N Ebeam(Gev)

Twa pions entering
the SiwW Ecal



HCAL for ILC: AHCAL (1)

U One possible option studied inside the CALICE collaboration:
Analogue HCAL Stainless Steel / Scintillators sampling calorimeter

Front-End ASICs

HCAL Base Unit (HBU)
(144 channels)

absorber structure
(half-sector)

DAQ interface boards
DIF, CALIB, POWER
on Central Interface Board

Sector Corpecting Plates (10cm)

8 C'hr

HCAL ECAL

Cabling Side-Module
Interface Board

A 3x3 cm? scintillator tiles
A 8.10 channels
vs O(10k) for ATLAS/CMS
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HCAL for ILC: AHCAL (2)

8 0_2_I T T T L T T | T T | T T | T T | T T | T T J_
E - —
L o018 Local SC (@ 1
Q
DE o 8- Data: N
0'16:_ —e-Data: t* B
014 -=-QGSP_BERT:w E
T -=- QGSP_BERT:m* ]
012  \ —-FTF_BIC: T -
- —-FTF_BIC: " ]
0.1— —
0.081 —
0.06— —
0.04[ ]
_I 1 1 1 | 1111 | [ | | 1 111 | L 111 | 1111 | L1 11 | 1111 | L 111 T
. 0O 10 20 30 40 50 60 70 80 90
|dentified
track segments Epeam [GEV]

~50%IE obtained in test beams
(after software compensation)
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Some other results

Linearity & Resolution of Selngital HCAL Resolution of ACAL with/without software compensat
.ﬁ:‘lﬁm:llll|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I:I §0-22_""|||||||||||||||||||||||||||||||||||||IIIL
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Particle Flow Algorithms for High Granular Calorimeters

powerful and

High Granular / Imaging Calorimeters need
Innovative reconstruction algorittinfie fully exploite

&

U Lotsof R&D in parallel to detector developments

U Challenges:

A Avoid double counting of energy from same particles
A Separate energy deposits from different particles

e.g.

B

}_# If these hits are clustered together with
- ~ these, lose energy deposit from this neutral
hadron (now part of track particle) and ruin
energy measurement for this jet.

Level of mistakes,“confusion”, determines jet energy

resolution, not intrinsic calorimetric performance

Three basic types of confusion:

Wil | B
\

Failure to resolve photons

| [ e
7
Failure to resolve Reconstruct fragments as
neutral hadrons separate neutral hadrons
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PANDORA Particle Flow Algorithms (PFA)

ojected track
position

Cluster first
layer position

3 GeV
3 GeV
6 GeV 6 GeV ¥
9 GeV 9 GeV
Layers in close Fraction of energy
contact in cone

ConecClustering
Algorithm

Topological
Association
Algorithms

Track-Cluster
Association
Algorithms

Reclustering
Algorithms

Fragment Removal
Algorithms

PFO Construction
Algorithms

Cone Back-scattered Looping
associations tracks tracks

38 GeV ‘.‘ ‘.‘ 18 GeV
=
12 GeV 3? 3? 32 GeV

4 30GeVTrack 4

Neutral hadron - Photon™ & - <1 Charged hadron

Mt x
v
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Entries

PFA Results (examples)
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(near) Future at LHC

High
Luminosity
LHC




LHC: from Run | to HHHC

* Peak luminosity —Integrated luminosity
6.0E+34 — - -
L 1000

5.0E+34 We are here! i i i i e
— 4.0F+34 100
' — ~ e = LN
S 3.0E+34 Ty W) w W Yo
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€ 2.0E+34 . oo Run IV
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3 * Run:|I 1

1.GE+34 . Run II

Rimn |
0.0E+00 - - — 0.1
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
> >
OPhase 06 Phasel ir Phasdl (HLLHC, >2025)

. G = 13TeV .
93 =7-8TeV Lumiinst. :up to 2.5x3cm?st. G =1314TeV
AL dt =25 fi Lumiinst. :>= 5x1% cmas’

Higgs boson discovery !

AL dt =300500 fB
<PU> from~25 ¢ 60
X(750) ? SUSYJ?

AL dt: 3000 B
<PU> 1406200

Integrated luminosity [fb]




Challenges: Radiation damage

3000 fd. Absolute Dose map By simulated with MARS and FLUKA

800 I | | ™ TEOR = 1e+07
~ LT .+.'_I;.
700 _;r_;'ﬁ - 16406
I,
600 | 1™ 100000
500 - I,
‘T — . ' o 10000
©O, 400 H PreShower + ECAL Endc HCAL Endcap
o ath~3: 1.MGy10*°n/cn up to 3&Gy 1000
100 E 10
0 1
0 200 400 600 800 1000 1200 1400
CMS FLUKA geometry v.3.7.0.0 Z [cm]

Aging studies shows Hratcap Calorimetry (+Tracker) has to be replac

Dose [Gy]

ed.
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Challenges: PHep (PU)

Figure 9.1: An event display showing reconstructed tracks and vertices of a simulated top-pair

event with additional 140 interactions overlaid for the Phase-1lI detector.

U HLLHC Nominal Parameters:

A 140 additional interactions per bunch crossing (every 25 tisje+Riuit

A Could go up to 200
A Instantaneous Peak Luminbxit@*cm?s?

U Challenges for Triggers (especially Level 1!) & oftoe computing (30xLHC)

Need to preserve ol owd en
and explordeVscale (e.g. SUSY) in a very harsh environme

ergy

Nt !
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HGCAL: General Layout

CMS choicetigh Granular Samplinglsised Calorimeter([l‘]

with 4D measurement of showers (energy, positi
(possibly 5D with timing) [**]

[**] See talk by Kkchurin

thermal screen

Neutron
moderator

\ I\ ]

Back Hadron Calorimeter Y [*] thanks to CALICE developments,
(Stainless Steal + ScintillatorsHGC progress on Si & data transmissio

HGC+BH: covehsrange up to 3

Technical Proposal
CERN_LHCG2015010




