} Particle=Flow Evert ReConshruction from LEP 4o LHC

Q Ou‘H;ne
& Introduction . Bgsics og Particle-Flow Event ReConstruction
¢ First Lecture Second LecCture -
CADEMY AW ARDS
WIN NER
BEST ACTOR - [{1 *ric Ihnbr
OVER 90 TOP CRITICS AGREE:
“ONE OF THE YEAR'S BEST!”
Sk ok k! |
i 'rr .
fr MODERN MQSTERQECE 1 Inatermeazo
x. Q:.n o 4 Lessons Leamed 7
‘Al EPH CMSSION: IMPOSSIBLE 2
TOM CRUISE DOUGRAY SCOTT THANDIE NEWTON
: ::n.;:.b:;:n: :.: i family and imagiaatian conguer all
P
Patrick Janot Particle Flow Event Reconstruction

5-Feb-2011 1



Basics of Particle-Flow Event Rec.o-

o What is Pacticle~Flow Bvent RecConstruction 7
¢ A beter name could actually be e

“PARTICLE Follow RECONSTRUCTION”

ssssss
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¢ Made easier L7 q smart detector a\esijn, C-qregully 'H\oujk’r ahead of time

e To be able 4o co"ow ;nd;v;duq", each fqr|'ic.|e qrisinj 'Crom a collision
>In therr journey 'H\roujk the various sub-detectors

e To be gble $o iden{'igy fqu'ide
> with their characteristic inferaction in the various sub-detectors

o To be able to meqsure the orijin, direction, energy, charae of particle
> with an optisal Combination of the measurements oz all sub-detectors
> with a decent acCuraCy (See later for the definition of “‘decent™

® Towards q j'oLd event c\esc.rif’rion with 4 complete list of particles
> As £t came a\ire.c.'l-ly from o Monte Carlo event c)e.ne.rq{'or
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Basics of Particle-Flow Event Reconstruction (2)

o Wwhat fqu'ic.le,s are o be go"owe.d 7
L 4 Ideq“, . Lui'd Q dd‘ec,{'or 'l'o ‘Co“ow q" +|r\e Shna\qra\ modd (SM) fqr'l'ic.les
° B’ degin;“';bn’ any exotic fqu'ic.'e decqys to M rqrﬁdes (+ dark matter)

MATTER ~ FORCE

+ Not TAH'e.
o O“'y e) y, A% S'l'QL'e.) th ” - C.Vevu L\l‘l’ ﬁ'YCT ~ 6 KM/GC.V, T:AQS; S"'QL'Q

> Quarks and jluo-\s hadronize 4o jive. jets of hadrens, T, W, Z O\eC—qy to
leptons and quarks, and H O\eC—qy to pairs of every other particles
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Basics of Particle-Flow Event ReConstruction (2)

0 What ]’qr";de-s ALEPH ™™ -
& Ideq“, » buil ) fqr'l'ides
° B, deg;n. — = + dark matter)

o On|7 e Y i ya Gev, 1uqsi stable
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Basics of Particle-Flow Event ReConstruction (2)

0 What ]’qr";de-s ALEPH ™™
. Ideq“, © bl ) fqr'l'ic.les
o By defin + dark matter)
+ Not TAH'e.
o On|7 e Y Gev, 1uqsi stable
2 Qua Ty Wy Z decay to
|ef’r : "9
4 11\e.re£ore_ - Follow electrons) muons, fl\o{wns, stable ‘\qdro-ns, neutrinos and .
° Ad ia\eni'ij;ylieconsl'md thes individually, to 90 back to SM_particles
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BasiCs of Particle-Flow Event Rec.onsl'r-

Q le\y Lo+|r\er err\ individud fqu'ide reC.onsl'ruc:l'ion 7
o 1¥s seemingly Complicated (combingtion, optimization, ...)
o People usually like simple criteria for identification, reconstruction, ...
¢ It requires an excellent Knowlea\je of all sub-detectors of an experiment
o Fe0f|e mq“y have the Know|eo\je of the sub-detector ‘l'l\e.y built

¢ It requires to think. ahead of time of the detector c\e.sijn, and of the in’terfh"
between sub-detectors

o People usually optimize the a\e.sijn of “their” sub-detector, with at best ome
frimqq joq' n mind
>eqy b tagging for vertex detector, dracks for tracker, isolated photons
and isolafed electrons Lor ECAL, jets Lor HCAL, ...

o B«“' wd“»\ mH‘if'e ‘l’e.d\nic.qv frqc.‘l'ic.qv Gnc;nc,id c.o-\s{‘rqin‘l's
> which often take the freCea\enCe on the primary joql
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Basics of Particle-Flow Event Reconshruction (3).
Q Wl\y LO‘I'l\e.r wrl'l\ mdcvadma' fqrhde rQCOns‘i‘ruC“lon .

AN

Run : 143833
Event : 494783908
Dijet Mass : 1.409 TeV

Er(GeV)

150

0 jetlp‘i 5 5?2 rsev
-4 J pne

3

jet 1 ﬁr = 5?5 GeV

e the precedence on The primary qod
o There are easier/faster ways to reconstruct “f‘\ysics objects (o.j, jets...)
® &9, furdy fracker-based, or furdy Calorimeter-based

Patrick Janot Particle Flow Event Reconstruction
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BasiCs of Particle-Flow Event Rec.o—d-

a So, indeed ... wl\y Lother 7
¢ Philosophical answer
o A list og fqrﬁdgs is the closest ome can je‘l‘ grom the actual collision
> G;v;nj a c.omfle'l'e and fu"y Consistent view of +the event
> Mql(inj reConstructed events very similar to jenerq‘l'ea\ events
= Gre.q'Hy siuf"{:ies the qm'ysis a\esijn process, for anY final state
¢ Practical answer

o Bqch sub~detector response a\efena\s on the fqu'ic,le. 'l'yfe.. A{:‘l'e.r
iden{'igic,q‘l'ion og Q fqd'ide, Hheir Combingtion

> Retums the best ene.rjy, direction, (mass) determination for each "‘We
S Gives in tum the optimal response for jets, photons and leptons
>Is expected to improve the rercormqnc.e of an) data analysis

& FinanCigl answer - detector are expensive, thus make orﬁmq' use of them !

¢ Question : is the imfroveue.n‘l' with resred' to easter forch—l\es worth it 7
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A detector ’t‘wujl\’t for Pacticle FI
o ALEPH is not very different from the standard HEP detector

Vertex m
Detector

. Inner Tracking
Chamber

. Time Projection
Chamber

Electromagnetic
Calorimeter

W Superconducting dig
Magnet Coil

. Hadron
Calorimeter

. Muon
Chambers

. Luminosity

Monitors

The ALEPH Detector

. Trqdﬁinj, hermetic EM and HAD c,qlorime‘l'r,, muon Chambers, |q:?e axial B field
e So, what is so special about the a\esijn of this detector

Patrick Janot Particle Flow Event Reconstruction
5-Feb-2011 9



A detector ‘H\OujH' for Particle F
o ALEPH is not very different from the standard HEP defector

» Vertex
Detector

Inner Tracking
Chamber

. Time Projection
Chamber

Electromagnetic
Calorimeter

W Superconducting dig
Magnet Coil

. Hadron

Calorimeter

. Muon
Chambers

. Luminosity

Monitors

The ALEPH Detector

. TquKinj, hermetic EM and HAD c,qlorime‘l'r,, muon Chambers, |q:?e axial B field
e So, what is so special about the a\esijn of this detector
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A Aracker thought for Particle Flo-

a ALEPH choice : g Time Pro jection Chamber
¢ Large volume mostly empty Chilled with ga0
e lfp X, non destructive “
¢ 2| three-dimensiongl measurements up fo R=130Om |
® No track-to-track qm\vijui’q
© l007o ﬁqckinj e.mdency, even in jets
SEven if orijinq{'inj gqr from main IP
S e G(I/ﬁ-) = blo™ fev' ) wo c‘\qrje. ch
& > Almost fe,rCe.C.{' in the LEP Pr ange S
o No fake track, hence wo fake emer Y reConstructed
> All hits are disr'qye,d m this tiaure ‘
¢ BEvent c,l\qrjeo\-fqu'ide enerq) reConstructed ferCeC‘l'ly
o Orijin, enerq)) direction, c,‘\qrje, but yet o ID.
> (some o/ separation below 5 Gev, dE/d)
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A tockar hougt or Prtice Fou GO

o Is ‘H\q‘l‘ rercec.‘{'itm ekujl\ 7
+ Not req"y (e, K*, b, D, €%, %)
® In g hadronic 2 a\eﬁq’, c.lr\qrjed fqri'ic,les Carry b$7o og the total enerjy
> with q broad distribution (from © 4o loo?.)
o Back to almost |°07o if neutral particles are identified fo.rcecHy

7 qd Charged e
(generator) + neutrals ] Q\( o
(\"\ )
4000 |- & & (W
NN
©°  \e
2000 |- K 2\\(1
V\ (0‘
Charged <
only g&o
£ o 30 60 20 120 - : 150

Energy (GeV)

> Calorimeter resolution and qCCef’tqnce taken into gqCCount
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A c,qlorind'r’ 'H\oujl\‘l' {-\or Particle Flow 7 Q.

Q RememLer our ‘CQMOuS ete- & ww even‘l'
¢ Neutrals as enerqy a\e.fosﬂ's in the calorimeters
25 7» are flw'hns (nosﬂy from m°© a\ecqy)
> Detected in ECAL
° |07o are neutral hadrons (Kou n o e
> Detected in ECAL and HCAL
o But 65’7» are c.l\qrjed fqu'ides
> Electrons in ECAL, Muons in HCAL
= C.l\qrje.d hadrons in ECAL and HCAL
0 Weagpons to ia\mﬁﬁ what is what
. Lqrje. B {-‘ie,ld 4 |qrje ‘|‘rqc.|43nj volume
° sefqrq‘l'e d\qrjec\ {rom neutrals, and Cl\qrjed from charaed
. quorimdfy fine (3D) sejuen‘h’ri% + small Moliere radius 8‘(iso|q’re” all a\efos'rl's)
o No/liHle wmaterial in 'cron{- of c,qlorime'l'ry (one fqd'ic,le = one derosi‘l')

Patrick Janot Particle Flow Event Reconstruction
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A c,qlorind'ry +l‘°“j“+ #or Particle Flow 7 -

m) wl\y not usinj calorimeters 0n|7 7
& Worse enerq) resolution for c.l\qrjeo\ hadrons QOO?«/ \E vs fﬂ'&.d‘) and
Worse direction determingtion For c.l»\qrjed hadrons (nand'ic, ‘cield)
o Ag"ed's b$7o of the event energ) in hadronic. final states
¢ Muons are just minimum ionizinj fqr{'ides
o &""-fj) information is lost, so weed anyway to use ’rrthinj
¢ ECAL response for c,‘\qrjed/ neutral hadrons is smaller than Lor f‘\o{'o-\s/ electrons
e A |qrje. fraction of the energ) is not underestimated
¢ Low momentum c.l\qrje.a\ fqd-ide,s do wot reach calorimeters

8000

o Their energy is lost

¢ No fqr{'ic.le list | oy +Cr:]:l:?rea(ljs
o For Z hadronic dec»qys i
e ReConstruct T2 + 1O Gev
e Need g fos{-eriori corrections g Calormetes
[ Choar.:lgyed only

Patrick Janot Particle Flow Event Reconst © e o i Y
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An E.M C.q'orimd‘fy ‘H\Ouj‘\“' j;or qu’l

o The ECAL, for electrons and photons
¢ 3b modules (U2 in barrel and I?_/enc:\-qu)
¢ For each wodule: Ry = LS Cm

o Ys flﬂnes of lead / wire Chamber

o Total thickness 22 X,

® Transverse sejmen’m*wn of 3x3 cm

° LOnj&uqul sejuen{'q{'wn y/a/ ﬂ X,

o 15000 x 3 cathode readout ‘‘towers”

o Each of the Ys wire planes is readout too
¢ Main characteristics

o Hermeticity

e 3D fine jrqm|qro+7

° Redund\fmc)

o Sinflic,ﬂ'y

1 | Sged §
Patrick Janot Particle Flow Event Reconstructiotg A S‘:
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An EM c.q|orime+r7 'H»\OujH Lor Pacticle Flow (2)

2 How do e|ec;|’ro~\ane,+ic. showers look like m this ECAL ! 7
< EME/d: > [%/Xy

15-0 | LIBLI II I llllllll [ IIIIIIIIIIII
X ALEPH Run 17799 Event 1299 12.0 i‘(l) :I 2(? GeV 3
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re ! 1 %-o 1 ]
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Patrick Janot Particle Flow Event Reconstruction
5-Feb-2011 16



An EM c.q|orime+r7 'l'kbujH Lor Particle Flow (3)
o EM energ) d\efosi’rs (y, ) are reconstructed as Lollows

* & o6 o o

o gnd cqll it either electron or c.‘\qrjea\ hadrom

2o Stack 1 Stack 2 . ,Stack 3
! -III'—I LI L L :l.l!i R LIS DL A 24.0 '-l I'II T 1_|P. TP r Ly '.].111 24.0 T T T T l‘
160 | 4 180 | R 4 1180 F S
8O b 8o [ e 4 80 |
00 F— T EHETTTF = oo f il =Y -
: : Bt £ SSTER = - :
[ HHEEE
= 1 -80 F HET AN 4 80 -
1180 y T 180 E 1 180 | -
-24.0 L RTINS P L .I L -1 1 .‘ 1 ] _240 ' .n .| |‘“‘.h |, .u "l M A 7] _2‘10 S | Ml L 1ol 3 1i ll 3 i 7
-24.0 -160 -80 00 80 160 240 -240 -160 -80 00 30 60 24.0 -240 -160 -80 00 80 180 240

Seed with a cell in stack 2 with E,>30 MeV, and |qrje.r than s ¥ neijkl»ours
Corelate with a cell in stack | and/or in stack 3 with B 215 Mev
Estimate the enerq) from the four cenmtral fowers E, (and divide L, ©.35)
Call it fl\o’ron £ the closest track extrapolation is > 2.Cm away from Lqryun*re
Otherwise, test Eq/f , LEx/E,, dB/dx qjqins{' the electron l\yfoﬂ\esis

Patrick Janot
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) An EM Calorimetry thought for Particle

= Eﬂic.ienc.y for flw’wns (BE>256MeV) in jets and tau d"-‘"‘)‘ > Bh
o And 100} in isolation

Example * efe” = TFTUTW
X ALEPH B Run 21922 Event 3342
- _- TPV, DTV STYYV,
| E TETTTY,
ECAL jrqmlqri‘l', waomqncg:
s Can even be resolved in jets

(mosﬂy irrelevant for PF furfoso.s)

MUCH

0.6

E =g =3
é Gﬂﬂo gn‘"o
a -]
04 © &
Po% r o(E) & Mergin
o ¢¢,
02} 43¢ i ” +
) 10 20 30
7° energy (GeV)
Patrick Janot Particle Flow Event Reconstruction
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A HAD c.q|orime+r7 ‘H\Oujl\‘l' Lor Particle F-

a The HCAL for c.‘\qrje.a\/ neutral hadrons, ... and muons
& 3b modules (ZH n Lqrrel, o end'c»qf)
¢ Placed behind the mane‘l' coil

o Hadrons lose some energy in the coil
¢ For each module N
o 23 flqnes of Scm iron / drift streamer tubes [KES
o Total thickness 1.2 A,’s
o Cathode readout, transverse size I5cm X I5Cm
> But wo |0nj;+ud;nq' se,jme,n'l'q‘l'ion
s Diji{-ql mdividugl drip} fube readout (7’05/ No)
> But on|7 2D jrqnu|qr3‘|'7
& Seems wot rqu'ic,ulqdy of’fimcd Lor hadron/hadron sefqrq‘l'ion

) . .
o well see +‘»\q‘|' n g C.tmr'& Shdgs

* Wl\q‘l' qlwu"' Mmuons 7

Patrick Janot Particle Flow Event Reconstruction
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A RAD c.q|orime+r7 ‘H\Ouj‘\"' for Particle _

0 Muon ‘l’rqcl(inj m HCAL X ALEPH i 57759 Brce 1299
¢ Remember our eellll event / |
o Drift tubes used to track muons \ R ““*‘L/ .
> Al the way o mu-Chambers S | NP MuicH
o “Ene.rjy” megsured © 3-5 eV | \\/

> About 300 MeV/layer (mip)

> Eqsﬂy link-able 4o the track
® Unambiguous identification

> width, fene.{-rq‘l-ion de.fﬂ\, ucH

>a5h identification efficiency
o Almost no difference in Jets

-)0.5'70 fake rate (c\ec»qys) e'e > erep
O Summary so far 2 7' &' Ws (dracks + calo ene.rjiu) well identified
¢ Thanks to 3D (2D) segmentation of 4racker, ECAL, HCAL (+ B field)

Patrick Janot Particle Flow Event Reconstruction
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A HAD c.qlorimd'ry H\oujH' for Particle Flow ? (3)

0 We are left with c.l\qrjec\ and neutral hadrons
o i, with several sets of tracks femaining aftter ¢ and 1 identification
o Poss;u, linked $o ome HCAL Cluster and ECAL clusteds)
> Unlinked HCAL clust jive rise o a heutral hadron
o In this particular event: _ g\ | e
o Three c.l\qrjed fqr{'ic,les R "I E
o Bach linked to an BCAL cluster L S
¢ Two linked 1o one HCAL cluster
s Al ide.nﬁ;ie.a\ as c,‘\qrje.d hadron
e with B = Prrack
¢ But clear excess og Calo e,ne,rjy
o5, 25 eV i ECAL, HCAL
e 14 and YT GeV in Tracker

* Sljns ‘l"\e fresenCe og - neu+rq| ‘\qdmn Note the Kq N O\quy
Patrick Janot Particle Flow Event Reconstruction
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A RAD calorimetry thought for Particle -

0 Determingtion og the weutral hadron e_ne.rjy
o HCAL cluster without q track foin'l'inj to
¢ hval Hadrom = EHCAL Cluster
SKeep iF Byt tedon > SOO MeV
o HCAL cluster with one or more tracks foin{'inj to
¢ el Hadeon = EeAL clster T Co/n® BrcAL chuster ™ ZPriack
Swith ¢/, = 1306 (etio of electron to plon response in ECAL)
>keep i Byl tden 7 o) VEpTrack
e, i£ |qrje.r than 15 of the exfo.d'e.d hadron shower fluctuations
a The HCAL of ALEPH could have been wore c.qre{'\uNV a\esijnea\
& Only S'O7o e:‘:ﬁc;e.nc.y (qnd 5'07.) furi‘l'y) ‘Cor neutral hadrons
o Beter jrqv\dqri‘}‘,, beter material, would have helped (more eXfensivO
> Could the 2D jrq-\uhri’q of the streamer tubes have been eXfloHea\ 7
e The HCAL could have been put inside the qund' (more eXfo.nsive)

Patrick Janot Particle Flow Event Reconstruction
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Does it work as i..:+iqll7 defic)ned gor 7 _

0 Remember the ideal projection 2 el
¢ In hadronic 2 a\quys, the energ) is shared o
o b$7o are c.l»\qrjeo\ fqu'ic.les.
9W;+l\ fﬂ'cec"l' Qhﬁrj, reso|u‘|'30n ot Calorimeters
. [| Charged only
[ 2.5'7o are flwl'ons. For smjle. fl\o+0nsi only

¢ The totql e.ne.rjy resolution, ig all fqr{';de,s were ide.q"’ iden‘l'icie.d, would be

o(Ew) =

qurjec\ hadrons

> G(EY) = LO?o‘/EY
o lO?o are weutral hadrons. For sinjh. hadrons

3 0(Ey) = 100V,

tracks

photons

Energy (GeV)

s

> 6% (Pu)+ > (0.20/E, f + S (L.00JE,, f

neutral
hadrons

—[0+0.04x0.25E,, +1.00x0.10E, |2
=fo+0.01+ 0.1»(\)]%Q/Etot —33%./E,, =3.1GeV (For B, = w,)
N\

Patrick Janot
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Does i+ work as inH'iq“y desijneo\ gor -

o Not «lu'rl'e. for the energy resolution ...

Hadronic Z decqys

Monte Carlo ALEPH

12000

L 2 Meqsured rQSO'u+;Dn +WIC,Q QS |qrje'.

500 MeV

5000 i 1992 Data

o E+°+ - qo.s j: 6-2' Gev —— Gaussian fit
¢ But remember with calorimeters """7\\ rstn = 8300

eB =T t 13 bev o
0 Reasons for the difference 7
¢ Neutral hadron energy losses

r

Number of efients pe
8

® &9y neutral hadron shower in the coil o /S, N—

® e9 unresolved weutral hadron shower Totol Energy (GeV)
¢ Neutral hadron e.nerﬁ double C.Du"';nj

* &9, c.l\qrjea\ hadron shower upwards Ductugtion, interaction in the coil

> jivinj rse to q gql(e_ neutral hadron
a Could have been allevigted with a better HCAL a\esijn
* Ad mqy\w. with an of’rimql use of streamer fubes (was tried, wot hard enoujl\)?

Patrick Janot Particle Flow Event Reconstruction
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Does i+ work as

0 But very much so for +he quark qnju'far resolution
TS Fercomqnc.e on hadronic Z dechs (cont'd)
o Jet qnju'qr resolutions (with resred‘ to fqrbn) of about 13 wrad
> would have been 13 wmrad with an ideal detector
DWas 4 mrad with tracks On',, and 160 mrad with calos on|7
® Made a breakthrough in btagqing efficiency, in particular

> By a better determingtion of track impact parameter wrt the jet axis

o]
o
@]

lnl‘l’lqny des;jne

4+ Monte Carlo
Gaoussian fit
600 o= 17.7 mrad

Events per 2.5 mrad

400

200

i

ALEPH

Polar omj|e

Events per 2.5 mrad

150

250

A® (mrad)

o]
@]
@]

600

400

200

0

—250

ALEPH
+  Monte Carle
Gaoussion fit A?-‘Mu+l\Q' qnj'e
o = 19.4 mrod + 7.
Y .‘4
antatt L PPV
—150 —50 50 150
Ap.sin® (mrad)
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Does it work as initially designed for 7 (W)

0 And what about the very initial and very ambitious gim 7
* e, ia\en'}igy all standard model particles and possibly dark matter particle ?

| MAT'TEig FORCE

0060 a6
d]sibRwlz}
' Quarks .

: i i . Gauge Bosons +
200 O
: ‘ _ g
. a ' . THE STANDA Lor
o paRTcLEs .
15 THIS AL Ts

Leptons ?

o We qlre.qd7 went ﬂ\rou?‘\ a lot here

o Electrons
® Muons
o Photons

® Taus

¢ Quark and gluons Gets)

Patrick Janot
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Does i+ work as

?

()

mi‘“q"’ descjned {-\or

= Qv\“‘;‘c;c.q‘l';bv\ of 2 (or W, H) ‘l’l\roujl\ O\e.C—qy froa\uc:l's
e M > 3 Gev/ ¢y N > I particles - "]’1.67» e.mic,ien'} gor hadronic. Z deﬁqys

b Z->ete”

5000

4000

3000

2000

1000

MNumber of Events

=5
R
e
TR e T
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it
e

o

T e

T
:._-—“-t‘-“
o

T
i e T T
L

i A o e T

rE A o

L ais S L
LT

Ao

Lo e
ey
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Does i+ work as ini+iq"7 des;jned for 7 (L)

Hz — LLV\T -

o First event not detectable (o ’trijjer), gu'l' ne.u‘l‘f;nbs_);n the other two qre l
o From enerjymomen‘l'um Conservgtion: P, =— Z ok and EV = \/7 — Z Ei

particles particles

> Hence the imrorl'qnc.e o'c meqsurinj well 4he enerj"/ direction og all
rqu-ides in the event. Pacticle-Flow reconstruction is the tool for Vs

D> The same statememt holds true for .

Patrick Janot Particle Flow Event Reconstruction
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0 Are neutrines (or any kind of nissinj e.nerjy) well measured 7
o Difficult to Know, as neutrinos are ot directly detected, but ...
® Can use efe” > li’Y events, and gqlig a neutrino L" “re.uovinj” the rl»\a‘l'on
> And the energy o the neutring is Kmown in that case |

Q Exmise

2
o Establich that £ = >~ Thao

24/s

¢ One Cgn now C.bqufe.

o Ey(neqs«rea\) and Ey(re.c.oil)
& Or eluivqud"y
° Ml\qd(hmred) and qud(rec.on)
> The later determined from By
o And establish the detector calibration for v

Patrick Janot Particle Flow Event Reconstruction
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Does i+ work as ini‘}iq“y a\esijnm\

o Particle-Flow C,q“qu‘l'io\n with ﬁ.’y events
¢ Determine the hadronic wass
o with particle Dow: o, g (measured)
¢ As recailing 4o the photon: w  (recoil)
o Plot the difference AM

Events per GeV/c?

)
o
o]

O Coufq‘l'i\ale with o, establishes calibration

¢ Determine the mass resolution

o As qQ ‘cunC“'EOn o¥ EY (i.e.., O‘F qud\)
QEY = O megns 2 — li
® Result

306G = 5ApVm or o(B) = sAPE
>To be c.oufqred {0 337o ideq"\’

. z Lree
—15 -5 5 15 25

AM (GeV/c?)

o = 0.59VE+ 0.6 GeV

x° = 6.8 for 6 d.o.f
.
o
\.
S~
~.
-

—— Resolution on Mg T~
- Resolution on Mg ~-

~.
\.

20 40 60 80 100
Invariant mass (GeV/c?)

Patrick Janot
5-Feb-2011
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Is it reqc\y gor fl\ysics qm')sis -

a Core resolution vs tails : The devil is in the details
¢ Particle-Flow reconstruction is q qu..’fiful intellectugl construction
o with q sufe.rior core resolution and |qrje.r efficiencies for almost evgry’fl\inj

> Jet ene.rjy and direction, jet=jet invariant mass, missinj enerjy, L {'qjjinj,
tau selection, efc...

> which q friori kdfs to sefqrq‘i'e diﬂ'\mn‘} procCesses
¢ But it uijk{' be suLjec:l' {0 wore reConstruction {:qﬂure.s than simrle.r methods

o Because it uses all sub-detectors of the experiments and needs a refined
quorm\n o fu‘l‘ all fie.c.e.s +oje:|'l\e.r

> quin, the (q]’fqren{') simrlic.i'}‘, of the detector a\e.sijn is essential here.
The simfler the detector, the siurler the quori‘l'lm
e Pure ‘l'rqcliinj methods are not sensitive to calorimeter noise
® Pure Calorimetric methods are not semsitive o track~cluster link eﬂ-‘ic,ienc,’
* Tails way therefore O\evelof in various distributions (?, jet energy or direction)

o which maY become g sl\owgl-offer when |oo|43nc, or rare events

Patrick Janot Particle Flow Event Reconstruction
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Is H' re.qdy 'cor f‘»\ysic.s q\v\q"sis 7 (7..)

a S’rrq'}ejy, in the simulation and in the data (the best MC is the data)

oV study events in the far tails, with q Sfedgc' physics analysis

o 2) fix the problem Gf any = after all, in the data, it mijkl' be New Pkysks!)
e 3) 6o 4o D until no obvious froLlem remgin

0 More sre_c.ific,qlly, look. here
Hadronic 2 a\qu‘Is I

}

8000

6000

Number of events per 500 MeV.

Monte Carlo

1992 Dotao
Gaussian fit

ALEP

o Therative process that improves the relighility, and uMtimately the core resolution

100

1

Total Energy (GeV)

oo q*\d l\ere

Hz — Lbvv

Patrick Janot
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s it redy Fo phyics avayis 2 G

0 Example ° Calorimeter noise (electronics, sparks, radioaCtive a\e.c—qys)

¢ Typically creates l\ijl\ energy Yails, fake particles in the list

o Eqsi'y identified thanks 4o the rea\und\mcy of the Calorimeter measurements

> Pads vs wires in ECAL, towers vs dri{:l' fubes in HCAL

e Noise dmninj requires c.oufq'}i\’ili’q between the measurements
> check effectiveness of the criterion on mno\wJ‘, ’rrijjerea\ events

and on Z hadronic c\ec»q)s uqrje tail must disqrreqr)
> Check ove.r~c|eqninj m the HVV search Gn MC, or in the first data)

0 Repeat the exercise with HVV candidates

o Track-cluster link failure
& Particle ide.n'l'igic,q{'ion gqi'ure
s PF A'jora'l\m Lujs

o Unforeseen C.On‘c;jufq{’bns

o with stubbonwness and franq‘ﬁs-\

Patrick Janot Particle Flow Event Reconstruction
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s i ey for phyies alsis 7 @I

a First qnq",sis done in ALEPH with fqu';de ‘Qow : Hvv sequ-‘\
¢ Two qur'«mr Jets) qC-C.Oquniea\ with missinj enerq) (from the neutrinog)
o LEP started in J‘uly 1939, delivered 25k Z i 1939
> Used 1o c\eve.lof and “Gune” the q'goriﬂm
e Particle-Flow quori‘l'lm written between J anuary and Afril 990
o Aljori’tl\m and qm')sis fiest presented in May 1790, with 166K 2
° oq{'fe,rgorued other mq',su m ALEPH (4racks only) L’ Q gqc:l'or i
o Took the leadership in Higgs boson search wrtil the end of LEP

o At that pont, fqri'ic.le—gow reConstruction
¢ Became the standard wa of o\oinj fl\y.sic's qm'y.sis m ALEPH

o For fre,c,isim\ megsurements

o For searches gor H'cjjs boson and new fqu'ic.les
e Almost 40O rq“ic.q‘l'ions that use PF reconstruction

Patrick Janot Particle Flow Event Reconstruction
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Lessons leamed 173 (D -

a qu‘l‘ide F|bw is ro{'en‘l'iqny G ve_r’, fower¥u| e.ve.n‘l' rec.ongl‘ruc;l'io-\
o with fossi\»|7 Lene‘m's n any f‘\,sic,s qm'ysis, £ several Conditions are met

o The detector better be o\esijneo\ with particle flow in mind
¢ Overall simrlic.i’q of the a\esijn (over the full Y1 solid ank)
o Combintion of all sub-detector information in PF algorith
¢ 3D ernu'qu‘, for all sub-detectors
o ALL : TrgcKer, cqlorimeters) muon detectors, towards e@icienc,y and furi‘l'y
e (ood e,ne.rﬂ resolution is g Lans, but wot crucial. GrQnu|qu'7 Comes 'cars{'
. Lqrje nfajne’ric field (and |qr9e ‘l'rqd(inj volume)
® To measure C»l\qrjec\ fqd'ic.le. momenta and sefqrd'e their energ) a\efosﬂ's
o LitHe wmaterial in front of +he calorimeters
o Must think of tracker, coil, services, ...
IS Redundq\ncy of the measurements
e To gijl\‘l' quins‘} ‘che, noise,

Patrick Janot Particle Flow Event Reconstruction
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Lessons leamed [7] (2) -

a The quori‘l'l\n a\evdormen’r is also }ui‘h. a\enqna\inj

s I reluires an excellent Know'ec\je ot all sub-detectors
e Towards the or’dm' use of the information
> for fqr'l'ide iden{'igic,q‘}ion, reConstruction, and Lor “CJQQV\;v\j”
® T4 requires an excellent Know|ec\je of fqr’ricJJ detector interaction ﬂ\e.ory
o Towards the uno\ers’mndinj and ‘\qm\"nj of “sreCJq'” Cases
¢ It retuire.s a sfe.c.igic. a\evelofer rrogile.
o Stubbormmess
> There are wo froLle,ms, there are 0n|7 solutions
o Frqu\q’rism
> Bach special case is indeed special and requires specific treatment
o I requires fo be a\eve.loreo\ for/with o flqsics qv«a'ysis, fossiuy with data
e Towards ru(:omqnc.e iufrovenen'l' with superior motivation
> And natural gina\inj/ solvinj of “srec.iql)' Cases

Patrick Janot Particle Flow Event Reconstruction
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Lusors Wered T
0 Exercise (D

¢ Shudy the design of other experiments : DELPHI, OPAL, L3, and ATLAS

¢ Answer the gollowinj lugsi-ions
o Waslis a fqri-ide.-gow event reConstruction a\evelofe.a\ 7
° 1{: ye.s, qu/ is its fo.rComane. sijni{'\ic,qnﬂy Le’d'er "“\Qn simrh.r md’l»wds 7
o Waslis it used in fl\ysic.s qnqum 7
o with the l\df of slides 35/3b, find the reason(s) for the amswers above.

o Bxercise (2) and hint for Bxercise (1)

¢ Another method, now called “e.nerjy Dow”, combines +rq0|43nj and Calorimeters
o T4 opens a read around each track. (momentum f) e)(‘l‘mfoh‘l'ion
o It erther masks the calorimeter energy megsured in this road, rer'qce.c\ L7 ?
o or it replaces the cl\qrjed"\qa\rm expected emer Y Ly ?

o Did/do the above experiments use his method 7 I Yes) Wlxy ?

TS Exrlqin wl\y, in ALEPH, the ro.rc«nqnc,e was poorer than PF (GF] 166eV)

Patrick Janot Particle Flow Event Reconstruction
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A detector wot a\esijnea\ for Particle
Q Orijinql/ Oﬂiciq' ||s+ O‘C a\esijn reluirenen“'s

* Good muon identification and momentum resolution over a wide range of momenta and
angles, good dimuon mass resolution (= 1% at 100 GeV), and the ability to determine un-
ambiguously the charge of muons with p < 1 TeV:

* Good charged-particle momentum resolution and reconstruction efficiency in the inner
tracker. Efficient triggering and offline tagging of 7's and b-jets, requiring pixel detectors
close to the interaction region;

* Good electromagnetic energy resolution, good diphoton and dielectron mass resolution (=
1% at 100GeV), wide geometric coverage, ¥ rejection, and efficient photon and lepton
isolation at high luminosities;

» Good missing-transverse-energy and dijet-mass resolution, requiring hadron calorimeters
with a large hermetic geometric coverage and with fine lateral segmentation.

¢ Particle Flow reconstruction was not part of this list
o A"H\bujl\ some of the reluiremen'}s uijl\’r be useful fowards particle Dow

Patrick Janot Particle Flow Event Reconstruction
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Slnf'lc.l""
a The desijn looks “simfk” " tracker, ECAL, HCAL, Muon C.lr\quo.rs, B Field
o Difficut 4o say at fiest j'amc.e that CMS was wot a\esijnec\ for PF

o It even seems able o follow each ‘ljfe of stable fqr*ides
> Photon, electrons, muons, c.l\qrjec\ hadrons, neutral hadrons

Key: Muon
Electron

Charged Hadron (e.g.Pion)
<'LII] Neutral Hadron (e.g. Neutron)

,Y Photon ]
Transverse slice il ‘ L nn
|
3 HeHelHH nn HAre
‘\. 3 7
AN AN

through CMS 2
hO
hi
Patrick Janot Particle Flow Event Reconstruction
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Heme’rici‘iy

a The defector is hermetic
L 2 (‘.qlorimd'ry wr ‘i'o "I‘ll =95 .|, ‘l‘qu'ij ur ‘l'o 'T]l = 2.5) mudons uf +o h‘]' = Z.H

7/
Patrick Janot Particle Flow Event Reconstruction EC. AL T
racKer 42
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Lqrje mandic. field

a The mand'ic, ‘Ci&'d is |qrje. indeed
. Sufmonduc“;nj mane.’f
L Lenjﬂ\ 12..50m
® Digmeter 6.30m
o Desijne.d to deliver 4 T
o ofe.rq‘l'eo\ rau+ine|7 at 33 T
o A bonus over ALEPH
o Note : outside the HCAL |
o Ancther bonus over ALEPH
> See slides qLoa"' Material

Muons

Iron retum yoke

Patrick Janot Particle Flow Event Reconstruction
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0 The tracker consists of
e A rixd detector with full 3D jrqmlqri’q, surrouna\inj the beam Pive
e 3 barrel layers) 2 pixel disks
* A sl

® ]

Patrick Janot Particle Flow Event Reconstruction
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3D Grqmlqri’q )

0 The tracker cConsists of
e A fixd detector with full 3D jrqm|qr3+7
e 3 barrel |q,ers, 2 rixd disks
o A si'iun-s*rif tracker with 3D-ish jrqnu|qr;+7
e A few double sided '«yers
>TIB |2, ToB |2 TID |2, TEC },2,5
o Expect slsjku, more gmbiquities than in ALEPH ! ,
SFake tracks 7 s s as a7 er s e ar e oor ar e a0 s i

ééé ; ;j T || |‘ || || |‘ || |‘ || || _— — JaB - - || || || || ‘| ‘| || ‘| || -
v = || tnhn ot =
" w00 o === o -
I 200 i 't 1I 't *ﬂbh == }V- J'QF * |h * i
: TEC- ==, |PIxeEL TEC+
o | === Ly
w| oy HITREEFEEEA
O e
I i )] > S —
oo || || T ———————Il[[TT[]]
-2600  -2200 -1800 -1400 1000 -800 -200 200 &00 1000 1400 1800 ziﬁiJ 2800
Patrick Janot Particle Flow Ev Nb‘l'e. ‘H\e |qrje "TQCK;nj vo|une, QS we," 45
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a The ECAL consists o‘c
¢ 5,34% Cr"s+q|s og FLWO.'
o (Isk towers in ALEPH)
o with transverse size 2.2 X2.2 Cm
o (ALEPH 3 x 3 cw)
¢ Moliere radius 2.2 Cm
o (ALEPH b cw)
o Radiation Lengths : 253 X,
o (ALEPH : 22X,.)
0 Transverse jrqnuhri‘l” very similar to that o‘c ALEPH
¢ But wo |0nj;+ud;nq| se.jmen'l'q{'ion : rl\o‘l-on/ electron ID s|33‘\+|7 less rure/ eﬂicien{-
e (3 seqmertation in depth in ALEPH + Y5 wire planes/module)
0 Excellent eneray reso|u+iozn due 1o the l\onojenous material
(3) = (5F) +(5F) +030m2 (ALEPH: 26M/NE, Lt non escentia)

Patrick Janot Particle Flow Event Reconstruction
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3D Gramalarity ),

o BECAL c,r,s'l'qls qrrqnjed ‘owards T.uqsi hermetic c.ove.rqje.

Barrel

Patrick Janot
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2D Grqnu|qr3‘|'7 (s)

Q E‘-na\’c»qrs c.ove.re.a\ Ly q fresl\ower a\d‘ec‘l'or
2 er'l\ ‘{'wo |q7ers o; Leqa\ + Silicon S{‘rifs (lp Cm 'o-\j, 2 wide, 323X o)

® InCregse transverse jrthrﬁy in the e.na\-CAf rejimn
o Md Q modgs‘l‘ |e.ve.| O‘F |onj;+ud;nq| SQjMQV\"'q'HOV\

¢ s comrloch 0y \
: gt

® Worsens eno.rﬂ resolution

o overgll outcome tumed out to be neu‘l'rqf'?’;

.32

Loye’ K

1341
.36

1.38F

/

7I L | ‘ 1 11 L 11 11| 1 11 1 11 1 11 L1 1 | Ly |
1476 1.78 1.8 1.82 1.84 1.86 1.88 1.9 1.92 1.94
n

Better y/m° separation 7

Patrick Janot Particle Flow Event Reconstruction Q'O.C'Tbn rre-I-aD
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3D Grqm|qr3‘|'y (‘;)

Q Tl\e. H‘CAL Consists O‘F
¢ A sandwich of 1 f|q+e.s of brass and scintillator tiles, from @ to 16 A,
® Read out into towers of transverse size 1O X 1O Cm \E
> Similar transverse jrqm|qri+7 to that of ALEPH
* No |0nj-+ua\mq| sejmen’rq'ho-\ m the barrel (v(uf{' Ho), = depths in endcaps
> Similar o ALEPH {or hadrons, but no lq‘,er-\vy-lqyer readout for muons

1)

\\\Q«iééf;cs\\\\\\

20

16

HCAL - HB

24

HCAL

27 HE

29

BEAM LINE
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3D Gramdarity (1) -

a ... but extensive 3D muon ‘l‘rqdiinj behind the coil
¢ For qumfle, in the barrel Qn' < 12)
® Y muon stations, the first 3 with
>% |q7ers of a\ri{:} tubes
4 for the rd coordinate
4 for the 2 coordinate
° A the {-\our{'l\ with On', rd)
> For the momentum resolution
¢ Similar design in end-caps Un) <2Y)
o But cathode-strip chambers instead
> with anode wire measurements for 2
0 Muons should not be g rro”eu
¢ But watch out HCAL thickness
o Ene.rjd'ic. fion funclv'l'l\rmjl\ |i|4e|7

Patrick Janot Particle Flow Event Reconstruction
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a 11\q‘|' one is eqs,

o There is e.sse.n’dqlly "o reo\una\qnc.y for the energy megsurements
o Neither in the ECAL (bn" the nysh' "jl"} is collected)
e Nor in the HCAL (On" the scintillator |ijk|' is collected)

¢ Calorimeter Cleaning might be challenging
e And CMS calorimeters tumed out to be wore nois" +han ALEFH')S
e Need 1o use isolgtion and ’riminj of the sijnct's to c\isen‘hnjle with noise
> Careful with ovemleagninj ‘

o Particle identification mijl\’r be complicated L7 the qbsence of rea\una\qnc,\’

o But let’s see how it comes out.

Patrick Janot Particle Flow Event Reconstruction
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Material Budjd Q)

0 As we q'ch\y mentioned : the coil is behind the HCAL

¢ One A, less in front of HCAL with respect to ALEPH
o Less neutral hadrons lost, less d\qrjea\ hadrons s‘\owerinj

Patrick Janot Particle Flow Event Reconstruction
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Materigl Lua\je‘l' ()

0 But BECAL services (050, between ECAL and HCAL
* Mos{"y back 4o ALEPH situgtion ... It was too jood to be +true ‘

- N . : b 3 ]

""""""

Patrick Janot Particle Flow Event Reconstruction
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Material Luc\je’r (2) -

0 The 4racker is not @ TPC (400 slow for LHC), but q silicon 4racker
¢ Remember the TPC Emosﬂy "-“‘]’"7] 7 ... And here we are now [mosﬂy fand !

Ly 1/

® The CMS tracker looks very thick

Patrick Janot Particle Flow Event Reconstruction
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Material Lua\jd ),
0 .. And it is thick indeed !

Full Tracker radiography |(MC information)

120 F=—-—— S .
u.—.-.'«u_,;;..ﬂf-' AR AT T ST TSR TR TR e 3
100 bz sl

40 it K.
- " -| | Tracker Material Budget |

20 ﬁ, > é: 2;

M . f R B B 1.8F

0 S50 100 150 200 25( 1.63

. . 1.4]

* Vertices ot converted smjk hotons (100K photons) | |

o Services account for ‘10{ of the materia! <

0.8

o From osX, up {5 22X, in the fracker ‘ o.si

> (was predicted to be 03X, in 2000) | %

Patrick Janot Particle Flow Event Reconstruction q_
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CMS design and Particle. Flow :-

o Srtugtion so ‘qu, when C.onfqred o ALEPH
o Simflid{, © oK
o (d\esr’rh. the presence of the rre-sl\ower ()]
¢ Henmeticity © oK
o (did wot falk of the forward HCAL, no 4racker there)
¢ Large wmagnetic. field : ok
o Aduqlly muCh |qrje.r than ALE.PH, way Compensate jrqnu'qri’q
¢ 3D jrthrﬂ'y " almost OK
® Less tracker measurements, not gll 3D; No ECAL |onji+udinq| se.jme.n'l'q‘l'ion
e Note: much better B resolution in ECAL, slijl\ﬂy worse in HCAL (|2.07o VB
o Se ‘qu SO jooa\ ~ and even T‘i‘l'e rronisinj - bt ...
¢ No redundqnc.y w‘\q‘l'soeve.r
o Tracker material might be a Killer for particle-flow reconstruction
o Note: what is the need of q pre-shower after 2X, in the tracker 7

Patrick Janot Particle Flow Event Reconstruction
5-Feb-2011 56



Overall CMS environment Q)

a Two wmajor differences with ALEPH
¢ The LHC is q pp Collider (and from time to time a PbPL collider)
e Much |qrjer fqd'ic.le mHiflic.H-y in the final state than ot LEP
> Not me,n{'ioninj ri'e.-ur collisions, which enhance the rroUe.m

More C.Ongus;bn IS fossiLle, although jrqndqrﬂ'y IS MOS‘HV qdeluq‘l‘e o
Keep the detector occupanc ?

ow endud l\

Patrick Janot Particle Flow Event Reconstruction
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Overgll CMS environment (-

0 Two major differences with ALEPH (cont'd)
. Enerjy sre.c:l'rum for reConstructed fqu'ides from 200 MeV $o 5 TeV
® Wgs 100 MeV to 100 eV gt LEP
¢ For jets with very 'qrje o d\qrje.a\ and neutrals are less sefqrq+ea\
® Separation becomes smaller than detector sejuen+q+30n at one point)

® qu"‘;de lden‘l‘l‘CIC,q{'wn LeC.Omes |e$$ e@ic,ien'l'; mbmen{'q 'QSS we“ meqsured;

o The PF ferFomane Converges (for jets) 1o a pure calo determination ?
3 Given the B field, the Zer at which this ‘\qffens is froLqL|7 |qrje.
-)Tl\e.re. Gre q|wq75 low fT fqrﬁc.le.s n je:l's, ‘For w‘\;d\ PF will ‘\ejf quq"

/ Jet1l Py — 1.099 TeV
‘\\ t‘ o . N . e r.-' |.|I . -,
. Jetlp.=1.099Tev TN LB 3 .
SRy \ £ ?.Jf, =
L *é @
e
.

_ —Jet 2 p, =935 GeV » | —
Patri 4 0 article Fiuw evelid kecunsuucuurn
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Buck o 200 © checking S ke (IO

= Pre_-retuisﬂe Lor fqu-ide-ﬂow reConstruction
o Reconstruct (some) d\qrje fqri'ide tracks for c,qujea\ hadrons
o Seeded with gt least two hits in the fixd detector
= Orijinq‘l'inj gfbm the beam axis within ‘|‘ljl\‘|‘ {olergnces
o Pattern reco?nﬂ'ion with a Combingtorial Kalman=-Filter 4rack %nde.r
> Request at least ¥ hits and pr > | Gevlc
¢ Reconstruct clusters in the ECAL and HCAL, for r‘\O"'DnS and hadrons
® Seeded L7 cells above q jive.n energ) threshold
5230 MeV in ECAL, | fev in HCAL
® Surrounded L7 4 direct v\e.;j‘\Lbur;nj cells with smaller e,ne,rjie,s
> O«r"';uq' use of the available jrqmlqrﬂ'y (beHer than ALEPH Lor HcAL)
o There mijl\'} be several seeds/sub-clusters in q jiven “{'Ofobjicq'” Cluster

> Share the cell energies among the sub=clusters (qccora\inj Yo d )
S I.jnore electrons and muons %or the time Leinj (Lor fec\qjojic,ql furfoso.s)

Patrick Janot Particle Flow Event Reconstruction
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Back to 2005 © Chacking S baic (eI GDI)

o Fiest fully simalated jet, pr = 100 bev (Tracker thickmess < IX,)

L ECAL surface — HCAL surface
F I?UL F
2.5F

F +
@ -2.55
2.6

dsoL

¢ [rad]
»

-2.45F

- -l 11
-250

-2.65
2.7F
1 1 | 11 11 I 1 11 1 I 1 11 1 I 11 1 1 I 11 1 :| 1111 I 1111 I 1111 I 1111 | 1111 | 1111 II 111 | 111 I| :| 1111 I 1111 I 1111 I 1111 | 1111 | 1111 II 111 | 111 I|
.200 -150 -100 -50 0 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
X [em] n n

True fqu'ic,le.s i blue, Tracks and tracker hits in green
Cluster seeds in dark 9reY Cluster position in red, other cluster cells in |ijl\+ 9ray

a From this sole jet, PF geqsimﬂ'y with CMS was declared

. Si...flic.i’q, mane’cic field and jrthr'&y appeared to be qa\eluq’re indeed.
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Back 1o 2005 © checking CHS b pronil G

a The %)Y (or ,0) view in wore details

§

= 100
= _
O - 2 photons
> S0 from the m°
o HCAL
[ clusters i
'50:_ \ ~>"’<"— 2 Tracks
E 'f4‘ ' ECAL
-100 4 clusters
1501 ‘
- 2 pions K% i
|_IIIIIIIIIIIlIIIIIIlIIIIlIIIII
-250 -200 -150 -100 -50 0
X [cm]
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Back o 2005 : checking S b roniid GO

0 The ECAL surface (17,0) view in more details

g B
S oaF KoL
v - ECAL
-2.45 cluster/ﬁ\
- ECAL
2.5 crystal
-2.55 g- Tracks i -
- bent ?g
-26F along ¢
[ t
-2.65 f(i
-2.7F 2 photons ]
- from the °
-.7 _fllllllllllllllllllllllllllllllllllllllllll
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
n
Patrick Janot Particle Flow Event Reconstruction
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Back o 2005 © checking cHS i pronil G

o The HCAL surface view (T],(I)) in wmore details

S
= -2.4F KOL
o F
-2.45
-2.5F HCAL
. cluster
-2.55 2
2.6
-2.65 E— «— HCAL Tower
n (25 ECAL[crystals
2.7 underneath)
-2.755|-IIII|IIIIIIIIIlIIIIIIIIIIIIII|IIII|IIIIIII
0.65 0.7 0.75 0.8 085 0.9 0.95 1 1.05

N
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Buck o 2005 © checking O ke il GO

0 Track = BECAL cluster link

T
2-2.42— [-] ;ﬂ
o [
-2.45
- Track
-2 5 impacts
Cin ECAL + The track
-2.55 lands within
: one of the
-2.8— S cells. Link!
-2.69 with an
ECAL
-2.1 cluster
: s iln-an vl v vl o 13 05 01 o5 24 % sl gt o
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
n

Patrick Janot

Particle Flow Event Reconstruction
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Buck o 2005 © chacking S ke o DI

o BECAL cluster = HCAL cluster link

g ECAL cluster not
o= 240 linked to the
= - HCAL
-2.45 N clusters
-2.5F
-2.551-
-2.6F
-2.65 3 ECAL clusters
- linked
'2'7; to both HCAL
-2.75:|-IIII|IIII|IIII|IIII|IIIIIIIII|I C|USterS
0.65 0.7 0.75 0.8 0.85 0.9 0.95 .
N
Patrick Janot Particle Flow Event Reconstruction
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Back to 2005 © chacking S baic (el GO

0 Track = HCAL cluster link

E The tracks land within one of the cells. Link!
— -] Here, both tracks linked to both HCAL clusters
S b
é Track
-2.5 impacts
- in HCAL
-2.55 N
2.6
-2.651
2.7
-2.75;IIII|IIII|IIIIIIIIIIIIII|IIII|IIII|IIIIIII
0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.05
n
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) Back 1o 2005 - C‘\QC-K;nj cMS LqSIC. .
0 Build “blocks” of elements linked fo each other

£ oaf KoL
< -
-2.45 -

25F

24 TKoL

2,65 #
— 1 photon ) ﬂl‘;

-2‘?:— L1

-2.75 -_|' a1l | | | L1l I LLl.l | L1111 | L1l 1 | L1l | I Lo 1l | L1
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
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| Back o 2008 : checking S i i GO)I)

o Find isolated photons in the blocks

2.4F KoL

24F © KoL

Not linked to 2}
any track 29F
- 2 photons %% I‘

2.6

2,650 '
Track Track 2.7k .

5 Y o el E e B W el i e Wil e v el
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
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Back {0 2005 C‘\edﬁnj
Q Sinf'i‘c;ed block. (it sl'e.f)

2.4F KoL

24 o KoL

2.65] "‘an
2.7F g
: 1 | 1111 l L1

I'2.75__|.IIEI|IIII|IIII|IIII|IIII||III|III
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
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| Back o 2005 © chacking S e pREI G

Q Of“‘;miz.e +|»\e use 0‘(: H'CAL qunu|qr l‘{'y

T |
=, -2.41 KoL
<
-2.45[
25F
2.55F “f[ '
2.6
265
270
keep only 5 |
' [1*] [ .
the link to the  =-24f 0 KOU
< C [=]
closest cluster  “-24sf
| 25F
-2.55 — “ff .
26F & X
‘ i
-2.65 %Q
Track Track _2.72_ a
i

TR E s i U i vl g e v ol i el s
0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.05
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Back $o 2005 ckeckinj cMS basic

o Further si...?lifip_a\ block. (24 step) @ blocks are usually very small ‘

HCAL

ECAL

Track

HCAL

grz{
= o
-2.45F
2.5f
-2.55}
-2.6F
-2.65f
2.7F

.0 [rad]

-2.55
-2.6

aﬁq

TR E e (s v v e e D L g ol s i b i
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

2.7

KoL

1.05

Patrick Janot

Particle Flow Event Reconstruction
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Buck o 2005 © Checking S baic s GO

a Find charqed l\qa\rons, and merqed photons [ neutral hadrons
For each HCAL cluster, compare :
The sum of the track momenta ?
The sum of the cluster enerjies E
Linked to the tracks
: ' In ECAL and in HCAL
P E “Hadron Calibrated” (see later)
E i i zf ? anrd B are c.oufq{'iUe.
S ! C‘\qrjea\ hadrons only Q per 4rack)
£ E > o + RO
Charged hadrons + f‘\o"'On/ neutral

drons
h fE <y
Track Track

SOMe‘Hr\mj odd qoing om... Needs
attention ( d? oesit happen often)

Patrick Janot Particle Flow Event Reconstruction
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Buck o 2005 © Checking S baic s G

o ... q..a\ a\p_i-p_mme ‘l'l\ecr enerqies :Lf 7 a ~d B are c,,..‘f.ﬁi\’le

F¢ of 7 and B qc.c.ordinj to Ok, o
qurjea\ hadrons - p: at swall py;
C.onverjes {0 P = E ot hish B
If B is in significant excess 03 -
: : C‘\qrjea\ drons P
E : i 1f B is from HCAL or ECAL only
E i i HCAL : Neutral hadron (E.-f)
N T oL E ECAL © Photon (Bpcp-p)
1f B is from BCAL and HCAL
f (E'-f) > Eecn

F‘\b‘l' DV\LEEC_ AL) + '\C‘d'rq| ‘\Qdfov\
h otherwise
Track Track

F‘\b‘l’bn . (E‘f)/l’

(A'wqys jive preCedence to photons in ECAL)
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Buck 1o 2005 © checking S buic (i GO

O In our ‘Fqubus ‘carsl' s;mu|q+ed Je‘l' ever .
¢ Four fqr'l'idgs je,nerq‘l'ed\ Tt y T, vind q-d KOL
¢ Five fqr'l'ides reConstructed
o Two orrosi‘l‘drd\qrjed l\qdrons (TC+ and TC_)
o Three fl\o{'ms
> Two from the m0 °‘€°q7 and one from the '3 enerq) O\efosﬁ
e No neutral hadron
3 Because for each of the 4wo tracks, B was cohfq’riLle with ?
¢ Note : the freCec\enCe jive.n o fko{wn identification in ECAL
° Mq7 underestimate the ECAL energy a\efosi-l-s of weutral hadrons
> But the neutral hadron ener y deposited in ECAL cormresponds to
l07o neutral hadron X 301 ECAL frqc:l'ion = 37o o{'\ event enerjy
qu lose <0.5'7o of the event energy from this identification choice

(qu the same in ALEFH')

Particle Flow Event Reconstruction -

Patrick Janot
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A few subtleties © the devil is in the detai

o Calibration of BCAL and HCAL enerjes for charged hadros
¢ ECAL is calibrated for f‘w‘l'ons (and electrons, see later), not for hadrons

0 — L—e'e
E 500 = ‘ LI | T T | T T | LI | T TT | LI ‘ IIIIIIIIIII - p—— = T T T T T I T T T I T T T I T -I
— r 7 L) |
& - i 2 . ";:,‘u EDD:_ m,fit=90.9 GeV -
S 400l mf} =131.6 MeV/ o B D s .
% - O, = 12.9 MeV/ ¢ 1 () 5[]0? 7 TeV Data 3
St +900-GeV Data . - . 1
‘5 300 — - 400 CMS Prelimary 2010
a_) - CMS Preliminary 2009 . -'ul:: - 35 pb-l
g f : 2 300} -
g 200— ] (i - -
Z — | . |
- . 200} -
100 ¢ -
c 1 100
7I ‘ L1l | L1 E 1 | L1 | L1l | | - | | I ‘ | - ‘ | ‘ 11| I7
0 0.05 0.1 015 0.2 025 0.3 035 04 045 2.5 %Q 70 'Ell]' a0 100 110 12
Mass (GEV’C ) m N (GEVECIJ

¢ HCAL is calibrated gor 56 eV c,l\qrje.d fions at normal inCidence

o Test-beam Calibration dome Without ECAL/Services in front of HCAL
¢ Hence, when q d\qrjea\ hadron (f) interacts with the calorimeters

® Exca + By does wot etuql ? Gn jenerql s;jv\;‘c;an‘H" smaller)
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A few sdbiletes © the devil s in the details G
0 Calibration of ECAL and HCAL energies for charged hadrons (cont'd)
¢ To or}imize me.rjea\ neutral hadron ia\en{'igicwl-ion, need to calibrate Becatica 9
eE =4+t L(fm) Eeep t C'(]’)TI) Eea

— Coufensqi'es Lor ECAL response and also for HCAL wonlinearities Q)
& Cl\qrjea\ hadrons and photons (‘107o event "-*’-'j)) insensitive +o this calibration
o Only the meutral hadron identification efficiency is

S Calorimeter Calibration for hadrons is a second order effect for PF

& Use “isolq‘l-ea\” $raCks in minimum bias events for a b and ¢ determination
ranalarity [ One HCAL in the block Tass]

_ CMS preliminary 2009
: goer [
He'rs ‘ o One Track in the block =*7 > 07 s o
-0.75F -0.75f ‘

o High-quality £it

j ﬂl 7 -0-855 0.35:
o F‘+ q, L’ C -0_9% P:

2 As function of ? .95

> As ‘cunC"EOn og n 22

i rrararl RPN I
09 095 1

e PR N '1_@
105 11 115 1.2

Lol Lo b T Ba w0 1
09 095 1 1.05 11 115 1.2
n

nnnnnnnnnnnn

Patrick Janot

n
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A few subtleties © the devil is in the details (3)

Calibration of ECAL and HCAL enerjes

| CMS Preliminary |

for charged hadrons (cont’d)

. (‘.oemc.ien‘l's obtained grmu simulgtion

o Blue : L(E0) %” # it
o Black 1 c(,0) / HeAL oy NPT T
o Red : c(B,0) / BCAL + HcAL T‘;” 145 _: __________________ 5
o g = threshold correction (c.oufk Gev) : ';;}}' i
¢ Can be applied o\ire.c.{'ly on data ::4
o But can be fare obtaimed from data 07— Essentially Phitent aovs 1COG::;J>°3

> Seem "\ine. all the wq, {0 IS0 Gev

< 100¢ : s
& 9o CMS Preliminary 2010 (Barrel) _ g &
8 gor 1 - 5120:—
v LT olyts tde B
§ 60 3 i } . 305100:—
‘_g 50— i * // 3$°K ‘{TQCKS n an"e' Tf; 80—
% 405 . % sn;/v
_—c M tracks in ena\-CAfs —F
20— ——— 7-TeV Data, ( ) ‘ 205_ L
10 e —— 7-TeV Data, ( ) F f.,-‘__.
."-'1‘0‘ S50 a0 B0 0708090100 ﬁz‘u ‘

140 :LMS Preliminary 2010 (End-caps)

TeV Data, 7.5 nb™ (Calibrated)
TeV Data, 7.5 nb™ (Uncalibrated)

Track momentum (GeVic)

I R
100

P R
120 140
Track momentum (GeV/c)
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A few subtleties © the devil is in the details ()
o Calibration of ECAL and HCAL energies for charged hadrons (cont'd)

T.0.65C - — -
0.7 = I
< . ] » ECAL Entrance I = -0.7 3 o

- e
-0.8 -
- 0.8
- (I} n
0.85- - osst
B
= O EW 5
099¢ 095"

-1:_| IC|M||S| I 1 11 1 11 1 11 _1 CMS I
D.g 0.95 1 1 5 1 1 1 1 5 1 z I 11 | 11 11 | 11 1 1 1 11 1 111 1 | 1

. DEI' 095 1 105 11 115 1.2
n
¢ Track fbm{'mj ‘downwards
o p = MY Gev/c., e = 131 6eV, By = 135 eV, By 5= M.33 Gev
¢ Track fom{'mj uqurds”
o p = 10 bevlc, Bpcpy= 0% bev, By = b eV, By p= UGeV

¢ bGives two c.l\qrjed hadrons of MY GeV and 1094 GeV in the fqu'ic,le_ list.

Patrick Janot Particle Flow Event Reconstruction
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A Sow subtleties © the devil is in the details (5)

o Cagses B ££ ?
o Arise from muons, in the mqjori‘l'y of the cases
o Muon reconstruction and identification is rather easy m CMS
S>Even n q very Lusy environment

Jhy—pp (pp) Z—pup (PbPb)

Patrick Janot Particle Flow Event Reconstruction
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A few sibtleties © the devil is in +1\

o Cagses wrl'l\ E ££ P + Muons (C.On“')d)
¢ Muon reConstruction/ iden'l-iﬁc,q'l'ion reluires
e A l\ij‘\-luq"‘l'y track in the silicon tracker
o A l\ij‘\'luqm‘, track in the muon sys{‘eu
e A j'o\uﬂ f4 with a jow\ i
¢+ Typically very efficient (‘15'7o in the wuon system qc.cthnu) and ‘1’1.5'7o pure
o As in ALEPH, these muon fracks are removed from the block
> Before the cl\qrjea\ hadrons, photons) meutral hadron freatment
o The remaining Sh lead fo B << p cases
o A much looser muon identification is used in this c.o..ﬁj.m;o..
> Isolated tracks (not |il£e|7 o be a hadrow)
> Tracker track °"‘|7 (fhs a fow hits in the muon sys‘}em)
> Poor*iuqmy fracker track (but jooa\ £ in the wmuom sys‘}em)
° Tyfic.ql fqu'ide-gow attitude: use gll detectors to imrrove fqd'ide ID/Reco

Patrick Janot Particle Flow Event Reconstruction
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A ou bt the del is i e SERICDI)

0 Cases where B &£ P Fake tracks, P mismeqsurements
4 Desfi‘l'e H\e ‘hjk{' se_'ec:l'bn {'\or d\qrje fqr‘l'ide +quKS (reminder)
o Seeded with gt least two hits in the fixd detector
= Orijinq‘l'inj gfbm the beam axis within ‘|‘ljl\‘|' {olergnces
o Pattern reco?nﬂ'ion with a Combingtorial Kalman=-Filter 4rack ginde.r
> Request at least 3 hits and p; > 03 Gev/c
° qudinj 0 Dn', 357» eﬂic,ienc‘, ‘cor f"‘”‘“‘“) c‘\qrjed fions Csee Just q‘:}er)
¢ The 3D-ish jrqnuhr?‘l'y of the tracker leads to qMLijui‘Hes
o Hits wronj|7 associgted to tracks
o Confusion in the fq‘l'l'e.rh reujni‘l'ion
= Le.qc\inj to fake tracks with q I-z.7o rate
= Lmdinj $o incomrect momentum determingtion
o Typically create ‘\;jl\'mbmen‘l'um tracks
> The rrouem mCreases with the Cl\qrje muH'if'icH", i.e., with Je‘l' Pr
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A few sibtleties © the devil is in +1\

0 Cases where B << p @ Fake tracks) p mismeasurements (cont'd)
¢ The froLle.m of fake tracks was solved in the ‘CO“Dw;nj way
® Reject dracks obviously fake (ad quality £4, missing hits along the track)
o For each block, rank the re.mininj tracks qccorc\inj to Gg;;,(ﬁ)
D> In the very few blocks with more than one frack (few 7o)
> For the very few racks with G;;,,(ﬁ) > | bev (O.l?o)
> Remove the worse tracks until B coqu'}i\vle with ?
The “last” track is siuf|" resCaled to wmake p=E
> 0.001 7o of the fracks concemed Ly this froc.e.c\ure
o Note © for these (small) blocks, the energy is jive.n L7 the sole calorimeters
> But ‘rl\0+0n identification (and energ) determingtion) shill holds
> Individugl c.l\qrjed fqd'ide muH'iflic,H'y and momenta are still availgble
> Momentum direction mosl'ly from 'l'rqc.ltinj and ECAL
S Tyric,ql fqr}ic,le-ﬂow aHitude © use the redundmncy of all measurements.

Patrick Janot Particle Flow Event Reconstruction
5-Feb-2011 82



} A few subtleties © the devil is in the details (D
a A thK;nj eﬂic.ienc.y O‘c 3'570 . wl\y 7

o Silicon detectors are very efficient in finding hits G
® A,S seen wl‘l“\ simu|q+ed sinq'e muons (unj;imeo\ Wl‘H\ d@"q)

1200

| efficiency vs 1 |

single p pt 10

600

400

200

NE i
—— single pu pt 100

u Ll

0.95

0.9

0.85

.| —=— single muons pt 1
—— single muons pt 10

. | —=— single muons pt 100

o On|7 s'ijl\‘}s O\rofs of eﬂic,ienc,y in the fixd detector cracks and overqus

Patrick Janot
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A few subfleties  the devil is in the details (U0)

o A ‘|'rqc.|4mj Q‘C‘CCC.lev\C.y of 3’5’7 : wl\y 7 (cont a\)
¢  Question - Is it due to |qrje oc.c,ufqnc.y n Je.'l's .
o Hence |qra,e over'qf between ’trqdis

% 1 I I L] L] L L I I L] L] L] L] L L I
OQ_P KT 0.6 Jet energy response <2 CMS Preliminary
‘;;:Hl_ 0.9 | Trackdets (quarks)

_:D_ CaloJets (quarks)

0.8

O
A TrackJets (gluons)
&y CaloJets (gluons)

0.7

0.6
0.5
0.4F e

0.3

2 3
"¥pgen (GeVic) 10

o Answer : not for pr up to 30O Gevlc, where this effect starts to show up

0.2
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A few subtleties © the devil is in the details (D

o A ‘|>rqc.|43nj e.q:k.iev\c.y og 35 7o . wl\y 7 (C.on‘l')d)
¢ RQMQMLU . ALotd' 2X, ) or o4 7\@) O{‘\ material in ﬂ\e tracker
o About 20} of the hadrons interact in the tracker material

D Sometimes in g sfec.{'qc,u'qr manner

A sinjk K% (2716 Gev) interacting in the 4racker after 15 co:

5200 ‘ WL,
- L = 2

150/

Blue  true particles 100-
Green * reconstructed tracks 50
(well, not 7e.+) o

50/

> what ‘\qffens o these tracks 7 -100]
Not enouj‘\ hits on the rn.‘qq -1 50;

Bad orijin for the secondaries 20855 150 100 50 0 50 100 150 200
X
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} A few subtleties © the devil is in the details (2)
o A ‘|>rqc.|43nj e.q:k.iev\c.y og IS5 7o . wl\y 7 (C.on‘l')d)

o Indeed, for sinjle pions

o Lqrc,e 'OSS Og eq:ic,ienc,y due 'l'o sl\bf“' ‘l‘quKS grbm m“'&f QC"";M) flbns

500
450
400

singleﬁ pt1

—— single 7 pt 10
—— single = pt 100

200F
150F
100F

50_:; 5 =
u | 11 1 11 1 1 L1 1 1 11 1 1 11 1

| efficiency vs 1 |

0.9 [

0.8 [Hsepdl A5lle)

07 [

06 [

0.5

—=s— single pions pt 1

—+— single pions pt 10

—s=— single pions pt 100

) WH"\ Q it 72 5 Cﬁl‘l’) 'H\Q “‘QKQ rq‘!‘e J.quS +D QLOQ"' 7—070) v\O"' MQV\Q?QGL'Q-
¢ Cgn one inc,reqse +‘\0. {TGCKM.’ e@icienc.y wi‘l‘l\o«d' ;nCreqs;nj ‘H'\e ‘CGKQ rq‘l'e. ?

Patrick Janot
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) A fow sbtleties © the devil is in the a\a-

Q Inc.reqsinj the hqckinj e.mic.ie.nc.y - Itergthive ’trqclﬁinj
o Fake tracks come from wrong combinatorial hit association
o Reduce the number of hits fed to the combinatorial track finder 7
o 1 Start from q very pure se.e.o\inj
® egy 3 pixel hits, very +;3l\+ origin Constraint, pr > 09 Gev/c
-)15'{ emcienc,y, less than 1 fake rate
¢ 2. Reconstruct the c.orresfono\inj fracks (53 hits) and “‘remove” the hits used
o '107» of the hits in the tracker are removed in this first iteration
o 3. With the bOb remaiming hitsy try a looser seeding
®egy 2 pixel hits, very '|'ij‘\+ orijin Constrainty pr > © Gevic
> Adds |5'7o e.g:ic.ienc.y, but shill less than |7o fake rate
Because the combingtorial possibilities are much less
¢ Y. Reconstruct the C.Oﬂ'esrbnd;nj tracks (53 W) and “‘remove” the hits used
o |07o of the his are further removed in this second iteration
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A few subileties © the devil is in Fhe a\

Q Inc.reqsinj the hqckinj emic.ie.nc.y - Iderative ’frqclﬁinj (cont'd)
¢ And so on with wmore itergtions -
o Third Heration 3 fixd hits, ’rijk’t orijin Constraint, pr> 02 Gev/c
o Fourth itergtion 2 pixel hits, looser orijin Constrainty pr > ©3 Gevic
¢ And even +ry to catch se.com\qu tracks (in{'erqc‘l'ims, Conversions, d\quys ")
e Fifth : TIB/TID seedinj, loose orijin Constrainty pr > OS5 Gevic
o Sixth : ToB/TEC seedinj, very loose orijin Constraimt, pr > O3 Gevic

| efficiency vs pT |

o After 4 iHergtions
o °|37o e@ic.ienc.y, |"2-7o fake rate

o Down +o ver" |ow ubm&n"‘uu

sk fhciocy 20k Mo e~ o
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A few subtleties : the devil is in the details (1)
3 InCreasing the tracking efficiency : Tderative tracking (cont'd)

¢ And so ¢

L 2 A'\d even

03]’;.
OZ.ri

o TIR/
o ToB/

N of simulated tracks vs pT

4500

ated? primariefs

E b, simul
4000 £ F

3000

Y 0| L. — SN — S—

2500

2000

1000

2007

—
1

CTE, 0.9 GeVic
CTE, 0.3 GeVic

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

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

- )

—

-

-

- .

3

r

I : . : : :

15““3_ T ............... . ..... e .. .................. ..................

.

H

.

[y

K

1.

0.5 1 15

2T

2 2.5

DnS) dquys )

aV/ [

“ﬂ"‘é‘*‘*ﬂ*ﬁﬂﬁ M E*H*ﬁ *‘H'

CTFOgGeV/C ________ _________________
CTF;0.3GeVic

Patrick Janot

Particle Flow Event Reconstruction

5-Feb-2011




A fow sitleties : the deviliill a\

Q Inc.reqsinj the hqckinj emic.ie.nc.y - Idergtive ’frqclﬁinj (cont'd)

¢ Nuclear interactions, photon Conversions, a\e_c,qys in Qijl\{» :

52007

I *a
150 e
r > SN

150

.20_27

100;
502 .
-50§

-100F

o b b b b P b by
00 -150 -100 -50 50 100 150 200

Many tracks reConstructed
with TIB/TID and TOB/TEC se.e.dinj
Swall fake rate dealt with Ly PF protections

o Next froLle.m " avoid double c.oun'l'inj from frimqry vs seCondaries
o Create a Tk by vertex” between primary and secondaries

> And chose the best energ) determingtion
Most |3Ke|7 the frimry if wmore than 5-b hits) secondaries otherwise

TS Tyfic,ql fqu-ide-‘gow aHitude © reconstruct/ iden‘l'i'cy as many fqu'ic,les as rossiue l

Patrick Janot
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subtleties : the devil is in the details (L)

0 And what about electrons 7 They radiate, and the brem 7’s comvert !
LT i) Loy
Patrick Janot Particle Flow Event Reconstruction 92
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A fou bt the del is n T AERRICEDI

o Blectrons Trqc.Kinj
¢ Becqguse ‘H\e" radiate, many electrons would have gq“ed the N > ¥ cut
e The Kalman fiter que.rn reC.ij\;‘an luic.ldy jives up
¢ The rerative ‘l’rqc,I(inj was ini{'iqlly meant at solvinj this issue for PF
o Tracks with at least 2 hits are used as seed
o Use a Baussign=Sum filter 4o follow the electron track all the way to ECAL
& Issue . 6SF *rqd(inj is slow
o Use it Only for fre-ia\en’rigiea\ tracks
> Swall mumber of its
> 0or . Poeor ‘l““m? f4
Sor @ plBecp ot far from anity
> Linked to fre.-sl\ower hits
e ConCems Only S’7° of the 4racks
> with ‘15'7o eg:ic.ienc., on electrons

Patrick Janot Particle Flow Event Reconstruction
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A few subtleties : the devil is in $he a\-

o Electrons ° Recwe.rinj the Breussl‘rqmunj fko‘l'Ons
+ 1f no‘l'l\inj is done, radigted fl\o‘l'o-\ enerj" is Counted twice
® OnCe grom 'l'l\e. e.lecl'mn inH'iq| momen{'um, rm
o Twice from the energy from c.orresfondinj ECAL clusted(o), Eapem
o Creafe a new type of track = EcAL cluster link
o The link “Ly hnjen"'”
> Furfk lines are ‘l'qv\jen*s to the 6SF 4rack
S‘l'qu-inj from each tracker |q7e.r
>1f fhe ’rqnjen'} points 1o a Cluster
Link the cluster 4o the track
> Another handle (rot used) : ;
Compatibility between Ecluster
and AP q'bnj the 6SF track

Patrick Janot Particle Flow Event Reconstruction
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A few subtleties © the devil is in the details U

a EJec:l'rOns . Re,c.overiv\j ‘H’\Q C»Onvtd' Qd Bre.MSS"TQ‘\'uv\j rl\O‘i‘Ons
o Tracks recovered Ly the sth and bt s+ef of the Herative ﬁqckinj
o Linked Ly vertex to the orijinql electron tracks
e Linked to ECAL clusters in g classical way
> nc\ d\e.a\ _. +e |ocK

1a. Cerr. CF

d oy

! | . I. | |r;.lr r '.# '.l'ru"'l :.I:'
TR sEY R

Patrick Janot Particle Flow Event Reconstruction
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A fow sblckies : the del is n Tt ARSIV

0 Blectrons - I.dgn‘l'i‘cicq‘l'im
¢ Use the tracker as a preshower ‘
o Number of hits of the KF 4racks
) &“ﬁfﬂ loss q|0nj the GSF 4rack - PN = Pour
® Nunber of Bremsstrahlung photons associated to the track
o C.oqurison o{-\ Earen and PrnPour

o Coufqriwn og Eeiecpon t Eegpey and PN
o ...
L 2 F'us SOme c.qlorind'e.r-OnW 1uq|n+;+ie.s
o Shower width q'w.j n
e Linked HCAL e.ne.rjy
e ..
e A Combine in q boosted decision tree (C.Ota'd be Qny MVA to00l)
e 10-‘6’070 e.q-‘ic,ienc.y in ets, ‘15'70 for isolated electrons

Patrick Janot Particle Flow Event Reconstruction
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A few subtleties : the devil is in
o Electrons - Identiticqtion, cont'd 0.1 S e

Events /(0.05)

® O
8 &

o)
8

400

200

Eo ook p E

L 2 I“' worKs WH"\ dq{'q Qs n S;MM'q‘HDn ! E0.0BE— +*i + « Data —i
e, > So 14 we |

5 T o Y :

o J/y - efe 8= * E

o Z — ofe

CMS preliminary
\s = 7 TeV, 8.0 pb™

o) 02 04

06 08 1

electrqr_] mva
5-Feb-2011
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91400
[

L
1000
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0.031- *;
0.02§—*
0.01F
Oil L1 ‘ 11 | L1 |
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©1200

800
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0

- /ent Recuinisuucuurn

(0.

0

—e— Data reweighted

- MC Prompt JPsi

0.2 04 0.6

0.8
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A fow sibHlebies @ the devil is in the a\e‘l'-

0 The 4racker material was the cause of wost devilish details
o The lack of re.a\um\qwcy was also q kijk price to pay for calorimeter deqninj
e Needed to use ingomq'l'ion on 'l'iminj, rulse sl\qfe, isolation, ... Yo jd' nd og
>ECAL spikes (due to slow neutrons k;++;..j APD’s)
> HF spikes (due to Cerenkov "jl‘* from hadron-shower muons in PMTS)
> HCAL srilies (due to ion feedback in HPD'S)
¢ But emcien{' deqninc) could be achieved (o fqr) - without over-cleqninj.

CMS Preliminary 2010 M;n;mn B;qs e.ven‘l's, 1“L_|

—— Allruns

=
=]
=

—— Good runs

Number of events
—
[ =
[ 53

Laser gorjoﬂen oN

=%
L=)
X

Tofo|¢>j;c.q| cleqninj

—
=]
TTTIT [T TTTT

T;M;nj C'eqn;nj

E A I
: 50 100 150 200 250 300 350 400 450 500
Patrick Janot Missing E_T (GeV) 08

vl UM v

=
T




quHCJe-How fe_r‘comqnc.e n CMS (l)

0 We now have g list og fqr'l'ic.les Yo work with
. Cl\qrjed\ hadrons, flw‘bns, neutral hadrons, (electrons, muons) :

cle F

® An event gt ‘/57-2..36 TeV Jet 1 p; =22 GeV/c _ Jet 2

pr=42 GeVic
Full lines : charaed hadrons '
Dashed lines : ? otons I
Dotted lines : neutral hadrons ’

o Jets with fr > 20 Gevlc

ellow lines : Jet constrtuents

»n

. (¢
lue areas - Jet cCone

o Tastes like jenerth\ fqd'ides Jet 3
. pr= 38 GeV/c
But reconstructed fqu'cdes, req"y

Patrick Janot Particle Flow Event Reconstruction
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Particle-Flow fer(:omqnc.e m CMS (2.)

0 We now have g list og fqr'l'ides Yo work with (C.owl')d)
o with or‘l’iwa' fqri'ide-{'o-fqrﬁde jrqm|qri+7 + collimated Jets at +he lowest ]’T)S

B CMS, December 2009, 2.36 TeV
Run 124120 / Event 6613074
Particle Flow Reconstruction

]

Jet 1 Lo
p=22-Gele

Jet 2
pr =42 GeVl/c

:5%;5 i HESE
pr=38 GeV/c -2 LB

MET = 1.9 GeV

Patrick Janot Particle Flow Event Reconstruction
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qu‘“(.'e"ﬂbw fngomqnu n CMS

0 We now have g list o‘c rl'cde,s fo work with (cond d
o with the v(fed'ed 'erc,{'wns in jets (6570 ‘\ 2.5'70 9 and |07o he)
o What is data, what is smu|q‘l'wn !

»1.2 , >1.2
fg ~  CMS Preliminary 2010  Anti-k; R=0.5 @ | CMS Preliminary 2010  Anti-k; R=0.5
g P \E=7Tev.MC P > 25 GeVie (G | \5=7TeV DATA pior > 25 GeVic
- - - — it — —_— =
23 - Neutral hadrong__ 33 - Neutral hadrons
Y= - = - b - _..
o | =k 8 o | - e
So0.8- So.8-
'-3 i Photons 1-3 - Photons
g g
o | & |
= i = i
04— 0.4
0'2__ Charged hadrons 0'2__ Charged hadrons
0_ ] | | | | | 0_ | |
-4 4 -4
PFJetn
Patrick Janot Particle Flow Event Reconstruction
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Pacticle-Flow rgr&mqn
a Fl\yscc.s oLJec.‘l's. ‘Cro-n ‘Hv\e j'°Lq| gvewl‘ desCmrhon ’wrl'l\ ‘fqrhdes

© Lison Bernet

‘ ' SR '; Bl o
ECAL P HeAL PN RS
o rechits Joo S # | rechits i Trocks "‘._% > 9y e B

Patrick Janot Particle Flow Event Reconstruction
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qul'ic.'e-ﬂow fzr&mqnc.e m C

g E‘-Xftc‘l'ed fercornqnc.e gor J'e_{-s
¢ RecConstruction O‘F +he Jg{- Pr " fTRE‘-CO - fTGE‘-N) / ﬁ_GE'.N

imi CMS Prelimina
[CMS Preliminary | |, cen = 40-60 GeVi/c | y | p,CEN = 300-400 GeVi/c
w S00p o 500¢
wpd = . =
[ = PF-jets o -
:: 450 E J - : 450 o —— Calo-Jets
O 400F calo-jets o 400%
5 E article-Flow Jets E icle-
_8 350;_ . Particle-Flow Jet -lg 350:_ . Particle-Flow Jets
g 300 ;_ p, =40 - 60 GeVic g 300 ;_ P, = 300 - 400 GeV/c
Z 250 0<yl<15 Z 250 0<l<15
200( 2005
1501 t 150/ \
= E S =
100 1005 \
50 501
0: 0:...|...|. P N B
1 0.8 1 -08 -06 -04 -0.2 0 0.2 04 06 038
Ap.
Ap.lp. p./P.

° Conrqrison with calorimetric Jets
> R&srbnse |qrjer than 95 79 of the orijinq| et enerjy
> Almost wo need for a rogl-e.riori correCtions Q‘,sl-e.mq-l-ic. unc.er'l'qin‘l'ies!)
>Much beter enerq) resolution
> Similar Gaussian behaviour a\esfi'l'e. the |qr¢)e number of sub-detectors used

Patrick Janot Particle Flow Event Reconstruction
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Particle-Flow fer‘cbmqnc.e m CMS (6)

0 Expected rercomq-nc.e. for jets (cont'd)
¢ Resolution and response as a function of the Jet pr

| CMS Preliminary | | CMS Preliminary |
0.45 - - 0.2 -

=

i | =& Corrected Calo-Jets

0.4
0.35

0 o .‘\ ...... ‘ ...................... , .............................. ,.\ ............. * ............. , .............................. , .....
4 : e : : : :

—i— Particle-Flow Jets

0-3 (PR . TR P T S _0.2 :

Jet Response

o<l <15

0.25
_0.4 L .............................. .............................. , .............................. .............................. .....

0.2

................... ....... -0.6

=fe= Particle-Flow Jets | ......... .....

0.15

Jet-Energy Resolution

0.1

................... oo - ....... ............. .......... ....... B C=n
H - T H : : _0.8 _ .............................. .............................. ................ ] e .....

0-05 _, ................... \ ............. \ ....... ................... ............. .......... ...... O o< MI <15

L | | iii60 ‘1"'1tim""2tim""3tim""460""560""6(;0
P, [GeVIci P, (GeVic)
o Better resolution even gt larae fT’s, where Calorimeters are well behaved

i and ‘117o of the true jet energy
S>No need Lor |qrje, won-linear, Corrections, down 1o pr=10 Gevic

(Calo nonlinearities : qune'l'ic. 'EQH, thresholds, rl\0+0ns, muons, )

Patrick Janot Particle Flow Event Reconstruction
5-Feb-2011
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ParticleFlow pecforance in cMs ()
0 Expected rercomq-nc.e. for jets (cont'd)

L 4 Anqu'qr resolu'l'ion
| CMS Preliminary |

| CMS Preliminary |

0.14 c 014
5 SRR k)
E 012 I SRS S . fo R [0 Calo-Jets and JPT E 012 == Calo-Jets and JPT [ .
© - [-)
SIS B R s Partice Flow dts @ o4 i partice FlowJets |
x C x
B
LS| T ) AN SRS SOV SO NS SN SO0 ORI SR SR S < 1 J8 11 R PRI PR U UL SN S SRR RTINS UL SR S SO0
0.06 — B bemoscbi bbb b 0.06 bbb bbb b e
0-04 ......... 0.04
002} e 0.02
Ll LI 3
i
0 10° 0
P, (GeVic)

o A ‘:qc:}or of 2.0 4o 40 imfroveme.vd' m O (B Field a\e.jrqa\es cqlo je:ls)
o A factor of 15 1o 3.0 improvement in 1 (4racker and ECAL jrqnulqri'l'y)
= Lqrje imrroveme.n‘l's exfec+e0\ in jet-jet mass resolution

with both imrrove.nen{'s in jet enerjie.s and jet directions

Patrick Janot Particle Flow Event Reconstruction
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qul'ide-ﬂow fergomqnc.e n CMS

0 Megsured jet response in data
o From Yhjet events (as in ALEPH) © use the ¥ pr to predict the jet o

T T T Ipl-!-l :I I4-I0|-I5I5 IGIIeyI/Q T | T T 17T pT : 200-400 GeV/C
\J’E - ? Tev LI L \l.jgl :I 7I Tle\llf LI L | T T 1T | LI
4 anti-ky R =0.5 CMS Preliminary 1.4 anti-k; R=0.5 CMS Preliminary

corrected Particle Flow jets

dijet corrected Particle Flow jets

_ 200<p,

2 ®
C w
3 5
b3} o
) w
40 <p." < 55GeV O dijet
@ 1.2 Pr o 12 < 400 GeV
> >
— o) )
@ —c—_._ E sl
o
T c . _Wﬂ‘;ﬂﬁfﬁ:—'—_ P
w WD e w o TF - ]
L0 + ] T 1
Q o8 5 0 0.8 g
'-% : Not corrected for the resolution bias : _% = Not corrected for the resolution bias .
_ o MC — N I
[:(1]'_") 06_ ¢ Data | & K E II;ACt 7
6 . 0.6 ata =
- v D?Ia+Residlual | | . - v Data+Residual -
N N [ S [ Y N Y Sy [N N S A | P N TN T SN TN NN SN TN NN S AN TN SN SN SN NN SO SN N
0 1 2 3 - 5 0 1 2 3 4

=
=
—

® Inmpressive que.emen‘l' between data and simulation

o Slight HCAL end-ca over*-C.qliqu‘l'ion, visible only beyond +racker qcc.ef'l'qnc.e
J 7 1 =
3 Being Calibrated away for 200l datq taking

Patrick Janot Particle Flow Event Reconstruction
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Particle-Flow.pesfomance. in a8 GO

Q Sysl'e.nq‘l'ic. unctf'l'qih'l'y on the jet energ) scale (JES)
¢ From data ° ECAL scale Known to l7o (71:0, 2). HCAL scale Known to 57«
o with 25 7o Y and |07o l\°, the ulimgte JES un%f‘hin‘l", IS qLo«“' |7o

. . ) ; CMS preliminary, 2.9 pb’ \Js=7TeV
Loy} 10_ T T T T T TTT T T T T T TTT _]
o with THjet events mc,lua\mj 9 i ——————— ;
e Flavour unc.o.r’cqiw}, > °F — Total MPF -
€ gE particle flow jets +Eh;3'[0" 'I'-if;‘file =
© r ) - Extrapolation ]
® Photon scale T o7p ANk 0S&0.7 | offset (+1PU)
o Me.‘n\bd unCer“'qin‘}, § 6E - Residuals 3
o Stqtistical uncer}qin’q o 5
. . QO
° Ex+rqfo|q+wn un%f‘l‘qm{'y X 4:
L 3f
= -
S 2
* ALOud' 370 JES unCQr'l'q;n‘{"’ gor PF je‘l's ﬁ 1
. _l E I T . 1 1| | | || " esgyyyle J
o with °""7 3 ]"L of data 2030 100 200 10002000
e would be |°7o ‘cor calorimetric Jets P; (GeV)
Patrick Janot Particle Flow Event Reconstruction
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Particle-Flow performance in cMs (U0)

0 Measured jet resolution in datq
o Stll with YHjet events, but also with di=jet events (fT imbalance)

= 0.3
:.E _ CMS Preliminary 2010 i< 1.1
© - \s=7TeV,L =34 pb’ DiJet Asymmetry
20.25
oc B A Photon+Jet
@ -
- o2- e MC truth
B (See slide 103)
0.15
Z i ..... .
4 % ......... T o [
.
01— L ® ., T
oos| —— —— .
B Anti-k_ 0.5 PFJets
B | | | | | | | 1 | 1 |
920 s0 100 200 300 400
Transverse Momentum [GeV/c]
Patrick Janot Particle Flow Event Reconstruction
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Particle-Flow. perfomance. in ci GO

m) E'_xfe.c.’rea\ fercomqnu. gor Missinj Transverse E‘.ne.rjy y MET
¢ Amed gt meqsqrinj the Pr og neutrinos or .
o MET from fqu'icle Dow is very wduitive (From Pr Conservation)

> Sum over gll fqr{'ic,les {rom fqr{'ic,le Dow reconstruction

I\|Particles .
MET=- > E;
1=1
> The importance of l\qvinj all particles reconstructed appears deqr'y

Down 1o the smallest fossiue, Pr
with the best rossiue e.ne.rj" determingtion
o Another important variable, SET, measures the overqll qc’ﬁvﬁ, in the event

I\IParticIes .
SET = E.
T
=1
Patrick Janot Particle Flow Event Reconstruction
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Partice-Flow.pesfomance. in 8 G2

0 E'.xfec+ec\ fercomqnc.e for Missinj Transverse E'.ne.rjy , MET (cont'd)
¢ Amed gt meqsqrinj the Pr og neutrinos or .
o MET 'crom c,qlorimd'r‘rqlone isy mstead, q C.Ow\flic,q{'gd beast :

NTOWerS
> Raw MET : MET =- > E!
Sum over all calo towers i=1
> Corrected #or muons - N uions Ei
Muon-c.orre.c.‘l'ed\ MET B ) T
> Comected for jet response Ny,
Tyfe.‘l corrected MET - Z(E':',corr o E'II',raw)

i=1

> C.orrec.‘}ed "\or un-dqsl'ered enerjy resrmse
Tyfe-II. corrected MET

N Unclusterd Towers _
|
a E E;

i—1

Patrick Janot Particle Flow Event Reconstruction
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qul'ic.le-Flow fﬂ"tbmqnc.e n CM-

m) E'_xfed'ed fergomqnc.e ‘cor Missinj Transverse E‘.ne.rjy y MET (Con“')d)
¢ Amed gt meqsqrinj the Pr og neutrinos or .
o MET from c,qlorimd-r‘rqlone can also be corrected for tracks :
. Nowee

Sum over all calo towers i1

3 Corrected for muons :

N mons N
Muon-Corrected MET B Z ET
i=1

3 Corrected for 4rack expected response in a M'oriwlir.t“rjc road °
Track-corrected MET — Z (f)'T — E+wm )
i=1
o ... which jives an “Ene.rjy-ﬂow” ‘l"nso. og MET
> An infermediate 5+°-f) il-‘ one is too sl\y to 9° {0 {-‘..II Particle Flow

Patrick Janot Particle Flow Event Reconstruction
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qul'ic.'e-ﬂow ftf'cbmqnc.e n CM

a EXfeCo“'ed MET reso|u+ian ¥or MUH';" Je‘l' e.ve.-d's
¢ No MET exfecl'ea\ in these events (no meutrinog) :

o G(METXN) is the resolution $o0 measure ©
o(MET,,) (GeV)

60~ === calo

- - SETRECO . SETGEN
50~ =-=- PF - o

- - 000—

- - g Calo

- &= :%’ 3500 PE
40— ._;4—1—' ,%H 3000~

- el — ¥ 25007

N . — g
30¢=""""" g P e 2000

E : R "7-4" 1500

- W Pran 1000
20— 3 el -

- : ,,_/.L, 500

L/ PR oo 500 600 400 200 0 200 400 600 800 1000
10-=t=t ASumEt [GeV]

il

u [ | I I i | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 500 1000 1500 2000 2500 3000
SET (GeV)

o I.nfroved resolution L’ Q 'ch:l'or > 2 all the way {0 SET = | Tev

X [
Patrick Janot j IParticle FIowIEvent ReconstrEction j
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qul'ide-Flow fergomqnc.e n CMS

0 Measured MET resolution for malti=jet events
o Factor of 2 imrrovemevd' Contirmed with data, on both %)Y Cbhfonen+s

X,
W
5 o

o(Calibrated E_ ) (GeV)
N
(=]

-
G

-
o

S5

—+— type1 caloi, (Data)
— type1 caloi, (MC)
—+— type2 caloB (Data)
— typeZ2 caloi; (MC)
—t— tcE, (Data)

tcE, (MC)

—t— pfE, (Data) e Typ
pfE; (MC)

Ns =7 TeV
CMS preliminary 2010

e | corrected

e Il corrected

ticle Flow

11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 | 11 1 1 | 111 1 | 111 1
IQ(Il S0 100 150 200 250 300 350 400

Calibrated pfZE, (GeV)

e Residual disq’reemen‘l' with simulation will disqffeqr with HCAL calibration

Patrick Janot

Particle Flow Event Reconstruction
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qul'ide-Flow fergomqnc.e n CMS Q-

0 E‘_xrp,c:l'ed MET resolution 'cor events with missinj e“erﬂ

® W + jebs events) with W — LV  Transverse mass wade

‘ TMass: Iso + pt >25 (stacked) |

2200 T T T T T T T

2000; [ ] TauolaTTbar i

1800" I veer

1600:* Il zumu_mz20

E [ ztautau_mz0

1400; B rncusivepPmuptts

1200 [ wmunu

1000 =
BOO; é
600, =
400; é
oot

% 20 40 60 80 100 120 140 160 180 200
M, (GeVic?)

| TMass: Iso + pt >25 (stacked) |

ZEOD
: :l TauolaTTbar
2000; Il vaunu
[ - Zmumu_m20
r [] ztautau_m20
1500; B 1nclusivePPmuPt1s
[ [ wrmunu
1000 ]
5001 ]

00 20 40 60 80 100 120 140 160 180 200

M, (GeVic?)
(o) Jd'

| TMass: Iso + pt >25 (stacked) |

‘ TMass: Iso + pt >25 (stacked) |

[ ] TauolaTThar
500
Il vieunu
Il zrumu_m20
400 [ ztautau_m20
Bl 1nclusivePPmuPt1s
Wmun
300 I wmru

200

100

OD 20 40 60 80 100 120 140 160 180 200
M, (GeV/c?)

| TMass: Iso + pt >25 (stacked) |

[ ] TauolaTTbar
Il vieuns

Il zumu_mz0
[ ztautau_mz20

Bl 1nclusivePPmuPt1s

] wmunu

220
200
180
160
140
120
100

% 20 40 60 80 100 120 140 160 180 200
M, (GeV/c?)

| TMass: Iso + pt >25 (stacked) |

[ ] TauoiaTTbar
Il vaunu

Il zrumu_mzo
[ ztautau_mzo

B inciusivePPmuptis

] wmunu

500

00 20 40 60 80 100 120 140 160 180 200

| jet

M, (GeVic?)

[ tauciatTbar A/
Hl wiaunu

Il zmumu_mzo

[ ztautau_mz20

I inciusivePPmuPtts

[ wmunu

oﬂ 20 40 60 80 100 120 140 160 180 200

2 jets

M, (GeV/c?)

with ]’T(l'l) and MET

Cglo

PF

ass: Iso + pt >25 (stacked) |

[ rauotaTTbar
Hl waunu

Il zvumu_mzo
[ ztautau_m20

I inciusivePPmuPtts

] wmunu

20 40 60 80 100 120 140 160 180 200
M, (GeVic?)

> 2 jets

Patrick Janot
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Particle-Flow fergomqnc.e n

0 Measured MET resolution ‘Cor events with nissinj enerjy

¢ W t jets events)y with W — [V © Transverse mass made with ﬁ(u) and MET
W + one jet W + three jets

CMS Preliminary 2010,\Ns=7 TeV, L =36 pb?
L —

CMS Preliminary 2010,\'s=7 TeV, L =36 pb™
T T T

[ Top+Other

Events/ (6.5)
Events/(6.5)

L

120 — 140 | )
M, [GeV/c?] M[GeV/c]

° Missinj ener 7 resolution and response {"or neutrine C.Ongimed

> Both tor events without and events with missinj energy

Patrick Janot Particle Flow Event Reconstruction
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Particle-Flow.pesfomance. in a8 GBI

o CMS was 0’7 chance) alwmost desijned -cor fqu'ide—-ﬂow reConstruction
¢ Hermeticity, Simflic.i’r’, Grqmlqrﬂ'y, Mane‘HC Field Uslide 35)
e Found to be Just qdeluq“‘e
SEven if one could have dome beter (‘l‘rqclier, HcAL)
¢ Material © Extemal constraints led to q (very) hick. tracker Lslide 25)
o Caused a lot of work for Years to deal with it
> Photon Conversionsy Electron Bremss‘}rquunj, Hadron nucClear interactions
IS Re.a\undqnc.y * No energ) megsurement re.dunAany in the calorimeters Lslide 35

e Source of Continuous nightmares Lor Calorimeter Clegnin
¢ But there was q l\qnd‘cul 03 enthusiastic and Knbwh.dje.que. fe.orh, tS'ide. 34
o who believed in the success of the project from first principles
® Axd who cCompleted it in about four years of ceaseless work
> (Remember @ four months in ALEPH, because of +he +ko..jk+¥..| design)

¢ Particle Flow is now used in most CMS fl\"sic,s q'\quses

Patrick Janot Particle Flow Event Reconstruction
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 Badfsuboptinal desiqn s wok the wore eneny |

| Pe_ofk. Gre worse ...
IS Rglijious war from cqlorimeter eszr’ts [ users ($O7o of the CMS collaboration)

s "qul-ide Flow never worked at a hadron collider” 2001

o “qul-ide Flow is too c.omflic,ad'ed — calorimeters are simfk” 200%

o “It may work on simulation, but it won't work on data” 20609

° “1{' may work on data, but 4 does not Lrinj much ... 2010
. Relijious war from ’trqdﬁinj experts [ users (5'07(, of the CMS collgborgtion)

o "“Tdergtive thKinj is lwfdess is such an environment” 200b

o "4 may work for electrons, but what else do we need i for?” 20061

o "It works, but it does ot Lf;nj that much” 200%
¢ Iterqtive ’rrqcliinj has become the official cMs ’trqdiinj 2009
¢ Particle Flow is now used in most qmlyses m CMS 2.0l

o But shill people think s magic. inside
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o Bxtracts ‘crom Richard WEjnqns) lecture on Mm\dqy, Jan. 3t
& A number of re|ijious statements, typical of a calorimeter expert
e "(‘.q|orime+er jrqmlqri‘l'y Lrinjs only Confusion
o "“The fact that &5 7o of the energy is fo.rCec:Hy measured in fracker is irrelevant
e “GEANTY has mever predicted qnyl'l\inj correctly c.onc,erninj hadron c,qlorime’rry”
[ “Advoc,ad'gs og fqrﬁde"gow reConstruCtion use r‘»\m\y s‘l’q‘i’igl’ic.s”
> "Because 'ﬂ\e.y are wot l\qffy of the results”

a0 ConClusion
¢ Once You have Convinced yourse.lg that You have 4 jood ideq
o Based on scientific observations (First principles, {-\eqsi\vimy s’rua\y, )
3Don’t let experts (of something else) Kill your ethusiasm !

Just think, wove forward, and FoLLow YoUR DREAMS
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