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Near future at PP collider

An overview of the challenges and opportunities of the High Luminosity
LHC program

Disclaimer: will use mostly CMS based material as | am more familiar
with it , but similar issues ang.pesfesmances are expected from ATLAS



S5 Why is the the standard Model
~— \incomplete?

Does not explain Dark Matter

Does not explain the dynamics of the Baryon-
antibaryon asymmetry of the universe

Does not explain the Neutrino masses

..and has an hard time making a consistent
picture for a light Higgs Mass

» all of this require some new

phenomena ‘Beyond the SM’



* Three families

“who ordered that ?” I. Rabi

* Fundamental breaking of Parity

“space cannot be asymmetric!” L. Landau

“has too many arbitrary features for [its] predictions
to be taken very seriously” S. Weinberg '67

Courtesy of Pilar Hernandez
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1 Trying to address the questions

The LHC and its experiments at CERN are the main
instruments which the community has to try to explore the
BSM world...

So far it has succeeded in discovering the Higgs boson and
exploring several areas of the heavy flavor physics ...but no
significant evidence of new physics

The HEP community has agreed to exploit to its full extent the
LHC by upgrading its capability so to reach the statistical (and

systematic) limits for possibly discovering sign of new physics

It is also in the process to discuss possible future accelerators

which could extend the reach of the LHC



CMS, ATLAS and LHCb are the experiments
exploiting the pp program

All have techniques to measure and identify the
products of the collisions

| know best the CMS experiment and for sake of
efficient use of time | will use its performance
and issues in the following.
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| The physics reach

* The physics program of LHC (and of High Lumi
LHC) is too rich to be able to cover it
extensively (CMS and ATLAS have published
more than 900 papers to date), so | will make
a choice of exemplary expected achievements

* Many of the searches are based on extension
of present LHC approaches ... the challenge
will be to beat the pileup



A

Hi Lumi LHC &

>»At HL-LHC, we expect to produce ~170M Higgs Bosons, including ~120k of pair produced
events

>»Qver 1Million for each of the main production mechanisms, spread over many decay modes

LR 01T
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3 —'-—"-"E:ﬂi

10
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»Enables a broad program:

> Precision O(few%) measurements of couplings across broad kinematics
» Exploration of Higgs potential (hh production)
> Sensitivity to rare decays involving new physics

» extend BSM Higgs searches (extra scalars, BSM Higgs resonances, exotic decays...)
Braga IDAPSC meeting 10



antiproton

»Currently k’s are typically measured to ~20%

»Expected deviation from SM predictions by
various models (Singlet mixing, 2HDM,
Decoupling MSSM, Composﬂe Top partner )
predicted to be between 1-10%

New projections based on
Run2 results. ATLAS+CMS
combination coming soon!

* CMS projection only here. ATLAS similar
results (in progress)

* Total uncertainties 4-10%(300 fb-1) and 2-5%
(3000fb-1) (except k) for Besm=0

CMS-FTR-18-011

3000 fb' (13 TeV)

CMS

w{ Run 2 syst. uncert. (S1)
wi ¥R18 syst. uncert. (S2)

Pro} ecﬂﬂn wi Stat. uncert. only
Bgsy =0
——+—
0.01 (Stat); 0.02 (S2); 0.03 (S1)
———
0.01 (Stat); 0.02 (S2); 0.03 (S1)
——
0.01 (Stat); 0.02 (S2); 0.02 (S1)
—t—
0.01 (Stat); 0.02 (52); 0.04 (1)
]
0.01 (Stat); 0.03 (52); 0.06 (1)
—
0.02 (Stat); 0.04 (52); 0.06 (S1)
— —
0.01 (Stat); 0.02 (52); 0.03 (1)
0.05 (Stat); 0.05 (52); 0.07 (1)
0 0.05 0.1 0.15 0.2
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Ultimate higgs c0'
Improvements w.r.t. HL-LHC

Kappa-framework EFT-framework
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CMS Projection
OFw/ YR18 syst. uncert. (S2)
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Combination
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aMC@NLO, NNLOPS
&, from CYRM-2017-002

Higgs Differentiglf

3000 fb™' (13 TeV)

Aa(p > 600) / 250
Aaip” > 200) / 120

aa(p = 600) / 250

e e St o Bt

Ratio to prediction

15 30 45 80 120 200 350 600 *

pl (GeV)

Sensitive to
K, and K, at low P,

K, and BSM at High P,

Dominated by statistical
uncertainty at High P,

even at 3000 fb’
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p 3 ‘?‘1" ing \
" F e ovoducion et pp collders & NLO 1 GCO HH is a cornerstone of

A e 1 the SM: so far LHC has
reached sensitivities
around 15 times the SM
predictions

CMS Phase-2 Simuwlation Preliminany Jab’ {14 TeV)
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Analysing many final states: P P C A 4 2
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Top Mass =

CMS FTR-18-005

*The methods that can be employed for the top mass
reconstruction are characterized by different experimental
and theoretical issues and uncertainties.

Entries (A.U.)
Entries (A.U)

1 « J/ly » method

*High statistics implies also new methods becoming . | CMSTDR-17-001

competitive

*Theoretical advances in the contribution to the uncertainties
have a major roIe in the ablllty to reach the ultimate

— B ] b H A _
H Bl‘ iﬂ*“ll' Lobo e
D b : CMS ] o
O 3r : Preliminary Projection— :
- ; e arxivsoa0sss0 - From cross-sectlon
E - . = , arXiv: .035 = . . .
= 250 I o (th), JHEPOB (2016) 029 Limited py theory uncertainty
o 2: : . sec. vix, PRD 93(2016)2006 1] and luminosity measurement
> [T £ mme-- single t, PAS-TOP-15-001 -
= - & l+jets, PRD 93(2016)2004 - Jy anc_l S_econdary _Vertex
g 150 2 S . E Statistically dominated
§ £ R e g Single top
S f Standard >{+jets measurement
Lg 0.5\ \ ------------ = Expect Amiop/Miop ~ 0.17 GeV
= N 3
0

Run I 0.3/ab, 14 TeV 3/ab, 14 TeV 15



mm Global EW fit

B Indirect determination : Indirect determination of Mw and ""
- Measurement E itter|sul: . .
|||||||||||||||||||||||||‘|‘|‘|‘I‘|‘I‘|“_ﬁ: S|n289ff more precise then the
M0 e BN 0 experimental measurement:
M, — e mmm & * This call for a precise direct
Measurement
20" L _._‘_ S R .
SIN“Oer Q) 1 O O O T T . Stringent test of the self
Lrdrr eyl .
S e 1 R consistency of the SM
(Oindirsct - 0) / Oiot o (::MS Phase-2 Simylatioa-Bealizina . 14 Te\;’
. 0.2 Eoem Jend [0aaw 1<Ba [oaary <12 [1Rel¥, 1<16 |16 (<20)20<0Y <28 |24clv |<pi]
:
> Total uncertainty likely reduced by a factor of o
3 @ HL-LHC -01f
> Individual measurements reach current
world-combination uncertainty (16* 10-5) : 85ir°d,, = £0.0004, 20.0008, 20.0012 -
> Strong benefit from tracker/muon system N NNPOFGOuncerainy | B
coverage | |
> Complementary ATLAS (electron) and -
CMS (muon) measurements {E ]
> Study effect of improved PDFs 4
0008 [
CMS-FTR-1 7_001 _ 70 90110{70 80 110/70 S0 110|70 90 11070 90 110[70 S0 110/70 S0 110

M,, (GeV)



*In SM: Forbidden at tree level; Only via loops, bu
*Vertex present in production (Single top) and in decay (top pair)
*Several analyses, but full potential far from being exploited

t highly suppressed

all other processes are zero

95%CL upper limits
peAdi s (3] JHEP 06 (2018) 102
[6] EPJC 76 (2016) 55
Theaory predictions [7] CMS-PAS-TOP-17-017

from arXiv:1311.2028 [9] JHEP 07 (2017) 003

<@ ATLAS

<@ CMS

[2] ATLAS-GONF-2018-049
[4] JHEP 04 (2016) 035
[6] JHEP 02 (2017) 028

[8] JHEP 07 (2018) 176
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CMS FTR-18-007

*Searches based on Simplified Models with Dirac WIMP mediators
(scalar, pseudoscalar, vector/axial-vector) give distinct kinematic
distributions. Helpful as benchmarks. Complementary to direct dete
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t/‘

----- neutral

displaced

— charged RsCP dilepton = Eeir;gn
e any charge M quark
photo_n
o ) 'a”‘“:“'“g Target complementary
isappearing isplace . .
track lepton lifetimes,ranges and
T signatures.
R o Variety of dedicated
<K techniques to cover whole
disg_l_aced . disE\aced range Of |IfetlmeS (CT)
ijet photon
: Not pictured:
displaced v displaced out of time decays
vertex conversion
W"‘U" J. Antonelli  LLP Forum May 12, 2016 3

*Unusual signatures are a new focus at the LHC, for present and future

*Search for long-lived particles (HSCP, disappearing tracks) or their displaced decay
products (leptons, jets...)

*Signature driven searches, with great discovery potential:
— Need dedicated tools for non-standard objects, custom trigger/reconstruction/simulation

— Potential gains from high luminosity, track-trigger, fast timing, better directionality.
20



Heavy Stéblé ﬁa

*HSCPs: New, heavy particles could propagate through the
detector before decaying

*Needs HL-LHC for sensitivity because of small xsec.

*Detection technique

— Could look like heavy, highly-ionizing, slow-moving muons

— dE/dx discriminator shows large separation between signal

and background

— Physics studied demonstrated the need to keep dE/dx

CMS Projection for 3000 fbo™ at \s = 14 TeV

Stau (Pair Prod.)
Th pred. (NLO+NLL)
—a—— TOF only
— = Tk Phase2 (4+3) dE/dx+TOF

—e—— Tk Phase1 (300 fb™), dE/dx+TOF

Without dE/dx no
‘_improvement in phase-2

End of phase-l

1%

T \HHH‘ IIIIIIH‘ T HIHII‘ T HIHH‘ T I\IIITI" T \HHIIl T TTTTI
| \HHH‘ IIIIIIH‘ | HIHII‘ | HIHH‘ | IHlLI.I.‘ | \HHIIl [

1000
Mass (GeV/c2)

14 TeV

—
o

Signal track efficiency

©
~
I

CMS Phase-2 Simulation Preliminary

o
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I

r

I/HIP flag critical
/ to restore

H sensitivity to
[r HSCPs |

Pair-produced T, 1599 GeV
dE/dX+HIP flag (0 PU)
—— dE/dX-only (0 PU)
——— dE/dX+HIP flag (200 PU)
dE/dX-only (200 PU)

0.0
107°

10°

10* 10° 102 10" 1
Background track efficiency

rF

% 1] F.e
1 f ¥
. S
at fl cles
L]
14 TeV, 200 PU
- CMS Phase-2 Simulation Preliminary

I

| B Bkg, p, > 55GeV (DY — uy, ff — 212
1.0~ T z
*~L I Pair-produced T, M = 871 GeV
L[] Gluino, M = 1400 GeV

dE/dx discriminator

Oo_l 'I-- L0 |- ) :
107 2x10?

CMS-PAS-EXO-14-007

14 TeV, 200 PU

& 10 TCMS Phase-2 Simulation Preliminary

Min. Bias, p < 2.5 GeV, dE/dx discr. > 0.65
Bkg, p >55GeV (DY — uy, tf — 212y)
Pair-produced T, M = 871 GeV

1 g Gluino, M = 1400 GeV
10-3(;' R R I R

Number of HIP clusters per track
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The Challenges ofﬁl'-llfi

CMS @ HL-LHC:
~1x10* 1 MeV n_, cm?

and up to 2 MGy
absorbed dose
in endcap calorimeters

Lurfu Llf-lé‘\

R [cm]

800 16407 O

700 q?ﬁ
1e+06 ((\

600 100000

500
10000

400
1000

300\

100 10

0 200 400 600 800 1000 1200 1400 Z [em]

~_ High Pile-Up: ultimately
~— ~200 concurrent collisions
: h per beam crossing
~ Extreme high data flow rate :

e SR SR several times Global Internet flow

Braga IDAPSC meeting 22
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Muon System Barrel Calorimeter
* New DT/CSC BE/FE electronics - | « New BE/FE electronics
» GEM/RPC coverage in 1.5<|n|<2.4 8l - ECAL: lower temperature
* Muon-tagging in 2.4<|n|<3.0 — « HCAL: partially new scintillator
Endcap Calorimeter

|+ High-granularity calorimeter
4 * Radiation-tolerant scintillator

Tracker X
- Radiation tolerant, high // - 4
granularity, low material N S / | Trigger and DAQ
budget / & 7\, B\ « Track-trigger at L1
7 // o AR L1 rate ~ 750kHz

 Coverage up to [In|=3.8
» Track-trigger at L1 MIP TIMING DETECTOR
Coverage eta < 3. Barrel:
LYSO:CE crystals SiPM.

EndCap: Silicon Sensors

(LGAP). Timing ~ 23

HLT output ~ 7.5kHz

il
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need of extensiv

o
"

Original experiment was designed for an integrated lumi of

< 300fb-"
The radiation toll will impair performance beyond that !

Example: Crystal calorimeter (in the forward region)

CMS Prefiminary
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Tracker upgrader
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Trigger rate [kHz]

PU =140, 14 TeV

CMS Phasell Simutatiun

L1Mu {Run 1 configuration + HEH unganged)
i e —9—0 S n| < 1.1 (Qz4)

Pel frmm g = L1 S| S 240024
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S s
= .:“{h.r
= e e R
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—
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Efficiency
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Silicon detector: a modern d{)

:-.!'l

Regions of silicon or silicon + scintillator/SiPM governed by radiation field

Silicon in high-radiation regions

» cms
E

E i
= | D=3.5 /R (Best 10 HPD fi

HGCAL design 18 PE/MIP (ESR)

MIP S/N at 3000 fo'

2000

Moderator | [ cE-€ | [ cEH | Wedge | | Brackets

e I BRI T A

1 L I L1
3600 3800 4000 4200 4400 4600 4800 5000
z [mm]

Need to be able to ‘use’ (sense) Minimum lonising particles for
calibration..Mip signal/noise ~3 even after maximum radiation
exposure
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Signal, ke

29

20

15

10

Silicon: the rac

'il" i

A TCTdd-FZnonp600VTCT * TCTEpi100n-onp60OV ®

& *srdd-

FZ n-on-p 600 V

¥ %5 Epi100n-on-pe00V *®

TCT Epi 50 n-on-p 300 V

51 Epi 50 n-on-p 300 V

IIIIIIIII|II

dd-FZ 320pm (19.5 ke)

10'°

2
Fluence, n_ /cm
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Smart use of larg

120um: 432 cells/sensor
From 8 inches wafer

Outer Radius

sensors
\'\

2 ..r..
Sp©
g

Silicon

Kapton
Baseplate
Limit between
300u and 200u
senso .
“"EM section:

only Silicon

Had section:
Silicon
+scintillator
200 120, tiles and SiPM

iga IDAPSC meeting 30




x HGCAL has the potential to visualize
"\ individual components of showers

600 m2 of silicon Simulation of 140 pileup events in CMS

diodes (individual T T i v
sensor surface ~1cm?) ot Y mos of detector
500 m? of scintillator A T

tiles

Absorber:
Pb/steel/copper

Steel for the WL o7
back part Ry

Challenge: keep the 400 tons object at -40 degrees with
~150 Kwatt power dissipated inside the volume
Challenge: exploit the huge amount of information... a
playing ground for Deep Learning/Al aficionados
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Added benefit: 5_3 eco’“_‘*:} \

~10 MIPs at 0 fb-'; ~20 MIPs at 3000 fb~

w O.3_I 1 UL LI :I LI LI I L | 1 I_
c - . Fluence: .
—~ i —— 0.00E+00 i
0251 ——4.00E+14 [
—_ - f : — 6.00E+14 g
© oL ; 6.00+14 171 | Can look at shower
TE O . — 9.00E+14 . . .
i ; 1 | evolutionin 5D
0.15F & : 4 | (energy, X, Y, Z, t)
o : 1 | = Particle Flow
0.1 +¥ : _
i A _ )
B e : }
oosf- TR :
i ; ‘ 1Constant term ~20ps
O_I 1 1 I 11 1 | 11 1 i | I | 11 1 I 1 1 1 | 1 1 I—
0O 20 40 60 80 100 120 140
(S/N)
eff
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5D reconstructi

Besides spatial positioning of shower and energy deposit

Si fast response allows usage of time as discriminant
|‘-‘BFH[w][

+ 200 PU Similar concept as

foreseen for

/

s O -4 Layers projected onto one plane F b 10° a 0= Layers projected onto one plane
A -no timing cut applied- L et * = * [-require hits within 90ps time window-|"_ ™ * :
= - i : e S [k = ey W = e = ® - P lam _..5-. - =
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The 4t dimension: ﬁming ’ ol

* Proposed MIP Timing Detector (MTD):
— thin layer between tracker and calorimeters, minimal impact on cal.
¥ F
— ~30 ps resolution for charged tracks (above 0.7 GeV)

hermetic coverage for |n| < 3.0

Barrel: LYSO tiles + SiPM readout
at tracker-ECAL interface, 25 mm thick
"‘II:: r"-" —_— 2,:_-}::].{ l;_'h.-_l["ll_-_: ] BTL

radiation (4/ab): 2x10'% n../cm?

Integration with tracker in 2022

Endcap: Si with internal gain (LGAD)

* on the CE nose, 42 mm thick
ETL * 12 m? — 4M channels
¢ radiation (4/ab); 2x10'% n../'cm
* Integration with tracker in 2024

Aim to achieve 30ps resolution (and better than 50 ps
at end Of OperatIOn) Braga IDAPSC meeting
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o e
Beating the pi

k ‘ IIJ.

At High Lumi LHC average density of vertices will be 1.7 vertex/mm

luminous region “dissected"” in time

t (ns)

38

& RMS; ~180 ps



|
Time-of-Flight difference
Af = L ( 1 1 )
c\p1 P

Added bené?if_ s 4

ﬁ Particle Id. for low

=me
P ,/1 = BZZ momenta particles!

104

or= 30 ps

Competitive with ALICE Particle ID !

Braga IDAPSC meeting 39



Forward muon sy}tt'

9" 84.3° 786° 73.1° 67.7° 625° 57.5° 528"  484° 44.3° 40.4° 36.8 .
T 7 T ' ¢ T e | 1.2 335°
s
s |
s | 13 3p

- - Trigger and reconstruction

o wsmz e 155<|n|<2.18

- °®" ¢ baseline detector for GEM project

= o 36 staggered super-chambers (SC) per
endcap, each super-chamber spans 10°
& * One super-chamber is made of

e |
W e

Solenoid magnet |

¢ - 2 back-to-back triple-GEM detectors
" | sticon ~* Installation: LS2 (2018-19)
MEo: RE 3/1 -RE4/1 >
) uon tagger at highestn  Trigger and reconstruction Trigger and reconstruction
* 6 layers of Triple-GEM e 1.55<|n|<2.45 * 1.8<n| <24
* each chamber spans 20° * 18 staggered SC per endcap, * Improved RPC (iRPC), finer pitch
* Installation: LS3 (2022-24) each chamber covers 20°, * 18 chambers per endcap, each
3.5 x GE1/1 area chamber spans 20°

. 'nStauég‘g)Qid:éés@%zz"M) * Installation: LS3 (2022-24210

eeting



Gaseous Electron |
chambers

Drift cathode f
| Drift
GEM 1---;';--_,----------.
: '_ Transfer 1
GEM 2IIH;_;L-'-!IIIIIIIIII
." L)1}, Transfer 2
GEM 3= .-gﬁ"i.'f EEEEEEEEEN

[}
=
1

*)% Induction
| K A i

RE‘E d Dut P C B |'I Electron microscope picture of a section of typical GEM electrode, 50 pm thick. (Image: F. Sauli)
Amplifier
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"Trac'king ev

.... experimentally

and vital role of micro electronics..

transistorsichip
100
publications
i bubbl silicon detectors
" - [
I chambers T ==
L MWPC — L — o
o P
Charpak , drift e -
- 1968 chambers i prage o
Glaser spark 1970 1980 year
1953 1000
W Strips (+Pixels) (HEP)
/ CStips (AsiroNucl) ous soom2
— “Pads
- _:_ " . 1 L. T - 1 > 100
1960 1970 1980 1990 2000 GIAST mm'ﬂ
ATLAS 84 m2
A publications
100 |~ Heijne, Jarron g 10 |:|
iz CERN-EF-B8-14 pixels E oSV .no AMS-02
. g AMSOD gober WEYS
s 4 < H WEOL-am—
2 microstrips § UAZ = .or:.
B ? COF-SVXm
double-
0 ym17s sided 0.1 o =
| Heijne, Hyams e
Jarron, Lazeyras, Piuz CEHcl;l NFM
0 B 2 ® Es91
‘Weilhammer, etc NATR
0.0
.g\ﬂ
NAib
0.001

1870 1975 1880 1885 1900 1885 2000 2005 2010 2015

Year
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~ \ Summary

We are far from having satisfactory answers to several
fundamental questions

Collider physics has still a lot of potential to improve our
knowledge of Nature

The HI Lumi LHC program allows full exploitation of this
major investment of the HEP community

... and proves that with adequate resources we have not yet
reached the limit of what could be done with colliders: the
European strategy group will define soon what we could
achieve with future colliders

We are witnessing a change of paradigm... >>>>>
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Relations between 'théf\'/ ahdl?‘"?ﬁaf*'_“

"\ experiment ( as seen by theorists) ..

A defendable
picture when
you have very
tight
predictions:
e.g. Higgs
boson, rare
decays rate

Courtesy of H. Yamallj'%oto
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-5 - vE = (V2G,)™" = (246 Gel’)’

Higgs Potential
V=—p20'® + A(@79)?

2

v o=_F
24

My =2V’
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Reminder : pp ki

| B

Particle

( .................... > ,, %
D/D" | 9

“Natural” variables would be p, 0, ¢

+ Longitudinal momentum & energy, p, & E: not useful

e Particles escaping detection have large p,; visible p, not
conserved: }; p,;#0

+ More useful: transverse momentum, pT
e Particles escaping detector (low 0) have pT=0; visible p;
conserved: }; pr =0

LAB = parton-parton CM system Parton CM (energy)” —5 = x,x,s

CM LAB
Worse: p, 0 not invariant under g* (2]
Lorentz boosts along z (not good, — :
especially in two-particle correlations) 92
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Kinematics conti 7N
Using rapidity and pseudorapidity instead

1. E+p. 11n1+ﬂcost9

Rapidit 51
apidity (y) Y=y ECp, T2 1-Bcos

B—1(m<<p,):

Pseudo-rapidity (n) 1= —Intan 0
- 2

Ay, A¢: invariant under Lorentz boosts along z

Distance between two particles: AR = \/ AN + A¢’

Bottom line: particles described by p;,n and ¢

Braga IDAPSC meeting 51



The Hard Scatter

et Algorithm
Anti-k,, R=0.5
Typical of hard scatter
e, my:E; >20 GeV
Jets: E; > 20 GeV

Isolation
E.,p; < thresh in cone

H. - scalar sum of E; of all jets with e.g. P, > 30 GeV/c

S; - scalar sum of E; of N individual objects (jets, e, u, y) with e.g. E; > 50 GeV/c
Transverse Mass,

ETZ @S\(& 6\6
oy = <0.5 N2P\N)
MT = \/2E#E1&<1 — COS Agbe,miss ! :I;:" \XQ\O@\‘Q@Q@
NN



mb

LHC s= 14Tev L=10*cm’s’ Event

Rate

Collision rate *
k—— O
inelastic
k— bb

* Z i3y scalar 1Q Z72

50 100 200 200" 1000 2000
jet Er or particle mass (GeV)

GHz

MHz

kHz

Hz

_. mHz

n
10-°

L4
o,
Pe
7 v

P _He «»

\

\

v

' Data detection and data filtering

mmmmmaaw@v

Detector granularity
Event size:
Processing Power:

~ 108 cells
~ 1 Mbyte
~ Multi-TFlop




é geﬁ } I S.. *
LHC \J’s—14TeV L—10 ‘em32s rate
"’a”‘%ssss! T
L - -2 GHz
At LHC the p-p crossing rate is 40 ‘i ” o Ipelastic LV1 '“PUt 1GHZ —
MHz (collision rateupto2GHz) ¢ = e
The Event size <1 Mbyte ‘____"_"" SRR N5 N T N
S - HLT Input 100 kz 3
Band width limit ~ 200 GB—> pb Eiodedeid . g 10
. I o 10
Mass storage design rate T NN I B N N
~300-500 Hz (today 1000-1500 Hz) |- #¥ .| Mass Storage: ~soo Hz 3
D b ' §\ e ;§H
irst step in ‘analysis’ is BEE TR R N NCT S R z
E_ ) """\‘ \‘\\“;3::;;:2“1;1“;2 mgfz 3 e
SR e T N O G I O
E / Hgpy—
_ O ZSM—;é_'fﬂ Escaplar LQ\ ek
50 100 200 500 1000 2000 5000
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Make use of the &
whole CMS system S5
tracker
IE s ECAL
— a.k.a energy flow =~ HCAL
— reconstruct & identify USSR Solenoid
all stable particles in o SRUONE 5 Muon chambers
the event optimally - '

=

Elr
E

E-.

~ SR
=4V - » O




L

M HCAL
‘: Clusters
'; : | detector -

ECAL
Clustérs

Tracks

——
———————

<Jarticle-ﬂow
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Why Particle Flow?. e
— E=Eyca + Egca
— o(E) ~ calo resolution

Idea: for each individual particle in a jet, use to h-‘idrﬂﬂ energy:
detector with best energy/momentum resolution 1_20 ""’_NE_
— direction biased (B=3.8T)
Charged tracks = Tracker . .
Johotons = ECAL * Particle flow jet:
€/photons = — 65% charged hadrons
Neutral hadrons (only 10%) = HCAL * o(pT)/pT ~ 1%

*+ direction measured at vertex

— 25% photons
+ ofE)/E~ 1%/ VE
+ good direction resolution

+  o(E)/E~120% / VE

¥

!
L
o
B4

d

5

£
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Ejer= Eecar * ExcaL
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