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Introduction

La question centrale de la physique des particules actuelle est 1’origine des masses des parti-
cules ou, en termes de théorie quantique des champs, le mécanisme de brisure de la symétrie
électrofaible. Le scénario le plus plausible pour cette brisure de la symétrie électrofaible est le
mécanisme dit de Higgs. Il permet de rendre compte des masses des leptons et des bosons vec-
teurs, et prédit I’existence d’au moins une particule scalaire, le boson de Higgs.

Les recherches directes du boson de Higgs, effectuées aupres des accélérateurs LEP et Teva-
tron, n’ont pas encore donné de résultats positifs, établissant ainsi pour sa masse une limite
basse d’environ 100 GeV. Des arguments théoriques basés sur la cohérence du Modele Stan-
dard et des recherches indirectes donnent une limite supérieure a la masse du boson de Higgs
de plusieurs centaines de GeV. La région de masses restantes sera efficacement explorée par
un nouvel accélérateur, le Grand Collisionneur de Hadrons (Large Hadron Collider LHC). Sa
construction est en cours au Laboratoire Européen pour la Physique des Particules (CERN),
pres de Geneve, et son démarrage est prévu pour 2005. Le détecteur «Solénoide Compact a
Muons» (Compact Muon Solenoid CMS), un des deux détecteurs a vocation généraliste, sera
utilisé pour explorer la physique accessible au LHC.

Le sujet de cette ;[hése est I’étude du potentiel de découverte du boson de Higgs dans le canal
H — ZZ* — 4e™ . 1l est prévu d’utiliser ce canal pour la recherche du Higgs dans la région
de masses s’étendant de 120 a 180 GeV environ. Le calorimetre électromagnétique est essen-
tiel pour la détection des électrons. Notre contribution a sa construction est également présen-
tée dans cette these.

Au premier chapitre nous donnons un bref survol de la partie du Modele Standard relative au
Higgs, de récentes limites théoriques et expérimentales pour la masse du boson de Higgs, et
les grands traits du secteur de Higgs des théories au-dela du Modéle Standard. Nous présen-
tons de maniere plus détaillée les calculs théoriques récents qui concernent notre étude : les
principaux mécanismes de production du Higgs au LHC et les rapports de branchement du
Higgs.

Une bréve description du Grand Collisionneur a Hadrons et du détecteur «Solénoide Compact
a Muons» est faite dans le second chapitre. Les principaux sous-systémes de détection de
CMS sont présentés. Les caractéristiques du calorimetre électromagnétique sont plus particu-
lierement développées, car c’est un des détecteurs les plus importants pour la détection des
électrons.

Pour atteindre et conserver les performances spécifiées du calorimetre électromagnétique, il
est important de vérifier les caractéristiques de chacun de ses composants. Au chapitre 3 nous
décrivons un systéme pour le controle qualité des structures alvéolaires destinées a contenir




les cristaux. Nous insistons sur la description du systéme de contrdle de la qualité optique, et
présentons 1’instrument, la procédure développée, ainsi que les résultats obtenus.

Notre étude de la sensibilité de H — ZZ* — 4e™ est exposée au chapitre 4. Cette étude est
basée sur une analyse au niveau des particules utilisant les calculs théoriques les plus récents
et la derniére version des générateurs Monte Carlo de particules. L’accent est mis sur le
moment transverse du Higgs et le bruit de fond en Zbb, qui sont des aspects importants pour
lesquels des études plus approfondies ont été nécessaires. Les caractéristiques cinématiques
des événements du signal et du fond, I’optimisation des coupures cinématiques et topologi-
ques ainsi que quelques coupures supplémentaires seront présentées de méme que les résultats
sur la visibilité attendue du Higgs dans ce canal.

Au chapitre 5 nous étudions les effets de détecteur dans la recherche H — ZZ* — 4e* 2
CMS. Les algorithmes récemment proposés pour la reconstruction des électrons sont pro-
grammeés et utilis€s avec une simulation détaillée du détecteur. L’accent est mis sur le bremss-
trahlung dans la matiére du trajectométre, le principal probléme pour la reconstruction des
électrons. Les algorithmes développés pour récupérer les photons de bremsstrahlung sont éga-
lement présentés. Pour utiliser efficacement ces algorithmes, un estimateur optimisé pour
I’énergie des électrons a été nécessaire. Nous avons développé une nouvelle méthode pour
cette estimation de 1’énergie, basée sur un modele de gerbe pour prédire la répartition des
dépbdts d’énergie dans le calorimetre électromagnétique. Comme ultime estimateur de I’impul-
sion de I’électron, une combinaison de mesures du calorimétre électromagnétique et du trajec-
tometre est utilisée. Les algorithmes développés sont ensuite appliqués a la reconstruction
d’événements Higgs, et les résultats sont comparés a ceux obtenus par 1’analyse au niveau des
particules.




Chapitre 1 Physique du boson de Higgs




Le boson de Higgs

* Question centrale de physique des particules: I’origine de masse des particules

c.a.d. le mécanisme de la brisure de symétrie électrofaible

Le plus plausible: le mécanisme du Higgs

Il prédit au moins un boson de Higgs
La théorie ne prédit pas la masse du boson de Higgs, mais elle peut la contraindre:

800

* limites supérieures:
trivialité

¢ limites inférieures:

00 I8 e )
24 stabilité du vide

A [GeV]

Echelle d’énergie a laquelle le Modéle Standard n’est plus valable
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Limites sur la masse du Higgs - expériences

* Recherches indirectes - mesures de précision électrofaibles

6 — —————— T ICHEP (Osaka, aodt 2000):
s Luncertiiudes theojfiles
t Aa,(‘?d = d
i —0.0280410.00065 | | +53
4+ 0.02755£0.00046] | 1 M.. = 62 .. GeV
4- '- 'H - H -30
N 1
= _J . A
< J M, <170 GeV dans 95% NC
2 .
» Cependant, ces limites sont relativement faibles, a cause des
dépendances logarithmigues des corrections radiatives sur la
0 | Exclu . Preliminaire | masse du Higgs
‘2 3
10 10 10

my, [GeV]

* Recherche directe - les résultats les plus récents proviennent de LEP II

* ]Jes données collectées a J; ~ 200 - 210 GeV donnent une limite inférieure de

Mg >112.3 GeV dans 95% NC,

e treés récemment: un surplus d’événement pour M, = 114 GeV
» LEP II est prolongé jusqu’a début novembre 2000

 Tevatron - découverte du Higgs possible juste quelques mois avant LHC

Ecole Polytechnique. 21 septombre 2000 9 Ivica Puljak






Chapitre 2

LHC et CMS

11



LHC - grand collisionneur des hadrons

* LHC produira des collisions:
- proton-proton, avec une énergie dans le centre de masse de 14 TeV
- ions lourds, avec une énergie supérieure a 1150 TeV
* Programme de physique:
mécanisme de BSE - recherche des Higgs, recherche de SUSY, violation CP,
tests du Modele Standard, le plasma de gluons et de quarks etc

Low 8 (pp)
High Luminosity

* quelques paramétres de la machine
* nombre de paquets: 2835
nombre des particules par paquet: 10"

* temps de croisement des paquets: 25 ns
» champ magnétique des dipdles: 8.33 T
* luminosité nominale (haute): 10** cm™s™"

* un an a haute luminosité

der = 10°pb” = 100 fb”"'
* un an a basse luminosité
[rdi = 10" pp™ = 10807

® exigences sur la conception de détecteur:
» une granularité ues fine  * une tres bonne résistance aux radiations
» une réponse trés rapide ¢ un systeme de déclenchement et d’acquisition des données trés rapide et trés efficace

Ecole Polytechnique. 21 septombre 2000 {2 Ivica Puljak



Compact Muon Solenoid - CMS

" romwarm |
iGALDRRETER |

A o —— -

L g |
- —— T s g |

| Diameter: 1 m | oL i YOKE :
ovefﬂl Lengh - 21 mm e A oo bt i CMS-PARA-O01-20.0897 PP
Magnetic Reld Alesla
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Trajectometre - conception

objectif

Reconstruire les traces isolées de grands p, avec une efficacité meilleure que 95%, et les traces de
grands p; dans les jets avec une efficacité meilleure que 90% dans la région de pseudorapidité |n| < 2.5

n=0 n=15_.

JI00  +s oo i T s E 2 v
1000 :
900 ;

800 . 5 . I .

700 s ' e,

600
500
400
ML W I
o T ] P
200
100 v

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

=wws double sided = single sided

détecteurs a pixels de silicium pres du point d’interaction

détecteurs a micro-pistes de silicium a plus grands rayons

résolutions attendues
* électrons: (SpT/pT)2 ~(0.15 - pT)2 +0.005°, avec pr enTeV, et pour || < 1.6
* muons: §p/ p = (4.5 - \/p)% , en combinaison avec des chambres & muons

cole Polytechnique. 21 septombre 2000 {4
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Calorimetre électromagnétique

Seretons

® Parameétres principaux:

o Tonneau: * Bouchons:
. Inl <148 . 148 <|n| <3.0 (2.6)
* 61 200 cristaux de tungstate de plomb * 16 000 cristaux de tungstate de plomb
e 22 %722 %230 mm3 e 28.6 x28.6 X220 mm3 |
« photodétecteur: diodes & avalanche (2 par cristal) * détecteur de pied de gerbe (3Xy)

* photodétecteur: phototriodes a vide

Eoole Polytechnigue. 21 septembre 2000 3] Ivica Puljak



Calorimetre électromagnétique - résolution

* résolution en énergie:

(6)2 } (JE) (‘[2) el

a

* a - terme stochastique

fluct. intrinseque + photostatistique ( ~

b - terme du bruit

électronique + courant du fuite + empilement

C - terme constant

'\///IVN)I

non-uniformité longit.+intercalib.+imperfections géom.

-

g 09
g 2.63/sqrt(E)+0.45+137.8/E
go.a
[©]
@
0.7
0.6
05 | [ R S PO '
o4 -
[
03 [
r
02 e ™ e e 0o
E

* résolution exigée (matrice 5x5)

résolution mesurée dans les tests en faisceaux (matrice 3x3)

Foerms>»=008%

Tonneau Bouchons
a (stoch.) 2'7%/A/E 5.7%/4/E'
c(const.) | 0.55% 0.55%
b (bas lumi.) | 155 MeV 770 MeV
b (haut lumi.) | 210 MeV 915 MeV
E. <a>=274%
<rms>=0.29 %
. I.‘l.lsl‘.lé' 3.5 4 (‘35
Stochastic Term{%
E oby = DAL G

2 025 03 035 04 045 05 055 06
Constant Term (%)
<Noise> = 142.1 MeV
<rme> = 8.5 MeV
................ IR TE NWE e
130 140 150 160 170 180 190 200 210 220
Noise (MeV)
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Chapitre 3

Contribution a la construction du
calorimetre électromagnétique




Structures alvéolaires

e [ e choix des structures alvéolaires est basé sur:

o les exigences mécaniques:

le poids du cristal = 1 kg, fragilité des cristaux, grand nombre des cristaux = 80000

* les exigences physiques:

I’espace entre deux cristaux < 0.5 mm, propriétés optiques ne détériorent pas la résolution en énergie

* Propriétés optiques - deux aspects importants:

e lumiere totale collectée

* uniformité longitudinale de la collection de

lumiére

o Les structures alvéolaires sont constituées de

deux types de matériaux:

* couche extérieure:
fibre de verre préimprégnée d’époxy,
75 um d’épaisseur

* couche intérieure: aluminium traité,
30 um d’épaisseur

® 6120 structures pour le tonneau

Conclusion:

les structures alvéolaires assurent que
la résolution en énergie reste au niveau
requis par la physique

Npe/MeV

Wrapping Test
® tyvekd Fruf —0.53%X,7) Rnuf —1.26%X,""
B mylar Fruf ~0.61%X,_ Rnuf -0.97%X,"!
A mylar2 Fruf —=0.51%X,. Rnuf —~1.017X,
¥ alvi(bad) Fruf —0.67%Xo ' Rnuf —1.12%X,"
O alv2(good) Fnuf —0.61%X,| Rnuf —1.15%X,""
{7 alv3(good) Fnuf —0.677%X," Rnuf -0.88%X,
11
105
10
9.5
9
8.5
8
7.5
7
P TS FUUIE FUUTE FUTTE FEE SUTE P PO N

0 25 5 75 10 125 15 175 20 225 25

Dist. from PMT (cm)
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Controle de qualité

 Pour s’assurer que toutes les structures alvéolaires produites auront des propriétés mécaniques et
optiques conformes aux tolérances, nous avons congu le

processus de controle de qualité

qui consiste en:

® suivi du procédé de production

- chaque tache du procédé de production a été optimisée dans le laboratoire, pour minimiser le temps de
production et le nombre des pieces rejetées,

- un systeme de suivi de I’exécution des tiches a été développé et installé chez le fabricant

* mesures dimensionnelles
- apres la production, mesures tres détaillées pour vérifier les dimensions

- les structures ne satisfaisant pas les criteres seront rejetées

® mesures optiques
- mesure d’un échantillon d’aluminium traité avant la production
- mesure de la structure apres la production
- comparaison des résultats

- si la structure ne passe pas les criteres, elle sera étudiée en détails et éventuellement rejetée

Feole Polytechnigque, 21 septombre 2000 [ Ivica Puljak



Controle optique - MONI CA

» Exigences:

» mesure des caractéristiques optiques signifi-
catives dans une courte période de temps B (NS
- pic d'émission = 430 nm
PIN:
- Hamamatsu §5821
-surface = 1.1 mm

* simple a utiliser
 de dimensions appropriées pour I’insertion
dans la structure

e stabilité sur une période courte

Mesure de:

» réflexivité spéculaire: la réflexion

» réflexivité diffusée: la diffusion

Les mesures démarrent automatiquement par
un interrupteur électronique déclenché par un
manometre

instabilités possibles:
- durée de vie de la LED ( ~ 2000 heures)
- variations de réponse de la LED avec la température

stabilité satisfaisante pour des mesures locales

pour une comparaison des mesures une référence a été prévu

Foole Polyiechiigue, 21 septembre 2000 20 Ivica Puljak



MONICA - mesure des structures _

~ 120 [
s |
Sl o aluntinium traité surface réflexivité diffusivité
= |
S [ .«
2 x nouvelle structure 1 almintut 2132433 | 452%0.7
S |
Q "f & nouvelle structure 2 nouwv. struct. 1 2013 + 56 443+ 0.9
w v vieille structure '
E BOY At 1979+£57 | 442%1.1
" . % * trés vieille structure — :
; * vieille siruc 1779474 | 429+13
60 -
. L **3: 5{ *3' tres vieille struct. 1610 + 69 55.8+7.3
),
; v T A .
l Y » e structures nouvelles / aluminium =-7%
w e vieille structure / aluminium =-15%
I R R T R B e tres vieille structure / aluminium =-25%
1200 1400 1600 1800 2000 2200 2400

e Conclusion:

Réfléxion (u.a.)

le rapport des réflexivités des structures alvéolaires / aluminium traité

est du méme ordre que

le rapport de la collection de lumiére avec les cristaux / tyvek

Feole Polyicchmigue. 21 septembre 2000
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Procéedure de controle

o résultats de e 4" refl  diff diff
résultats de chaque mesure: M, RMSeff . RMLSeﬁr
mesure de la référence
. RMS
W * critere local: —7 < AL
mesure de I’échantillon d’alu. .
* criteres globaux:
référence échantillon
. " M
Jref pref . ech ech ech
M/A’Iemlou € {"\glub’Bglol)-] M f/Remlzm € [Aglob’Bglob]
ie
production

structure alvéolaire
de la structure

’Mr.srruct/ M("(,‘ll Asu'uct struct
A{re‘f M/r()f € [ gl(’}) 24 gl()b ]
les valeurs des critéres
L. local global
mesure de la référence réfl. et diff. réflexivité diffusivité
* Aloc Aglob Bglob Aglob Bglob
( mesure de la structure ) référence 2% 0.5 12 0.5 1.2
éch. d’alu 3% 0.9 1.2 0.8 1.2
structure 4% 0.85 1. 0.8 1.1

Foole Palytechnigue. 21 sepiombee 2000 Ivica Puljak
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Resultats sur les structures du Module 0

S 12 10
§ i : : 9 E
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S - ; 7 F
B e & 6 |
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B O 4 f
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0.8 __ .......................... ......................... 2 ;
F I

0.7 PSR N WA T WO T S 0

0.8 1 1.2
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Controle qualité - conclusion

* La production des structures alvéolaires a été confiée a MOC Composite

* Le systeme développé pour le contrdle qualité des structures alvéolaires consiste en:

* suivi de la production
* mesures dimensionnelles
 controle optique

* Le systeme de contrdle assure que les structures produites ne détérioreront pas les per-
formances du calorimetre électromagnétique

» Apres vérification des résultats dans le laboratoire:
’ e les structures alvéolaires seront envoyées aux centres régionaux pour

/ I’assemblage
e les résultats de controle (suivi de la production et toutes les mesures)
, seront entrés dans la base de données CRISTAL

Ecole Polyicchoigue. 21 septombre 2000 Ivica Puljak
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Production du Higgs dans LHC (1) ‘

e fusion des gluons gg — H:

- diagramme de premier ordre(LO)

ge000090

bty ... H

gTTTTEETT

tions des ordres supérieurs
dans NLO: K = oy, /0,
My e (120, 180) GeV = K = 1.6

facteur K - utilisé pour exprimer la quantité de correc-

- exemples de diagrammes a 1’ordre suivant (NLO)

g g q—» - q

......... H b,t R ¥

S
S

.. gge >H+Xat LHC
e my = 150 GeV, CTEQ4M, Vs = 14 TeV
T ResBos 98.07.14
---------- PYTHIA 5.7 default
***** PYTHIA 6.122 defauls
----- PYTHIA 6.122Q7 =5

o
[

UL RARRE RE RN
RN

do/dp, (pb/GeV)
2 g

UL LU

0 coaa e e e b g Voo oot a Vg L b by

application du facteur K aux événements générés 0 o 20 30 40 50 60 70 8 90 100

Py (GeV)

exige un accord de la cinématique —>  étude de py

les calculs analytiques

incertitudes théoriques:
» fonctions des structures = 10 %

* variations de 0y, , avec I’échelle de renormali-

sation et de factorisation =15 %
e calculs NNLO encore inconnus

pour les études inclusives du Higgs il y a accord avec

do/dp,. (pb/GeV)

o oot e e b b 1

= H <
0 20 40 60 80 100 120 140 160 180 200
Py (GeV)
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Production du Higgs dans LH C (2) : ;'

* fusiondes Wetdes Z: qq — V*V*qq — Hqq

* les corrections QCD sont d’environ 8-10%

* les deux jets avec des petits angles peuvent étre utilisés pour la suppression de bruit
q . q de fond

* Higgs-strahlung: qqg —> V* - VH

9 wz
w * les corrections QCD sont d’environ 25-40%
“

q » I'utilisation de Z ou W peut améliorer la visibilité du signal

» production associée avec une paire tt

* détection possible de paire #¢

* les corrections QCD sont encore inconnues
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Production et désintégration du Higgs

F T T T T T | AL DL B T
2 | o(pp->H+X) [pb]
10 Vs = 14 TeV 3
i gg—H M, =175 GeV
10 N CTEQ4M
1 F
E
-1 !
10 ¥
) A
10 F
5
10 F
10-4:-“114441 N S BT P B 1..".'"'.'"'.‘-4“.. A -
0 200 400 600 800 1000 200

M, [GeV] M, [GeV]

« Environ 2 000 000 événements de Higgs attendus pour mj; € (130, 180) GeV pour 10° pb™’

* My e (130,180) GeV BR(H — ZZ*) =2 -10%
« BR(Z - ee)” = 34%° = 0.11%
+ Environ de 40 2 200 événements H — ZZ* — 4¢" attendus pour 10 pb_]'
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Bruit de fond ZZ* /v* et tt

* deux processus au premier ordre: gg — ZZ*/vy* et gg —> ZZ*/y*
* seul qg — ZZ*/y* implémenté dans PYTHIA

* corrections QCD:

- le facteur K pour le ¢g — ZZ vaut 1.44
- PYTHIA sous-estime les prédictions pour p,(ZZ) > 100 GeV

pour gg — ZZ*/y* nous utilisons les résultats:

» 0(gg > 22)o(qqg—> ZZ) =

0.35, en négligeant les différences cinématiques
* les corrections QCD sont inconnues, mais potentiellement importantes
+
* préselection: au moins 2¢ et 2e  avec prp>6.5GeV et Inl <2.5

* apres présélection: 6(ZZ*/y* > 4e) =

,\\<
(@)

* apres présélection: 6(tt — 4e)

2.66 fb, c.a.d. 266 événements attendus pour 100 fb!

plusieurs sources d’électrons
sections efficaces:

__+128 +167 . __+167
= (315 95 —228) pb, GNLO(”) =(758.8i75_228) pb

nous avons forcé W — ev,
la contribution des autres canaux de W constitue une source
d’erreur systématique

= 27.06 tb , c.a.d. 2706 événements attendus pour 100 b

“eole Polyvtechntgue, 21 septo
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Bruit de fond Zbb

* Production dans LO:

g+g—>Z+b+b

9~ 3 I~ b b
b s> g--~
9-7 Y -z - 1Y S 1 3 2N Lz
- . gome -
b b
. Pt 4 b
g--~ g--- y---}::
b b b ] L2 SR
y———E ——-}: g---
b b 3

<

[

q+G>Z+b+b

b a 5 g s
q -'7-< >-ﬂ- >-ﬂ-
q{ 54 sl -z q o4 oz
el . .
N b ]

b+b—Z+b+d
s L% b b——v—:—b—b
é 9 3 b 9 L.z _g' 5
! ~b ’ ~5 s—o—b{:z

® problemes dans PYTHIA
» génération incorrecte d’espace de phase
* n’existe plus dans PYTHIA 6.x
* la génération par gerbe de parton sous-estime la section effi-
cace et la cinématique

® nous utilisons:
e CompHEP - pour le calcul de section efficace et pour la
génération des Zbb dans 1’état final

* PYTHIA - pour la désintégration et la fragmentation

* section efficace au LO

(CTEQ4L, @ = my, a0 = 0.132)

état initial g8 B qq
G, o(pb) 780.79 148.79
e les variations de ¢ 1.0 Sont d’environ +20% autour
0= my

* c.a.d. les corrections QCD sont importantes

e apres présélection: G (Zb[; — 4e) = 20.65 fb, c.a.d. 2065 événements attendus pour 100 fo!
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Coupures d’analyse

X

|

’ * coupures et acceptances (relatives):

/

py des électrons M. my isolation | acc. to;alé |
/ > m.—13 GeV pas de traces chargés avec | . '
pr>20,15,10,7GeV | 15 <m_ <80 GeV | m z pr>2.5 GeV dansun -
| ee “<m,+6 GeV o |
cone R = 0.2 ‘ )
/ ny = 130 Gev 0.94 0.90 0.82 0.93 (0.80) 0.64 (0.55)
ny = 150 Gev 0.98 0.95 0.91 0.94 (0.80) 0.80 (0.67)
/ ny = 170 Gev 0.99 0.96 0.94 0.94 (0.80) 0.84 (0.71)
-y 0.91 0.81 0.91 0.95(0.81) | 0.63(0.54)
/ tt 0.87 0.64 0.70 0.014 | 0.0055
| 7bb 0.77 0.38 0.90 0.067 | 0018

/ * les nombres entre parentheéses correspondent a la haute luminosité

/ * ajustement des coupures possible aprés une premiere étape d’analyse

/

/ Feole Polytechnige
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Résultats de I’étude au niveau générateur

S
S
-1
~
S
w

3 . VA 2 Kinematical and isolation cuts applied
Ls) I
Q . s |
N
g 06 |- E t : s
I Q r
|
P W 2 :
B = 2
e S J0°F
S os B sigoal 2
s [ signal
S I
$
= I
§ B
b3
10 |
I ZZ‘X
R .
| [ T Gaeannn L Thihhie Bruosmms -
I
NPT TP dosreasis A, -
N P R/
# e St ¥ o « i
o
0 gl L e L L L
Mo 120 130 1o IS0 160 170 180 190 200 Mo 120 Do Mo Is0 I 10 1o 1% 200
m,, (GeV) m,, (GeV)

Cette visibilité du signal est trés optimiste,
car elle dépend tres fortement de P’efficacité et de la précision de reconstruction
des électrons dans le détecteur

d
D
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Chapitre 5

Etude de la reconstruction de

H—ZZ% — 4¢"

33



Probleme de bremsstrahlung

1.2
¢ Problemes potentiels . } Radiation length in All Tracker

* perte en efficacité W e i
Pixel

e perte en précision iy i

E Common

[E Outside

» Fraction des électrons avec
1mpact .
E—P— <0.1 = 12%
généré
* Fraction des particules secondaires avec

Esc«,>] GeV =13% % 025 05 075 1 125 15 175 2 225 25

py=10etp, =30 GeV

r (cm)
—
N
S

e o iRt

P

E #M‘n’r"-r;e.‘vwaem

: ..:.aﬁs:aﬂamxﬁs
3! ﬁ“"""m‘f«’ﬂi%"’" EEEE

; "é\*i&;&«& sa=¢m- : LB ] : X

~
S
llIlIII|II|IITF]TI’IT]’IT]’]TT}'T

-300 . = 300
z(cm)

Eeole Polyiechnique, 21 septembre 2000 24 Ivica Puljak



Reconstruction des traces

+ L'algorithme utilis€ est basé sur un filtre de Kalman
 démarre avec une prétrace (pixels)
 prédiction + inclusion de la mesure
e itération (de I’intérieur vers 1’extérieur)

X/ndt 1992 / 6
Constant 5452+ 1839
sw |- Mean -.6480E-02 Y483E-03
Sigma 1299E-01 £ [1493E-03
-~ 1.1
w
N— I 4 |-
D
]
@
8 -
~ U o
S /r
& - [
F 2m r—
e , py = 10 GeV
' : oo |-
| -
_________________________ 0 FEET R B S R S ath ]
08 r» -1 0.8 0.6 04 0.2 0 02
: PrecP, gzn/ (4 gen
’- o L ¥/ndf 1156 / 6
’> Constant 1441 9.876
- Mean -9952E-02 + 1273E-02
07 + o Sigma ASI4E-01 + 221E-02
I ~ LN S
7
— 10 (JCV, <E>=84%
B 1
06 - - 30GeV,<e>=88%
&
!
60
o b o 10 1 L e V) “_pT=3OGeV
0 0.2 04 0.6 0.8 1 1.2 14
nl e
o —lan o " IE&_L
-1 0.8 0.6 04 0.2 [ 02

PrecP gelﬂ’ gen

Ul
LA
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Reconstruction des agrégats

* Exigences pour un algorithme d’agrégation:

« adapté aux fluctuations événement par événement de la position et de la direction de I’impact de
la particule

« agrégat pas trop grands, pour éviter I'influence du bruit ¢} o '
» suffisamment local pour distinguer deux gerbes pro- % N L % o Z
ches of T o= | o
* Algorithme dynamique: % .. ) % 3
1. recherche d’un germe A 4

543210123453 5343321012343

. . v 2 i ¥
cristal avec un maximum local d’énergie plus grande qu’un N >

senil

seuil (Egerme = 3'30bruit)

o

.:.;,

2. construction de ’agrégat
Attachement des cristaux qui sont voisins par un c6té d’un
cristal de I’agrégat et qui ont moins d’énergie que ce cristal

SDhLGL N~ wa v
= i

B fad £
ShhLLiho~owaw

® Recherche des photons émis par bremsstrahlung

» depuis 1’énergie transverse de 1’agrégat de 1’électron N S

on peut prédire ou chercher des agrégats de photons
* les agrégats trouvés sont attachés a 1’agrégat de 1’électron
» pour les cas de photons durs, on a besoin de changer d’algorithme d’association
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/ Méthode de poids |

|

* estimateur d’énergie le plus simple: ‘somme des énergies dans l’agrégat’
E s = zei )
¢ traitement de bruit inadéquat; N cristaux avec un bruit non correlé (¢ bruip) CONtribuent No bruir & 12 variance

* le bruit commence a dominer la résolution quand 1’énergie est inférieure a environ 20 GeV

* une aultre estimateur peut étre construit dans la fagon suivante:
» chaque cristal dans laquel la particule dépose une fraction (f ;) de son énergie donne un estimateur de I’énergie

|

/ totale {E_“fﬂ . i
luf,-j =1, ...,

|

* la combinaison optimale de ces estimateurs est une somme pondérée

~ - e.
_ N AR T TAy
E = E,wilz, = E Wif = _5_ w.e;

i

* la contrainte pour que cet estimateur ne soit pas biaisé (E) = E est équivalent a Zwi fi=1
* les poids sont obtenus en minimisant la variance, avec la contrainte introduite par le multiplicateur de Lagrange

2
O = Gé—Zk(ZWifi—l)

« comme résultat on obtient la matrice des poids:

T 1. ) )
S F - S est la matrice des covariances
- F est la matrice des fractions

Ivica Puljak
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/ Modele de gerbe

* pour I'implémentation de la méthode de poids on a besoin:
* d’un modele de gerbe électromagnétique pour la prédiction des fractions
* d’une modélisation de la matrice des covariances

|
g

' * modele de gerbe

|« paramétrisation des profils longitudinal et transverse

dE/dz (GeVI0.2X,)

- profil longitudinal

o
dL _ B" oa-1 -z
dz ~ Eincr(og)Z €

- profil transverse

2(y-1 2(y-1
dT(r,z) _ (/- l)rkl(y )+(1 )2(7’ 1)’sz )
=4a —-a
/ drdz (’_2 +R%)Y (r2 +R§)Y

dE/dr (GeVIOIR )

 implémentation dans la géométrie de CMS
e pour atteindre la précision nécessaire des prédictions:
* ajustement du profil transverse au profil simulé avec GEANT,
en changeant les parametres R, Ry eta
 modélisation des effets du champ magnétique

’ Feole Polyicchimigue, 21 septembre 2000 3 Ivica Puljak



Matrice des covariances

* fortes corrélations entre les énergies déposées dans des cristaux voisins

P

08 F
06 |
04

02

0.2
-04
0.6 |-

08 F

* pas de paramétrisation simple

* nous choisissons o, ~ J;

» tous les poids deviennent les mémes, et I’estimateur d’énergie est Ej,, = =2

<
S.
o)
-------- 0.05NED0.03/E
0.10VES0.03/E
-------- 0.15NE®0.03/E
. L ]
[ ] L] ‘
. e o &
| | ) ] L"‘r?"..’ s e Ciis
2 3 4 5 6 7 8 9 10
e, (GeV)
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Meéthode de poids - résultats ( 1 ) IR

® sans trajectometre:

S 3k
g 5B ® somme simple 1. Entrée du ECAL:
® ¢ g—l', ‘i. * méthode de poids *E=10GeV
3.5 ;—l‘. - === 0.032WE®3*0.03/E *E=30GeV
3 E— \l ------- 0.027AE®50.03/E 3 L Re—
Gt IS « pr = 10 GeV, ((E) = 14 GeV)
2 F e py = 30 GeV, ((E) =~ 42 GeV)
15 ot
z e
I ST, : “ e points d’impact distribués uniformément
05 E ST Teee—..@ | e direction et point d’impact extraits de
OZLIJI LJII[JLIII[[JIIJ_III GEANT
0 10 20 30 40 50
E (GeV)
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/ Meéthode de poids - résultats (2) .

e avec trajectometre:
* exemple:pr =10 GeV

, . 2
tous les événements A"<15

100 [ X'/ndf 1668 / 19 20 - X'/ndl 6673 / 1S
B Constant 8242 £ 3.549 — Constant 58.87 + 3.240 ry1 4 Py > .
T | Comin ) sty E | et ool o influence du trajectometre:
80 :_ Sigma 0.1635E-01 + 0.5596E-03 60 E— Sigma 0.1441E-01 £ | 0.6244E-03 ° bl‘emSStl‘ahlung
o s 0 E * extrapolation
i 40 F .
. - « seulement les cristaux avec €; > 2G, . .,
’-— 30 ; . z rd pd -
40 T s considérés dans la méthode des poids
- 20
20 - s
i 10
o b 0 k&
’ 0.6 0.8 1 1.2 0.6 0.8 I 12
EJE,. EyW/E rue
3 ) g - -
S 1 e cusering § If Py résultats: 1 — méthode de poids/ somme simple
§ [t single weight P ? i gl |
§ 08 [ e Sos | (Y accept. | RMSeqr | o
: ,'1(/ : ? ? 3 .
06 L I, o6 - P! 10 GeV 50% | 15% | 19%
i Y/ L 5 (30 MeV bruit)
7 S | 1
’ T IR 10GeV | 60% | 18% | 29%
_ L . 100 MeV bruit
02 v ¢ 02 | * ( )
B B
’ : 30GeV | 70% | 10% | 15%
0 L1 | AT S T AR T T T 0 R B L¢4J DR T N (30 MCV bmlt)
0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
’ RMS o/E
41 Ivica Puljuk
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Estimateur final d’impulsion

* Estimateur final = une combinaison des mesures du ECAL et du trajectométre
* exemple: py= 10 GeV

180
160
140
120
100
80
60
40
20

résultats
[ o E 1 + 5 +36)
we-E+w -p if|=-1/<20 g(+20) | e(¥30)
E pt ip E/p RMS,| o %) | (%)
. 78.5
) E if IE S 1426 pT =10 |E 0.029 0.0164 71.5
" p E/p Gev 1P 0.025 0.0120 67.1 74.2
E © 5| 0017 | 00127 | 791 86.5
p A 7 py =30 [E| 0020 | 00080 | 623 69.9
GeV p 0.045 0.0175 59.7 68.1
© 5 | 0016 | 00084 | 694 75.5
— X-/ndf 8957 / 19 180 |- ]x’/ndf 2844 / 14 180 X/ndf 3558 / I5
o Constant 102.2 + 4.035 » Constant 1239 & 4.857 - Constant 145.0 £ 5.651
[ Mean L000 +  0.3755E-03 160 -~ l Mean 1003+  0.4926E-03 160 Mean 1001+ } 0.4501E-03
- Sigma O0.1637E-01 +  0.5339E-03 - Sigma O0.1204E-01 +  0.4112E-03 o Sigma 0.1271E-01 + [ 0.4082E-03
- 140 ¢ 140
3 120 | 120
- 100 | 100 |
— 80 80 g_
- 60 F 60
- 40 F w0
- - -
E_ 20 = 20 E’
- el 0 L 0 = | R S D |
0.6 0.8 1 12 0.6 0.8 1 1.2 0.6 0.8 1 12
EJE true P /E true I; /Etrue
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Reésultats sur la reconstruction du Higgs (1)

my = 130 GeV | my = 150 GeV | my = 170 GeV
acc. de reconstr. des ¢ 0.64 0.65 0.67
coupures en p, des ¢ 0.89 0.91 0.94
coupure en masse de Z* 0.90 0.94 0.95
coupure en masse de Z 0.77 0.86 0.92
O, (GeV) 1.29 1.58 1.78
efficacité 20 0.68 0.67 0.67
efficacité 30 0.77 0.77 0.76
acc. totale niveau génér. 0.56 0.68 0.67
WES 551 90 F T Entries an
= Mean . lean 146.8
80 | RMs ‘:62;; u 80 :’Ms .:176
70 B [ /ndt 580 7 6 0 B [X/nef 837 s
F Constant 73.82 6.151 - Constant 8244 + 6.114
60 £ | Mean 90.56 + ?3 70F-01 60 F | Mean ] 1488 + 0.1081
o Sigma 1877 + 0.1708 = Sigma 1.553 £ 0.9858E-01
50 :— 50 E
0 F 40 F
30 F 30 F
20 F 20 F
0 F 10 E
0 T .n.l"-ﬂrh-ﬂ ) L 0 3 |
60 80 100 120 140 160 180
m,, (GeV) m,, (GeV)
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Résultats sur la reconstruction du Higgs (2)

* une combinaison des résultats de reconstruction et d’analyse au niveau de générateur

< 10’ 8 2
2 § 1 5 ol
% | g B ® L=10"pb
Y~y - a2
3 | 4 -1
e M) o -
g | Al m L=10"pb
- -
§ 10%} [
> I’as
R ;

3 ) s
) signal n -
§ 1
= " 0+

R R /A L
S TV, n )
r P betrsigeieeen Zhb §
1+ ot L 2
E - L AV
F I S ST . N ".‘ . "a
3 L : L s
r S
- TS PN IV IS EPITE SPU AT AAArar B
10 FETENUNTE RENEERT TS RY AU T EY RESTETSRTE SYWTErETE ATAUAS AN T AR I SNUN AN A 0
me 120 130 140 o 160 170 180 190 200 mo a0 10 140 50 10 I 180 190 Ge ‘;)“0
m,, (GeV) my (

* améliorations possibles:

» efficacité pour trouver les traces
maintenant € = 0.9, pour £ =095 AS=10%

« recherche des photons de bremsstrahlung interne

* avec Z — [, significance augmente d’un facteur d’environ 2 et le Higgs pourrait étre découvert dans I'inter-
. . T nS -l
valle d’environ 120 GeV jusqu’a 2m, pour f Ldt = 10" pb

N ) - y ) e Drealic
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Conclusion

Le travail présenté dans cette thése con51ste en 1'étude du potentiel de CMS pour la recherche
du Higgs dans le canal H - ZZ* — 4¢”* . Cette recherche n'est possible que grice a un calo-
rimétre électromagnétique (ECAL) de hautes performances. Notre contribution a la construc-
tion du calorimétre électromagnétique fut le développement d'un procédé de controle qualité
pour la production des structures alvéolaires. Pour estimer le potentiel de découverte du Higgs
par le canal H — ZZ* — 4¢ , une analyse au niveau des particules, suivie d’une étude
détaillée de reconstruction ont été effectuées.

Apres plusieurs années de recherches et développements, le calorimétre électromagnétique de
CMS est entré dans une phase de production en série pour la plupart de ses composants. Les
structures alvéolaires, congues pour maintenir les cristaux, ont été développées au laboratoire,
et toute leur production a ét€ confiée a une entreprise. Les deux caractéristiques les plus
importantes des structures alvéolaires sont la précision de leurs cotes mécaniques et la qualité
optique de leur revétement réfléchissant interne. Pour s'assurer que ces qualités se maintien-
nent au niveau demandé par la physique, nous avons développé une procédure de contrdle
qualité consistant en un suivi du procédé de production, en des mesures géométriques précises
et en des mesures optiques détaillées. Pour le contrdle optique nous avons développé un ins-
trument permettant la mesure de la réflexivité et de la diffusivité du matériau interne des struc-
tures alvéolaires, qui est une feuille d'aluminium traité. La procédure de contrdle optique
consiste a mesurer un morceau d'aluminium avant la production et la structure alvéolaire apres
le processus complet de production. Le criteére le plus important demande que la réflexivité du
matériau interne de l'alvéole soit supérieur a 85% de la réflexivité du matériau brut. La procé-
dure proposée a €té testée sur les structures alvéolaires faites au laboratoire pendant la phase
de pré-production. Elle a confirmé que toutes les structures alvéolaires produites sont confor-
mes aux criteres établis. Tout le processus de contrdle qualité a été transmis au fabricant ot il
est en service.

Bien que la masse du Higgs soit un parameétre libre du Modéle Standard et donc ne puisse étre
prévue, des arguments théoriques et des données expérimentales de mesures électrofaibles
privilégient un boson de Higgs de masse intermédiaire. Dans le domaine de masses s'étendant
d'environ 120 GeV jusqu'a mz, un des principaux canaux de recherche du Higgs est
H—2ZZ* >4l , ou les leptons sont des électrons ou des muons. Dans cette thése, nous
avons étudié le canal avec 4 électrons dans l'état final. Les sections efficaces et rapports de
branchement du signal ont été calculés grice a des programmes appliquant les calculs théori-
ques les plus récents, incluant les corrections QCD et QED suivant le terme dominant. Les
particules de I'état final ont été produites par le programme de Monte Carlo PYTHIA, avec des
sections efficaces calculées a 1'ordre dominant. La normalisation de la section efficace obtenue
par la méthode de Monte Carlo a celle calculée par des modeles théoriques plus rigoureux
nécessite la concordance des variables cinématiques. Nous avons étudié la distribution du
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moment transverse du Higgs en comparant les prédictions de deux modeles : 1'un basé sur le
formalisme des gerbes de partons introduit dans les générateurs de particules de Monte Carlo,
et l'autre bas€ sur la resommation des gluons mous. Nous concluons que les deux méthodes
sont en accord dans la région des py petits et intermédiaires, qui domine la distribution glo-
bale. Dans la région des grands py; le calcul de resommation correspond au calcul exact des
éléments de matrice, tandis que le modele de gerbe de partons peut soit étre ajusté en permet-
tant une plus grande activité de la gerbe partonique, soit nécessite I'addition de calculs pour
s'ajuster mieux aux €léments de matrice. Un autre aspect important de 1'étude du canal
H — ZZ* — 4¢~ fut I’évaluation du fond en Zbb. Pour les calculs de section efficace et la
génération d'événements, le programme de Monte Carlo CompHEP a été utilisé ; il traite cor-
rectement la génération d'espace de phase de ce processus. Nous avons étudi€ les processus de \
production par fusion de gluons et par annihilation de quarks, et nous avons trouvé que ce der-
nier contribue pour environ 16% a la section efficace totale. Vu la variation d'environ 20% de
T'ordre dominant de la section efficace avec I'échelle de QCD, nous estimons que les correc-
tions d’ordre plus élevées sont importantes. Pour les 2 sources de bruit de fond, tF et
ZZ*/vy*, les calculs théoriques récents ont été examinés et ont servi a2 normaliser les sections
efficaces du générateur de Monte Carlo. Nous avons étudié 1'optimisation des coupures de
l'analyse. Les coupures en pr des deux premiers €lectrons ont été choisies 2 20 GeV et a 15
GeV, pour avoir une acceptance du signal de plus de 99%. Le trés petit nombre d 'événements
de ce canal, en particulier pour les plus basses masses possibles, fait que des coupures en pr
aussi basses que 10 GeV et 7 GeV pour les 3'°™¢ et 4 électrons respectivement sont opti-
males. Les fonds irréductibles, ¢ et Zbb, peuvent étre efficacement supprimés par les coupu-
res d'isolation, demandant l'absence de traces chargées avec pr > 2,5 GeV dans un cdne
R = 0, 2 autour des quatre électrons.

Les résultats de I’analyse au niveau des particules du canal H - ZZ* — 4¢* conduit & des
exigences tres strictes pour la reconstruction des é€lectrons. La validité du signal est, en gros,
proportionnelle a la racine carrée de la largeur de la masse du Higgs reconstruite. De plus, le
petit nombre d'événements de signal attendus, le faible moment transverse des deux électrons
les plus 1égers et la prédominance de la résolution du détecteur dans la largeur du Higgs
reconstruit demandent d'avoir de bonnes efficacité et précision de reconstruction des électrons.
Ceci a été étudié grace a une description détaillée du détecteur. Pour la reconstruction des tra-
ces, l'algorithme de recherche des traces est basé sur le filtre de Kalman. Pour la reconstruc-
tion des agrégats dans le calorimétre électromagnétique, un algorithme de recherche
spécialement adapté a été€ développé ; il suit, événement par événement, les fluctuations du
point d'impact et de la direction des particules. Le plus gros probleme dans la reconstruction
des électrons 2 CMS vient du bremsstrahlung dans la matiére du trajectométre. Dans ce tra-
vail, nous avons étudi€ un algorithme de récupération des photons de bremsstrahlung. Les
agrégats de photons sont recherchés dans une région déterminée par 1'énergie transverse des
électrons mesurés, puis associés aux agrégats d'électrons. Les propriétés intrinséques de cette
méthode, testée avec les informations de Monte Carlo pour l'identification des traces d’élec-
trons de 10 GeV d'impulsion transverse, lui donnent une efficacité de reconstruction supé-
rieure d'environ 30% a celle de la méthode recherchant uniquement les agrégats d'électrons.
Pour des €lectrons de 30 GeV de pp, le gain avec la méthode de récupération est d'environ
15%. L'algorithme de récupération est aussi utilisé pour améliorer I'efficacité de l'identifica-
tion des électrons. Au lieu d'utiliser le barycentre d'un simple agrégat pour correspondre a la
trace extrapolée, I'ensemble de toutes les combinaisons possibles d'agrégats électrons-photons
\est d'abord déterminé, et leur barycentre est utilisé pour la détermination de la trace d'électron
correspondante. Cet algorithme donne une efficacité meilleure d'environ 10% pour des élec-
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trons de p 10 GeV, et d'environ 5% pour des électrons de p7 30 GeV. De plus, nous avons €étu-
dié l'optimisation de I'estimateur de I'impulsion des €lectrons. En utilisant des prédictions de
la répartition des dépdts d'énergie de I'électron dans le calorimetre électromagnétique, la réso-
lution en énergie peut étre améliorée de plus de 15% pour des électrons de pt 10 GeV, pour
environ 50% des événements. L'amélioration s'accroit avec la valeur du bruit par canal ainsi
qu'avec le moment transverse de I'électron. Pour I' estimation finale du moment de 1’électron,
nous avons combiné l'estimateur du moment du trajectométre et I'estimateur d'énergie du calo-
rimetre électromagnétique. Des améliorations d'efficacité significatives ont été obtenues, la
résolution étant donnée par celle du trajectometre a basse énergie, et celle du calorimetre élec-
tromagnétique a haute énergie. Les algorithmes développés ont été€ appliqués a la reconstruc-
tion des événements H — ZZ* — 4¢~ . Les résultats obtenus pour la largeur de la masse du
Higgs reconstruit sont de 1,3 GeV, 1,6 GeV et 1,8 GeV pour des masses du Higgs de respecti-
vement 130 GeV, 150 GeV et 170 GeV, avec une efficacité dans la fenétre mHi2cmH de
67%. En combinant les résultats de la reconstruction avec ceux de 1’analyse au niveau des par-
ticules, nous concluons que le bosons de Higgs peut étre trouvé par H — ZZ* — 4¢~ dans le
domaine de masse s'étendant de 127 GeV a 168 GeV et de 172 GeV a 2 my, en un an de LHC
fonctionnant a la luminosité nominale. Au voisinage de 150 GeV, le Higgs peut étre trouvé
plus rapidement, dés la premiére année de LHC fonctionnant a basse luminosité.
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CMS discovery potential for the Higgs boson
in the H —» ZZ* — 4¢- decay channel.
Contribution to the construction of the CMS electromagnetic calorimeter.
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Introduction

The central question of today’s particle physics is the origin of the particle masses, or in the
quantum field theory language the electroweak symmetry breaking mechanism. The most
plausible electroweak symmetry breaking scenario is the so called Higgs mechanism. It
allows to account for the quarks, leptons and vector bosons masses and predicts the existence
of at least one scalar boson, the famous Higgs particle.

Direct searches for the Higgs bosons through its decays, performed at LEP and Tevatron
accelerators, have not yet given positive results, setting therefore a lower limit on its mass to
about 100 GeV. Theoretical arguments using a consistency of the Standard Model and indirect
searches set a higher limit on the Higgs boson mass to several hundreds GeV. The resulting
mass region will be efficiently explored by a new accelerator, the Large Hadron Collider
(LHC). It is currently being built at the European laboratory for particle physics (CERN), near
Geneva, and is expected to start in 2005. The Compact Muon Solenoid (CMS) detector, one of
the two general purpose detectors, will be used to explore the physics reachable at the LHC.

The subject of this thesis is a study+of the CMS potential for the Higgs boson search through
the decay channel H — ZZ* — 4e™ . This channel is expected to be used for Higgs search in
the mass region of about 120 to 180 GeV. The electromagnetic calorimeter is essential for the
electron detection. Our contribution to its construction is also presented in this thesis.

In the first chapter we give a short overview of the Standard Model Higgs sector, recent theo-
retical and experimental limits on the Higgs boson mass and an outline of the Higgs sector in
the theories beyond the Standard Model. In somewhat more details we present recent theoreti-
cal calculations relevant for our study: main Higgs production mechanisms at the LHC and
Higgs branching ratios.

A short description of the Large Hadron Collider and the Compact Muon Solenoid detector is
given in the second chapter. The main CMS subdetector systems are introduced. An emphasis
is given on the electromagnetic calorimeter performances, since it is one of the most important
detectors involved in the electron detection.

In order to reach and maintain requested performances of the electromagnetic calorimeter it is
important to control the characteristics of each of its component. In the third chapter we
describe a system for the quality control of the alveolar containers, the supporting structures
of the crystal towers. We insist on the description of the optical quality control system, where
the developed instrument and procedure, as well as obtained results are presented.

Our study of the H —» ZZ* — 4e* sensitivity is presented in the fourth chapter. The study is
based on a particle level analysis, using the most recent theoretical knowledge and the newest




version of the Monte Carlo particle generators. Emphasis is put on the Higgs transversal
momentum and on the Zbb background studies, important aspects for which more detailed
investigations were needed. The kinematical characteristics of the signal and background pro-
cesses, the optimization of the kinematical and topological cuts, as well as some additional
cuts will be presented, together with the results on expected Higgs visibility through this chan-
nel.

In the fifth chapter we study the detector effects in the H = ZZ* — 4¢* search in CMS. The
recently proposed electron reconstructing algorithms are implemented and used in a detailed
detector simulation. The emphasis is put on the bremsstrahlung in the tracker material, which
is the main problem in the electron reconstruction. The algorithms developed for bremsstra-
hlung photon recovery are presented. In order to efficiently use these algorithms, sophisticated
electron energy estimator was needed. We have developed a new method for electron energy
estimation, using a shower model to predict an electron energy deposition pattern in the elec-
tromagnetic calorimeter. As a final electron momentum estimator a combination of the mea-
surements from the electromagnetic calorimeter and the tracking system is used. The
developed algorithms are then applied on the signal events reconstruction, and the results
compared with those obtained using particle level analysis.
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Chapter 1 Physics of the Higgs boson

1.1 Introduction

Since the discovery of the top quark in 1995 [1] at the Fermilab Tevatron collider the Higgs
boson remains the last missing piece of the Standard Model. This particle, aimed to provide an
understanding of the masses of gauge bosons and fermions, has been searched for extensively
at LEP and Tevatron colliders. Since its mass is not predicted by the theory, a machine dedi-
cated to the Higgs search should cover a wide range of accessible mass. The LHC has been
designed for the Higgs search in particular. In this chapter, we recall how the Higgs boson is
introduced in the Standard Model, give the latest results for the Higgs mass limits from the
theory and the experiments, and review a possible extension of the Higgs sector. We also
present the processes for Higgs production at LHC and its decays.

1.2 The Standard Model and beyond

The Standard Model (SM) is our theory for the quantitative descriptions of all interactions of
fundamental particles except quantum gravity effects. It is a renormalizable relativistic quan-
tum field theory based on a non-Abelian gauge symmetry of the gauge group
SU(3)xSU(2)x U(1). The Standard Model consists of two sectors: the Quantum Chromo-
dynamics (QCD) and the Electroweak theory. Quantum Chromodynamics is a vector gauge
theory which describes the SU(3) color interactions of quarks and gluons [2]. The Elec-
troweak theory describes the electromagnetic and weak interactions of quarks and leptons as a
chiral non-Abelian isospin and an Abelian hypercharge gauge symmetry SU(2) x U(1) [3].

The QCD sector of the Standard Model is described by the Lagrangian:

1 i _ipv - . pu~a B
LSU(3) = —ZFqu +quw Dqur- (EQ1)
r
The Fy,, are the tensors of the gluon field G, ,i = 1, ..., 8:
Fiw = auGi—gsfijkGﬁGf,. (EQ2)

g, 1s the strong coupling constant, and f ijk (i, j,k=1,...,8) are the SU(3) group structure
constants. In the second term of the Lg;;, ¢, is the quark spinor of the A flavor,
o, B = 1,2, 3 are color indices, and the covariant derivative can be written in the form:

i

o . i
Dyg = (Dy)gg = 9845 +ig,Gyhap/2, (EQ 3)
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1.2 The Standard Model and beyond

where A’ are SU(3) matrices. We can remark that Lgy; (3, does not contain quark mass terms

m,gq . Although allowed by QCD alone, they are forbidden by the chiral symmetry in the
elgctroweak sector of the theory. In the following sections we will show how quark masses

can be introduced in the theory through the spontaneous symmetry breaking mechanism.

The electroweak sector of the theory contains the Higgs sector and, therefore, we will describe
it in more details.

1.2.1 The electroweak sector

A phenomenological basis for the formulation of the electroweak sector of the Standard
Model is given by the following empirical facts:
o The SU(2) x U(1) family structure of the fermions

The gauge group SU(2) corresponds to the weak isospin symmetry (I) while U(1) repre-
sent a weak hypercharge symmetry (¥). The fermions are organized in isospin multiplets:
doublets with I = 1/2 and singlets with I = O:

VN Ve (Y

()., (), ewmere
e/L \W/L\NT/L

u C t

(d)L (S)L (b)L “r dp Cp Spo Ry br

The members of the same multiplet have the same value of the weak hypercharge. Indices
L and R denote chiral projections of the Dirac spinors, i.e. left and right projections.

e The Gell-Mann-Nishijima relation:

(EQ 4)

Q=1+, (EQ 5)

where Q is the particle charge.
o The existence of vector bosons

There are four vectors bosons, mediators of the electroweak force: v, W+, W', Z. The pho-

ton is massless, while the masses of W* and Z are about 80 GeV and about 90 GeV, respec-
tively.

This empirical structure can be unified in a theory of electromagnetic and weak interactions
by interpreting SU(2) X U(1) as the group of local gauge transformations under which the
Langrangian is invariant. Since this symmetry forbids mass terms in the langrangian, but we
know that the fermions and the vector bosons (except the photon) have a mass, this symmetry
must be broken spontaneously [4], preserving the renormalizability [5] of the theory. The
most plausible mechanism for such a symmetry breaking is called the Higgs mechanism [6],
exploring the idea that the lowest energy (vacuum) state does not respect the gauge symmetry
and induces effective masses for particles propagating through it. It, therefore, can account for
the particle masses and predicts the existence of at least one scalar particle, the Higgs boson.
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1.2 The Standard Model and beyond

According to a general principle for the construction of a gauge invariant field theory with a

spontaneous symmetry breaking, the electroweak Lagrangian can be written as a sum of a
gauge, fermion, Higgs and Yukawa terms:

Lsyoyxuay = Lg+Ly+Ly+Ly. (EQ 6)

SU(2)x U(1) is a non-Abelian group with weak isospin I 1» 15, I3 and weak hypercharge Y
operators as generators. Each of these generators is associated with a vector field: the isospin

with the isotriplet of vector gauge fields W:l’ 23 and the hypercharge with the vector gauge
field B, . The corresponding fields tensors are:

Wﬁv = aqu,—avWﬁ—gSabc
BMV = ava—avB“

b ¢
Wew
Ry, (EQ7)

where g is the SU(2) coupling constant. With the above tensors the gauge term of the elec-
troweak lagrangian can be written as

1 a auv 1 uv
L; = _ZWLWW _Z,BuvB . (EQ 8)

One can notice the absence of vectors bosons mass terms ~ V"V my,, where m,, represents
amass and V" the vector field, since it would not be invariant under the SU(2) x U(1) trans-
formations of the vector fields.

The Fermion sector of the electroweak langrangian can be written in the form:
Ly= Z'liiy“Dpli + Z‘ngiy“Dul;e + ZQiiy”Duqi + z‘('jfeiy”Duq{a , (EQ9)
J J J i

where j is the family index, I; (l) are left (right) leptons fields, and ¢, (qg) are left (right)
quarks fields. The interactions between fermions and gauge bosons are induced through the
covariant derivative:

. a . ..,Y
D, = od,+igl W, +ig EB“’ (EQ 10)
where g’ is the U(!1) coupling constant. Here again, one can notice the absence of fermion

mass terms since they are forbidden by the gauge symmetry.

1.2.2 The Higgs mechanism

The simplest choice of the scalar field needed for the electroweak symmetry breaking is an
isodoublet of complex fields with hypercharge ¥ = 1:

+ D)/ A2
D = (q) ] = [((DIH 2) J—J, (EQ 11)

0°) \(@;+iD,)/ 2

where ®; ,i = 1, ..., 4 are real scalar fields.

The langrangian of these scalar fields is:




1.2 The Standard Model and beyond

Ly = (DHCI))T(D“@)—V(CD), (EQ 12)

where the potential is given by the relation:

V(@) = p’oto + A(0TD)°. (EQ 13)

The choice of this potential is based on the requirements to have a local gauge invariance,
non-zero vacuum expectation value of neutral components and renormalizability of the inter-
actions in the langrangian.

The scalar potential depends on two parameters i and A . For A <0 it does not have a lower
limit and the theory does not have a physical meaning. In the case A>0 and u” >0, the
potential has a minimum at ® = 0 and there is no symmetry breaking possibility. The inter-
esting case is when A >0 and pu” < 0, where the scalar potential has a minimum for

2 2
1.2 2 2 2 v
OTD = (@) + @y + @3+ ®)) = '%LX:E , (EQ 14)

The vacuum, which is the lowest energy state, corresponds to one of these minima.

So far all the expressions respect the symmetry under the SU(2) X U(1) transformations.
Because of the complex nature of the scalar field, the above relation has an infinite number of
solutions which transforms under the SU(2) X U(1) group. The perturbative theory demands
the expansion of @ near its vacuum expectation value. Therefore, when choosing one solution
as the vacuum expectation value, the above equations are no more symmetric. Every choice of
the minima will generate a mass for the boson associated with the group whose symmetry
becomes broken. Therefore, to have three massive bosons and one massless photon, we
choose the minimum which remains invariant under the symmetry having the charge as the

generator. That is obtained with the vacuum expectation value having the weak isospin
I =1/2,1; = -1/2 and weak hypercharge ¥ = 1:

1[0
b, = — . EQ 15
0 ﬁ( v] ( )

One can now rewrite the scalar field in the form:

1 .~ a a
B(x) = e V! 0 , (EQ 16)
2 v+ H(x)

where the fields Xa(x), (a =1,2,3) and H(x) have zero vacuum expectation values. Since
L, is invariant under the local SU(2) transformations one can choose a so called unitary
gauge, in which the particle content becomes visible:

D(x) - O’ (x) = e-i;a'(x)z“(p(x) = :/1——2_[ v+1?{(x) ] (EQ 17)

By putting this field into the kinematical term of Ly and identifying the gauge bosons as:
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‘ 1.2 The Standard Model and beyond \

* \
| P LA
\ G

“ Z, cosGWWfl— sinBy B,

(EQ 18)

| A, = sin@y W) +cos8yB, \

where 0y is so the called Weinberg mixing angle, Z y is the neutral vector boson field and A M
| is the photon field. From quadratic terms in the relations:

g2v2 . 1 (g2 + ,2)v2
| (D@D = (S w3 (E2E W )7 74

(EQ 19)

, 1., 2
| V(@) = 5(2m VH + ...
\
\ we can read the following masses: \
| M., =&Y
| - \
\ y - AL,

\‘ Mﬂzﬁu=MV

‘ The parameter v can be determined from muon decay experiments and is estimated to
v = 246 GeV.

The fermion sector of the Standard Model is described by the Yukawa Langrangian: \

‘ Ly = gl ®ep— 8,3, P up— 8,4, Pdg ... (EQ21) \

where g; are Yukawa coupling constants and

: \

=P (EQ 22)
-d
\ By substituting the Higgs field in the unitary gauge, L, becomes:
| m
L, = —me\T/f\pf—ZTf\Tlf\ufH, {(EQ 23)
f f
where Y . represents a fermion field. The fermion masses are given by:
| o |
my = gfj_i. (EQ 24)

As an outcome of the mass generation mechanism, the Yukawa interactions between massive \
fermions and the Higgs field are proportional to the fermions masses:
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1.2 The Standard Model and beyond

m
g = —vf- (EQ 25)

1.2.3 Limits on the Higgs mass

As we can see from the relation 20, the Higgs mass depends on the unknown coupling A, and
therefore cannot be predicted. Nevertheless, consistency arguments for the Standard Model
give us informations about the allowed mass range. As all the couplings in the gauge theory,
the quartic coupling A evolves with the energy scale, and consistency requires it to be finite
and positive so that we can deduce bounds for the Higgs mass.

A first bound can be derived through the requirement that spontaneous symmetry breaking
actually occurs [7], that is,

V(v)< V(). (EQ 26)

It is essentially equivalent to the requirements that A remains positive at all energy scales,
since for the negative quartic coupling the potential is unbounded from below and has no state
of minimum energy. Close to this limit, i.e. for small A, corresponding to light Higgs, radia-
tive corrections from the top quark and gauge couplings become important and the above
requirement yields a lower bound on the Higgs boson mass [8][9]:

3y 4 4 2,2 4 A
MH>-———2-(16g[ -g —-2g°g" -3¢ )Iog(M—). (EQ27)
32r H

A is an energy scale at which the Standard Model in no longer valid and new physics should
arise. This bound corresponds to the lower shaded region in figure 1.

If A is large, which corresponds to a heavy Higgs boson, the requirements that it remains
finite up to some large scale (A ) gives an upper bound on the Higgs mass [8]:

22
2 8y

My<——-. (EQ 28)
3log(A/v7)

This is an approximate relation since the effects of gauge couplings and the top quark are

neglected. A more sophisticated analysis, including the running of all gauge and Yukawa cou-

plings yield a similar upper bound and is shown as the upper shaded region in figure 1 [9].

This bound is often called the ‘triviality bound’.

A phenomenological bound on the Higgs mass comes from precision electroweak measure-
ments. The Higgs boson enters into one loop radiative corrections in the Standard Model and a
global fit to the electroweak data, taking the Higgs mass as a variable to be fitted, gives mass
limits. The latest results of such fit constrain the Higgs mass to [10]:

53
My = 62?'30 GeV, (EQ 29)
with
My <170 GeV at 95% confidence level. (EQ 30)
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1.2 The Standard Model and beyond

However, the limits derived from this method are relatively weak since the radiative correc-
tions dependence on the Higgs mass is only logarithmic.

Although the Higgs mass remains a free parameter, the combination of limits from the trivial-

ity bound and from fits to the electroweak data suggests that the Higgs boson may be rela-
tively light, in the few hundreds GeV range. ‘
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FIGURE 1. The lower and upper Higgs mass theoretical bounds as a function of
the energy scale A at which the Standard Model breaks down. The shaded areas
reflect the theoretical uncertainties in the calculation of the Higgs mass bound [9].

Up to spring 2000, the direct searches performed by the four LEP experiments did not show
any evidence for the Higgs boson. From the data collected in 2000 at center of mass energies
between 200 and 210 GeV, a lower bound of

My >112.3 GeV at 95% confidence level, (EQ 31)

has been obtained [11].

Very recently, a number of events compatible with a Higgs boson production with mass
around 114-115 GeV was reported in the combined results of the four LEP experiments [11].
However, the topology of these events is also compatible with originating from other known
standard model processes. Consequently, the LEP’s experimental program is extended until
beginning of November 2000, in order to better test the possible Higgs boson signal at 114-
115 GeV.
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If the Higgs boson is not discovered at LEP II, the next place to look for will be the Tevatron
collider at Fermilab. It is a proton-antiproton collider, currently being upgraded to the center
of mass energy of 2 TeV. Data taking for the Run II will start in March 2001, with two experi-
ment, CDF and DO. With expected machine and detectors performances the LEP II Higgs sen-
sitivity will start to be extended a few months before the start of the LHC [12].

1.2.4 Beyond the Standard Model

Despite the remarkable agreement between the precision measurements of electroweak
observables and Standard Model predictions, there are strong theoretical arguments that the
Standard Model is not the ultimate theory of the fundamental particles and their interactions.
It has about 20 arbitrary parameters, which may seem too many for a fundamental theory and
leaves several unanswered questions. Some of them concerns the problems of unification of
interactions, number of fermions families, neutrino mass, hierarchy (or naturalness) etc.
Therefore, the Standard Model is generally considered as an effective field theory, valid up to
some energy scale A.

Among these problems, the hierarchy problem [13] is considered to be one of the most serious
theoretical drawbacks of the Standard Model. Most of the attempts to build theories beyond
the Standard Model have concentrated on its solution. The hierarchy problem comes from the
difficulty in the theory to keep fundamental scalar particles much lighter than the maximum
energy scale up to which the theory remains valid. From figure 1 we see the Higgs mass
bounds suggesting that the consistency of the Standard Model is broken unless
My <O(1 TeV). But, already at one loop there are quadraticaly divergent contributions to
the Higgs mass. These terms could be canceled by mass counterterms, but they should be fine
tuned at each order in the perturbation theory, with a precision of roughly 1 part in 10",
Although formally there is nothing wrong with such tuning it is regarded as unnatural.

One solution to this problem comes from the supersymmetric theory. Such a theory relates fer-
mions and scalars in the same multiplets. The loop contributions from fermions and scalars
have opposite sign and therefore cancel in the corrections to the Higgs mass. The supersym-
metry langrangian contains scalars and fermions with the same masses. Since, for example,

there is no scalar particle with the mass of the known particles, such a symmetry must be bro-
ken.

The simplest solution for the symmetry breaking is to introduce two complex SU(2) Higgs
doublets:

H+ HO

H, = VlH, = 72, (EQ 32)
o[ 2 ;
H H,

with therefore 8 degrees of freedom. This model is called the Minimal Supersymmetric Stan-

dard Model (MSSM). The symmetry is broken when the neutral components of the Higgs
doublets get the vacuum expectation values:
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1.2 The Standard Model and beyond

(H)) = ( 0 } (H2)=( 0 ] (EQ 33)
Y V)

As in the Standard Model, the W’s and Z get masses by absorbing three degrees of freedom.
Five degrees of fpedom remain, and therefore there are 5 Higgs bosons, denoted by: charged
Higgs bosons H™ , a CP-odd neutral A, and 2 CP-even neutral, h and H. At the tree level, the
Higgs sector of MSSM is described by two parameters. The usual choice is:

V2
tan[isv— and my . (EQ 34)
1
The MSSM Higgs boson masses versus m, for different values of tanf are shown on the
figure 2. It is interesting to note that H~ , A and H are almost degenerated for high values of
m A

One of the important predictions of the MSSM is the existence of a neutral Higgs boson with
a mass less than around 130 GeV. Such a scale is accessible already by LEP II and will be
explored by the upgraded Tevatron and the LHC, providing a definite test of the MSSM.

In more complicated supersymmetric models the upper bound on the lightest Higgs boson
mass is changed. The absolute upper limit is about 205 GeV, for any model with arbitrary mat-
ter content compatible with gauge coupling unification at about 10" GeV scale [14].
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FIGURE 2. MSSM Higgs bosons masses versus m, for various tanf} values,
including 2-loop RGE-improved radiative corrections. The results are given for
two scenarii concerning the stop mixing [15].
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1.3 Higgs boson production at the LHC

In this section, we shall review the most important Higgs boson production modes at the LHC.
Because of its importance, a particular attention will be given to the gluon fusion process.

1.3.1 Gluon fusion: gg — H

The gluon fusion process, gg — H, is the dominant

Higgs production mode at the LHC over the entire mass g 2990000
range, that is up to about 1 TeV. The coupling of the
Higgs to the gluons goes through a quark triangle loop, bt ‘r --------- H
with a dominant contribution from the heavy quarks top

and bottom. The diagram at leading order is presented on g Fm'WBJ
the figure on the right, and the complete calculations are

given in the reference [16].

QCD corrections

In order to obtain realistic gluon fusion cross section predictions, it is necessary to calculate
the 2-loop QCD radiative corrections. The cross section at this next to leading order (G, )
can be written as a sum of virtual corrections and real corrections associated with additional
partons in the final state (gg — Hg, gg = Hq, qGg — Hg):

Onio = GL0+Avirz+Agg+Aqg+Aq?] (EQ 35)

The full (6, ) calculations can be found in the reference [17].

The amount of higher order corrections is commonly expressed through the so called ‘K fac-
tor’, defined as a ratio of higher order and leading order cross sections. When considering
only NLO, it is defined as:

o
K = _NLO (EQ 36)

SrLo

The K factors for virtual (K ,,.,) and real (K 22’ K a2’ K qq) corrections are presented in
figure 3. The factors K ;. and K, have about the same values, around 50%, while K a2 and
K g5 are smaller. The total correction (K,,,) is positive and large, and increases the cross sec-

tion for the Higgs production at LHC from gluon fusion by 60% to 90%.

The most important theoretical uncertainties in this cross section come from the parametriza-
tion of the partons distribution functions, especially the gluon ones, and from the contributions
of higher orders, still unknown. An insight to partons density functions uncertainties can be
obtained by calculating the cross section with different structure functions. In the reference
[18], using recent proton structure functions (CTEQ4M, MRS(R1), GRV(’92)), variations of
about 10% of the cross section over the entire mass range were found. The variations of the
Oy With the renormalisation and factorization scales are small with respect to the variations
of 0, ,, and contribute to less than 15% [18].
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A calculation of the cross section at NNLO is not yet available and needs the proton structure
functions at this order, which are not yet known.
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FIGURE 3. K factors for the Higgs production at LHC through gluon fusion [18].

1.3.2 W and Z fusion: gqg —» V*V*qq — Hqq

The production cross section of the Higgs boson through
the fusion of W or Z bosons is one order of magnitude
smaller than the production through gluon fusion in the
intermediate mass range, and becomes competitive around
My =1 TeV [19][20]. The process at leading order is
shown on the figure on the right.

The QCD corrections are introduced by corrections to the structure functions, which are well
known [20]. The K factors for these processes are presented in figure 4. We can see that the
QCD corrections for the Higgs production through the vector bosons fusion are about 8-10%.

The most important characteristics of these production processes are the presence of two for-
ward jets, a high invariant mass of these jets and a suppression of the hadronic production in
the central region. An analysis at the parton level shows that these characteristics can be used
for an efficient rejection of the background in the H — yy and H — 1t decay channels.

These decay channels could be used for the search of an intermediate mass Higgs already in
the low luminosity running of LHC [21].
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1.3.3 Higgs-strahlung: gg —» V* - VH

The Higgs production through the Higgs-strahlung processes may be important in the inter-
mediate mass range due to the possibility to observe the
associated W or Z vector bosons. The cross section for @
these processes is about one to two orders of magnitude
smaller than the cross section for the gluon fusion process
for a Higgs mass M H< 200 GeV. The Higgs-strahlung ¢
process at leading order is presented on the figure on the
right, and the cross section calculation are given in the reference [22]

The QCD corrections are identical to the one for the Drell-Yan process [23], and therefore
large. The K factor for this process is presented in figure 4. The QCD corrections to the cross
section for Higgs production through the Higgs-strahlung process are about 25-40%.

1.3.4 Associated production with a 77 pair

In the intermediate mass range, the cross section for the Higgs production in association with
top quarks becomes similar to the Higgs-strahlung cross section. With the detection of the
associated 7 pair and in the H — yy decay channel, this process gives an additional possibil-
ity to search for the Higgs for a mass M, < 130 GeV [24]. The process at leading order is
presented on the diagrams below, and the cross section calculations can be found in the refer-
ences [24][25]. The QCD corrections for this process are still unknown.

15 ; 17 T ]
14 F K(pp—Hgq+X) u=M=Q, K(pp—=HV+X) n=M=M;y 1

Ns= 14 TeV CTEQ4M Le Vs= 14 TeV M,=175GeV ]
13 F 1 CTEQ4M

7 s0 100 200 500 1000 50 100 200 500 1000
M, (GeV] M, [GeVI

FIGURE 4. K factors for the Higgs production at LHC through vector boson
fusion (left) and Higgs-strahlung (right) [18].
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1.3.5 Cross sections for Higgs boson production at the LHC

The cross sections of the various Higgs production mechanisms at the LHC are presented in
figure 5 as a function of the Higgs mass [18]. All known QCD and QED corrections are
included in the calculations.
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FIGURE 5. Higgs production cross sections at the LHC as a function of the
Higgs mass [18].

In the entire mass range shown, the gluon fusion is the dominant production mode, and the
vector boson fusion becomes competitive for M ; =2 800 GeV. In the intermediate mass range,
100 <M, <200 GeV, several combinations of the production and decay channels could be
accessible at the LHC, thus providing the possibility to measure the Higgs couplings [26].

In the mass region of about 130 GeV to 180 GeV, the total cross section for the Higgs produc-

tion is of the order of 20 pb, implying that one could expect about 2x10~ Higgs events for
first year of the LHC running.

1.4 Higgs decays

The Higgs couplings to the gauge bosons (V = W, Z) are proportional to their mass (M)
squared and the Higgs coupling to the fermions is proportional to their mass (m):

8vvH = 2«/~/§GFM3 28,7y = ’\/§-Gpmf- (EQ37)
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Therlefore, the Higgs tends to decay in pairs of the heaviest particles kinematically allowed. If
possible, the measurement of different decay channels would allow to distinguish between a
Standard Model Higgs and a more complex Higgs sector.

1.4.1 Decays to fermion pairs

In the lowest order the partial width for the Higgs decay into a lepton pair is given by [271]:

GeMP
I'H->1l) = M
4ﬁn HB (EQ 38)

wher'e B = J 1-4M7 /M i is the lepton velocity. The branching ratio of decays into T lep-
tons is about 10% in the intermediate mass range. Muonic decay reach a level of a few 10,
and all other leptonic decay modes are phenomenologically unimportant.

The partial width for the decay into quark pairs has an additional color factor (N, = 3),as
well as important QCD corrections [8]

'H—q3) = ——2M (1+—‘A H ) (EQ 39)
99 > HB o

The QCD corrections factor, AQHC D, can be found in the reference [28]. To illustrate the
importance of these corrections, let us mention that, for the Higgs of about 100 GeV, the
branching ratio for the decay into a pair of b quarks decrease by a factor 2 when including the
QCD corrections to the order o . The large portion of the corrections can be absorbed into a
‘running’ quark mass m 4(1) , evaluated at the energy scale © = My [29).

The electroweak corrections for the Higgs decay into heavy quarks and into leptons are small
and can be neglected [29].

1.4.2 Decays to gauge boson pairs

Above the WW and ZZ decay thresholds the decay of the Higgs boson into pairs of massive
gauge bosons becomes the dominant mode. The partial widths for this decay are given by

[30]:

3
G:-M
F H~/1—4x(1—4x+ 12x2), X = —, (EQ 40)

I'N(H—->VV) =9
( Y1627 M},

with 8y, = 2 and 8, = 1. Electroweak corrections are small in the intermediate mass range
[29] and thus can be neglected.

Below the WW and ZZ thresholds, the decays into off-shell gauge bosons are important. The
partial widths for decays in one real and one off-shell gauge boson, I'(H — VV*), can be
found in the reference [31]. For a Higgs mass slightly larger than the corresponding gauge
bosons mass the decay branching ratio to a pair of off-shell gauge bosons W*W* and Z*Z*
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becomes important [32]. They reach the per cent level for Higgs mass above about 100 (110)
GeV for W* (Z*) pairs.

1.4.3 Total decay width and branching ratios

The total decay width and the branching ratios of the Higgs boson are shown in figure 6 as a
function of the Higgs mass. For masses below around 120 GeV, the decay into a bb pair is
largely dominant, but will be very hard to exploit at LHC due to an overwhelming QCD back-
ground. For intermediate and high masses, the dominant modes are WW and ZZ (real or off-
shell), with a fall-off of the ZZ* at the opening of the WW decay channel, where both W are
real. Given the fact that the gauge bosons are not directly detectable particles, final branching
ratios are multiplied by the branching ratios corrgs;_aogd_ing to the dec%y of the gauge, bosons to
observable particles (for instance BR(ZZ — e ee e ) = 0.03366" = 1.13x10 ). In this
way, although the two photons branching ratio is small, the fact that the photons are directly
detectable will allow the use of this channel in a mass range from about 110 to 150 GeV.

The total Higgs decay width plays an important role in the design of the detectors. Up to
around 200 GeV, the total Higgs width is below 1 GeV, and therefore the width of the recon-
structed Higgs mass distribution will be dominated_by the detector resolution. For masses

above 200 GeV, the relation I'(H) = 0.5 TeV xM ?;1 (My in TeV) is approximately satis-
fied.
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50 100 200 500 1000
M,, (GeV]

FIGURE 6. jfh-e Higgs natural width as a function of its mass (left). The Higgs
branching ratio in its main decay modes as a function of the Higgs mass (right).
The QCD and electroweak corrections are included [33].
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Chapter 2 The Large Hadron Collider and the
CMS detector

2.1 Introduction

In this chapter we will present the main characteristics of the Large Hadron Collider (LHC).
In the second part the Compact Muon Solenoid (CMS) detector will be briefly described
through a short overview of the subdetector systems. The electromagnetic calorimeter will be
presented in more details, since its properties are important for the chapters which follow.

2.2 The Large Hadron Collider

The LHC will produce proton-proton collisions with a center of mass energy of 14 TeV. Since
the proton is not an elementary particle, the energy available in the collisions between its con-
stituents (the quarks and gluons) will be smaller but nevertheless will reach the TeV range,
which is about 10 times that of CERN Large Electron Positron (LEP) collider and Fermilab
Tevatron collider. Figure 7 shows the cross sections and the event rates in proton-proton and
proton-antiproton collisions as a function of the center of mass energy. Comparing the LHC
and the Tevatron one can see that the LHC cross sections for all of the shown processes is at
least one order of magnitude higher than at Tevatron. It is also interesting to remark several
orders of magnitude difference between the expected Higgs rates and those of potentially
background processes (7, bb ), which makes the Higgs search a real challenge.

The LHC will also collide heavy ions beams such as lead with a total collision energy in
excess of 1150 TeV, about 30 times higher than at the Relativistic Heavy Ion Collider (RHIC)
at the Brookhaven National Laboratory in USA.

Because of the highest energy ever reached, close to the possible limits of validity of the Stan-
dard Model, the LHC will be the source of very interesting physics. The most important goal
is the search for the mechanism responsible for the electroweak symmetry breaking, through
the search for SM and MSSM Higgs bosons. Among many other interesting subjects are the
search for supersymmetric particles, Standard Model tests, CP violation and the study of the
quark-gluon plasma.

The LHC will be installed in the 26.7 km long LEP tunnel and will start in 2005. The proton
beams will be accelerated in several steps using the existing CERN accelerator complex,
shown in figure 8.
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FIGURE 7. Cross sections in proton-proton collisions as a function of center-of-

mass energy [35].

The LHC machine will use the most advanced superconducting magnets and accelerator tech-
nologies ever employed. The main LHC operational parameters are listed in table 1. More
details can be found in [36]. The two most important parameters, which define the experimen-
tal environment around the collision point where the detectors will be installed, are its high
luminosity and short bunch crossing interval. During an initial period, the LHC will work at a
luminosity of 10™ cm s™' before reaching the nominal luminosity' of 10°* cm™s™' . In one
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calendar year, the average LHC workin
at the peak luminosity. At the nominal

g period can be estimated to about 100 days ( ~ 10’ s)
luminosity of 10’ pb .

luminosity, this period will correspond to an integrated
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LHC: Large Hadron Collider
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FIGURE 8. The layout of the CERN accelerator complex.

Collision energy 14 TeV
Energy at injection 450 GeV
Dipole magnetic field 833T
Nominal luminosity 1034 cm2s!
Bunch spacing 748 m
Bunch time separation 24.95 ns
Number of bunches 2835
Number of particle per bunch 1.1x101
Luminosity lifetime 10h

TABLE 1. The main LHC parameters

1. The nominal luminosity is often referred as high luminosity, while initial one as low luminosity.
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The expected value of the inelastic proton—pro.ton cross ‘sectlon at the L_I:I(i Ol(s) 0‘%z -;N ?t(l)1 rgll)e
[37], while the total proton-proton Cross section 1s estimated to ©,,, = mb. un
LHC nominal parameters, this means that an average of about 19 Qro?o.n-proton Lntc;rac 1d si
expected per bunch crossing. This will result in a large tr-ack multiplicity of. bgt C aurgcl:1 o

neutral particles. Together with the short bunch crossing interval of 25 ns this imposes the 101-
lowing requirements on the detector design:

. ‘afine granularity to be able to separate the large number of particles,

« a fast response to minimize the pile up effects,

« a fast and efficient trigger and data acquisition system,

« a good radiation resistance for all detector components, especially in the forward part.

Four detectors will be installed to study the collisions produced at the LHC. Two general pur-
pose detectors, CMS [38] and ATLAS (A Toroidal LHC ApparatuS) [39], a B physics dedi-
cated detector (LHCb) [40] and a heavy ions physics detector ALICE (A Large Ion Collider
Experiment) [41].

2.3 The CMS detector

The CMS detector has been particularly designed to detect the Higgs boson, even at low lumi-

nosity, as well as possible signatures from new physics at the LHC. To achieve this goal the
specific CMS objectives are:

1. to have a very good and redundant muon detection system. This has lead to the choice of a

high-field superconducting solenoid with 4T magnetic field, and consequently to a compact
design for the muon spectrometer,

2. to have the best possible electromagnetic calorimeter consistent with the choice of the mag-
net,

3. to have a high quality central tracking system able to reconstruct all high p, muons and
isolated electrons at high luminosities, as well as hadrons down to py ~ 1 GeV,

4. to have a hadron calorimeter of adequate performances and a highly hermetic overall sys-
tem of calorimeters for good missing E measurements.

The detector will be built by an international collaboration consisting of about 1800 physi-
cists, from 141 institutions from 31 country.

A general view of the CMS detector is shown in figure 9 and one quadrant of its longitudinal
cross section is presented in figure 10. It is subdivided into a barrel region and two identical
endcap regions. The central part of the detector is a 13 m long superconducting solenoid of 6
m diameter. The overall length and width of the detector are approximately 22 m and 14.6 m
respectively, and the total weight will be about 14500 tons. The basic detector elements are,
from inside out: a inner tracking system to measure the momenta of charged particles in the
magnetic field, an electromagnetic calorimeter to measure the energies and locations of pho-
tons and electrons, a hadron calorimeter to measure jets, a forward calorimeter to complement

the measure of the missing energy and to tag forward jets, and a muon system to identify and
measure muons.
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2.4 The tracking system
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FIGURE 10. Longitudinal cross section of one quadrant of CMS.

2.4 The tracking system

The design goal of the central tracking system [42][43] is to reconstruct isolated high p, elec-
trons and muons with an efficiency better than 95%, and high p; tracks within jets with an
efficiency better than 90% over the pseudorapidity range |n| < 2.5. This has to be achieved in
a high track density and hostile radiation environment. The momentum resolution required for
isolated charged leptons in the central rapidity region is Apy/ pr=0.15py (py in TeV).

Important discoveries may depend on the ability of the tracking system to perform efficient
tagging of b quarks even at the highest luminosities. This has led to the choice of silicon pixel
detectors close to the interaction vertex. The design goal is to achieve an impact parameter
resolution at high p of the order of about 20 pm in the transverse plane and 100 um in the
beam direction. The pixel detectors are organized into three barrel layers (at radii of about 4
cm, 7 cm and 11 cm) and two endcap disks (covering radii from 6 cm to 15 cm). The granu-
larity in the pixel detectors is 150 pm by 150 pum. In the high luminosity configuration, the

pixel detector vgill have an active surface close to one square meter, instrumented with approx-
imately 40x10" channels.

In addition to pixel detectors the tracker will use silicon micro-strip detectors. They are orga-
nized into inner and outer barrel and endcap. The barrel parts consist of cylindrical layers, the
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2.4 The tracking system

ol . -strip detectors are
double-sided, providing a measurement of the z coordinate in addition to the r — ¢ coordinate

measured .by single-§ided detectors. The endcaps are organized in disks, which are themselves
made of rings. The inner endcaps consist of 3 small disks closing the inner barrel, while the
op{er endcaps have 9 big disks. As in the barrel part some of detectors are double-,sided ro-
v1f11ng a measurement of the radial coordinate. A shematic view of one quarter of the sililz:on
micro-strip detectors layout is given in figure 11
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FIGURE 11. Longitudinal view of one quarter of the silicon strip tracker.

The overall design tracker performances can be summarized as follows:

« resolution for high p, isolated tracks better than

Sp\2
(ﬁ) ~(0.15 - py)> +0.0057, (EQ 41)
Py
with p; in TeV, in the central region |n| < 1.6, gradually degrading to
o 2
(pLT) ~(0.60 - p;)” +0.005%, (EQ42)
T

as |n| approaches 2.5.

e In combination with the outer muon chamber system, the muon momentum resolution
above approximately 100 GeV can be parametrized as dp/p = (4.5 - Jp)% , with p in TeV,
for pseudorapidities extended up to at least || = 2.

* In dense jet environments, charged hadrons with p; above 10 GeV are reconstructed with
an efficiency approaching 95%, and even hadrons with p; as low as 1 GeV are recon-
structed with an efficiency better than 85%. The reconstruction efficiency for muons is bet-
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2.5 The electromagnetic calorimeter

ter than 98% over the full pseudorapidity range. The efficiency of the electron
reconstruction will be discussed in section 5.3. .

« The impact parameter resolution in the transverse plane better than 35 pm, and in the lon-
gitudinal plane better than 75 um. .

« In the central pseudorapidity region tagging efﬁciency of SQ% or bettef can be obtained for
b jets ranging from 50 GeV to 200 GeV Ep, with a mistagging probab1hty'of arouqd 1% t.o
2%. In the forward regions, for equal mistagging probability, the tagging efficiency 1s
around 40%.

In this thesis we use the CMS tracker design proposed in the Tracker TDR [42]. The differ-
ence with respect to the current design consisted in proposing to use the Microstrip Gas
Chambers (MSGC) as detectors in the outer barrel layers and in the part of the outer endcap
layers. The silicon detectors were covering the intermediate radial region, from 22 cm to 60
cm, while for larger radii the MSGCs were used. This tracker design had one more barrel
layer and two more endcap disks, and consequently slightly larger average number of mea-
surement planes per track. The tracker material budget was about the same, with a somewhat
different radial distribution. Simulation studies have shown that the physics performances of
the current (all silicon) tracker with respect to the previous version should remain at the same
level, which was a strong supporting argument for the change of design.

2.5 The electromagnetic calorimeter

The task of the electromagnetic calorimeter is to measure the energy and location of electro-
magnetic particles and to contribute to the hadronic particle measurement in combination with
the hadron calorimeter. It should also allow for an efficient distinction between the electro-
magnetic showers created by electrons and charged pionsz, or photons and neutral pions3.
The electromagnetic calorimeter is an essential piece of the CMS detector in the search for
Higgs boson, in particular through the H — vy and H - ZZ* — 4e* decay channels. As we
have seen in the previous chapter, in the mass range where the Higgs could be searched for
through these channels, the natural Higgs width is very small and the detector resolution dom-
inates the Higgs reconstructed mass width. It is therefore essential to have an excellent energy
resolution. Because of the intrinsically high resolution of homogeneous media, CMS has cho-
sen to build the electromagnetic calorimeter using scintillating crystals.

The electromagnetic calorimeter will consist of about 80000 towers of lead tungstate
(PbWO,) crystals, organized in barrel and two endcap regions. In the following sections we
will describe the most important characteristics of the electromagnetic calorimeter. The
emphasis will be put on the properties of the lead tungstate crystals and on the measurements

of prototypes in the beam tests. The mechanical structure of the calorimeter will be described
in the next chapter.

2. Charge pions dissipate their energy through a hadronic shower whose shape differs from the electromagnetic
shower one.

3. In the tracker cavity ©° decays into two photons which enter the ECAL separated by typically few centime-
ters.
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2.5 The electromagnetic calorimeter

2.5.1 Lead tungstate crystals

The lead tungstate crystal has been chosen because of its compacity, fast response and radia-
tion hardness. The compactness of this material is expressed through its high density of 8.28
g/cm3, short radiation length* of 0.89 c¢m and small Moliére radius® of 2.19 cm. The typical
crystal light response has three time constants: 5 ns, 15 ns and 100 ns with amplitudes of 39%,
60% and 1% respectively. Therefore, about all the light can be collected in 100 ns. A disad-
vantage of the lead tungstate crystal is its relatively small light yield of about 10 photoelec-
trons/MeV and a strong light yield temperature dependence (-2%/°C). The small li ght yield
imposes the use of photodetectors with an internal gain. Avalanche photodiodes (APDs) have
been chosen for the barrel region, while vacuum phototriodes (VPTs) will be used in the end-
caps. The light yield temperature dependence implies the construction of a temperature stabi-
lization and monitoring system.

The typical emission spectrum of the PbWO4 crystals is shown in figure 12. The maximum of
emission is at about 440 nm, with 140 nm FWHM and a range from 360 nm to 570 nm at 10%
of the maximum. APDs and VPTs have been tuned to have a good quantum efficiency in this
region.
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FIGURE 12. The typical scintillation light spectrum of PbWO, crystals.
The radiation hardness of PbWQ, crystals has been studied in the conditions expected at the

LHC, for different luminosities and different pseudorapidities. Extensive studic?s have shown
that the radiation damage does not affect the crystal scintillation mechanism. It rather

4. The radiation length (Xj) is defined as the distance over which the electron energy is reduced by a factor 1/e
due to radiation losses only.

5. The Moliére (R,,) radius is a measure of the lateral spregd of electromagnetic showers. About 95% of the
total deposited energy is contained in a cylinder with a radius of 2R, .
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2.5 The electromagnetic calorimeter

decreases the transparency of the crystals by the formation of color centers .and ther.efgre
results in a loss in the amount of collected light. The color centers are.formed in the existing
crystal lattice defects and thus the damage can be reduced by controlling the growth process
or by introducing dopants. Because of the self-anealing the light loss rate depends on the dose
rate. For the dose rates expected at LHC, the loss saturates at the level of few percents after
several days. Keeping the loses at the level < 10% ensures that changes can be follqwed by a
light monitoring system. Doing so the radiation is expected to not significantly deteriorate the
energy resolution.

2.5.2 Photodetectors and readout electronics

The low light yield of the crystals, the strong magnetic field of 4 T and the hostile radiation
environment impose strong constraints on the choice of the photodetectors. In addition, to
reduce the influence of the rear shower leakage on the energy resolution, the photodetectors
are requested to have a small response to charged particles that may come from the shower
tail. All of these requirements cannot be met by a single type device. The choice has been
made for the use of APDs in the barrel part (2 APDs per crystal) and VPTs in the endcaps,
since the high level of radiation preclude the use of the APDs in endcaps. Although being a
vacuum device, the VPTs can be employed in endcaps because of the smaller angles between

the magnetic field direction and the device axis. The main characteristics of APD and VPT
photodetectors are shown in table 2.

APD VPT
Active area 2 %25 mm” ~ 300 mm”
Quantum efficiency (at 420 nm) | 70% 18%
Capacitance 2 x70 pF A few pF
Operating gain (M) 50 8 (at 4T)
Excess noise factor 2.0 (at M=50) |25-3.0
dM/dV (M=50) 3.3%/V <0.1%/V
dM/dT (M=50) -2.2%/°C <1%/°C

TABLE 2. Main parameters of the photodetectors.

An important parameter of photodetectors with gain is the so called ‘excess noise factor’,
characterizing the fluctuations in the avalanche multiplication process. The r.m.s. of these
fluctuations, for a signal of N electrons, is given by J/F/N . At a gain of about 50, the excess
noise factor is about 2. For the VPT, at nominal gain, the excess noise factor is about 2.5-3.0.

The high neutron flux in the region where the APDs will be installed will create defects in the
silicon lattice and induce additional (leackage) current, which will increase the electronic
noise. Extensive studies of the leakage current evolution over the lifetime of the experiment
have allowed to estimate a noise contribution at the level of about 6 MeV/channel during the

first year of the LHC operation at low luminosity and about 22 MeV/channel during the first
year at high luminosity.
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2.5.3 Energy resolution

The energy resolution of the PbWOy calorimeter can be parametrized as:

& - (3@

E = JE (I_ZJ +c, (EQ 43)
where a, b and c are the stochastic, noise and constant term respectively. The stochastic term
comes from the fluctuations in the number of elementary physical processes by which the par-
ticle releases its energy in the calorimetric media and from the photostatistics fluctuations.
The noise term comes from pileup and electronic noise. The constant term comes from differ-

§nt sources: rear shower leakage, nonuniformities in the light collection, crystal-to-crystal
intercalibration errors and residual geometrical imperfections.

The expected gaussian contributions to the energy resolution are given in table 3. The noise
values include contributions from both the electronic noise and the pileup.

Barrel Endcaps
Stochastic term 2.7%/JE (E in GeV) (5.7%)/ JE (Ein GeV)
Constant term 0.55% 0.55%
Low luminosity noise 155 MeV 770 MeV
High luminosity noise 210 MeV 915 MeV

TABLE 3. Expected contributions to the CMS ECAL energy resolution, when the
electron/photon energy is estimated with the 5 X 5 crystal matrix.

2.5.4 Properties measured in the test beam

Prototypes of all ECAL components have been tested, during several years of R&D, in condi-
tions as close as possible to the ones expected in the experiment. Considerable improvements
in prototypes characteristics have been obtained since first tests [45] and the latest results
demonstrate that most of the given milestones have been reached. Many experimental setups
have been used to measure the characteristics of the crystals, photodetectors, electronic chain,
mechanical structure etc. Here, we will describe the tests of energy resolution, radiation hard-
ness and reproducibility of the crystals.

Tests with high energy electrons from 10 to 280 GeV have been performed at the SPS (Super
Proton Synchrotron) H4 and X3 lines at CERN. The experimental setup consists of a crystal
matrix with its electronic chainﬁ, a set of beam chambers for the determination of the electron
impact position, scintillation counters for events triggering and a data acquisition system.

In figure 13, the results on the energy resolution for one typical crystal are shown [46]. The
electron energy have been reconstructed as the sum of the deposited energy in a 3 X3 crystal

6. The electronics used in the test beam up to now was not the final one.
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matrix centered on the electron impact crystal. Electrons enter tl'{e c.rystal v».fith a 3° angle in
both directions with respect to its axis, and events with impact point in a region of 4 x4 mm

around the crystal center are selected. Every point in the .ﬁgure represents the normalized
sigma for the gaussian fit of the energy distribution. The noise term, extracted as the pgdestal
width, have been subtracted and stochastic and constant term fitted on Fhe obtamec.l points. In
figure on the right are shown the values of the three terms in the resolution, c!eterrmned by the
above procedure for 11 different crystals. Comparing with the values shown in table 3., we can
see that the requested values for stochastic and constant terms are reached. Th.e noise value
per channel is still somewhat larger than requested and further studies for possible improve-
ments are under way (in the table, the noise estimation assumed a sum of 25 crystals to recon-

struct the energy).
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FIGURE 13. Energy resolution for one crystal (left) and stochastic (a), constant

(b) and noise term for 11 crystals (right) [46]. In the expression on the left figure,
‘+’ denotes quadratic sum.

From equation 43 we can see that the constant term dominates the resolution at high energies.
A possible contribution to the constant term may come from rear shower leakage. Particles
produced at the shower tail enter directly the photodetector, leaving a signal equivalent to
those from higher energy electromagnetic particle entering the crystal. This effects should
manifest itself as a high energy tail in the energy distribution. In figure 14 the energy distribu-
tion for 280 GeV electrons is shown. The energy has been reconstructed as the sum of signals
from 3 X 3 crystal matrix. The absence of a high energy tail demonstrates the negligible influ-

ence of the rear leakage on the energy resolution. The measured resolution of 0.45% includes
a contribution from the beam momentum spread of about 0.24%.
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FIGURE 14. Energy distribution for 280 GeV electrons measured in the test
beam.

Another important aspect is the monitoring of the light yield changes induced by the radiation
damage. The light monitoring system has been studied in the test beam. A laser light of 523
nm (green) and 660 nm (red) has been injected from the crystal front side and then measured
on the back side in the period between two electrons impacts. The normalized response to
electrons versus normalized response for 523 nm light injection is shown in figure 15, for 9
different non-radiation-hard crystals7. As we can see there is a strong correlation between the
two responses, with a slope dispersion of about 10%. This allows to correct for the radiation
damage induced changes without deteriorating the energy resolution, as long as the light yield
decrease remains below = 10% and the slope of the monitoring versus shower response
remains within 10% for all crystals sharing the same light monitoring system. The first condi-
tion is already satisfied with the radiation-hard crystals and efforts are currently under way to
find a reliable procedure for producing a large number of crystals with a uniform behavior
under the radiation.

7. These crystals are old prototypes, having a too big light yield decrease and will not be used in the experiment.
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FIGURE 15. Normalized shower response versus monitoring response for 9
different crystals. The monitoring system has used 523 nm (green) laser signal.

Tests on a large sample of crystals have been performed to test their reproducibility regarding
different crystal characteristics. In figure 16, the response to a 50 GeV electron beam for 30
crystals arranged in the 5 X 6 matrix is shown. Electrons entered the crystals perpendicular to
the front face with 3° tilt in both directions with respect to its axis. The impact points were
uniformly distributed along two perpendicular axis in the middle of the crystal and parallel to
its sides. We can remark a very small dispersion between the crystal responses, demonstrating
a good crystal reproducibility regarding the uniformity of the transversal crystal response. The

deviation for two crystals in the ‘y beam’ profile is due to shower development in the copper
cooling shielding at the edge of the crystal matrix.
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FIGURE 16. Transverse response uniformity for 30 crystals measured in the test
beam. The deviation for two crystals in the y beam profile is due to shower
development in the copper cooling shielding at the edge of the matrix.
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2.6 The hadron calorimeter

The role of the hadron calorimeter (HCAL) [47] is to measure the energies and directions of
particle jets as well as the missing transverse energy flow, together with the electfomag.netic
calorimeter. It will also help in the identification of electrons, photons and muons in conjunc-
tion with the electromagnetic calorimeter and the muon system.

The design of the hadron calorimeter is governed by the requirements of a good hermicity,
good transverse granularity, moderate energy resolution and sufficient depth for hadron
shower containment. A lateral granularity of An X A¢ = 0.087 X 0.087 is chosen to match
the one of the electromagnetic calorimeter trigger towers and the muon chambers, and is suffi-
cient for a good di-jet separation and mass resolution.

The hadron calorimeter consists of two systems: a central calorimeter (1| < 3.0) with excel-
lent jet identification and moderate single particle and jet resolution and a forward calorimeter
(3.0 <|n| < 5.0) with modest hadron energy resolution but with good jet identification capa-
bility. The central calorimeter consists of a barrel (|n|<1.3) and two endcaps
(1.3 <|n| <3.0), all located inside the magnet cryostat. It is made of brass absorber plates
interleaved with scintillator tiles. Because of the 4 T magnetic field, the readout is done with
hybrid photodetectors. The tiles are grouped in towers, whose structure is given in figure 17.

FIGURE 17. The tower structure of the HCAL barrel.

Thc? baf'rel hadron calorimeter has a thickness of about 6.5 nuclear interaction lengths8 (A))
which is not enough for a total hadronic shower containment. This would results in a low-
energy tail in the response to hadrons and deteriorate the missing transversal energy measure-
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mgnts. Therefore, an additional hadron calorimeter (a so called tail-catcher) will be embedded
in the first muon absorb.er layer and will cover a pseudorapidity range of |n| < 1.5. The inclu-
sion of the tail catcher increases the total hadron calorimeter depth to at least 10 A, over the

entire pseudorapidity range.

The forw‘ard calorimeter, located in a very high radiation and a very high rate environment, is
madg of iron and quartz fibers. As the photodetectors, the forward calorimeter will use con-
ventional photomultiplier tubes.

The teszt beam results of hadron calgrimeter prototypes indicate that an energy resolution of
(6/E)" = (100%/ JE ) +(4.5%)" is achievable for hadrons between 30 GeV and 1 TeV.

2.7 The muon system

The role of the muon system [48] is the identification, triggering and momentum measure-
ments of muons. The presence of muons in the final states is characteristics of many interest-
ing physical processes. The most stringent requirements on the performance of the muons
system comes from the H — ZZ* — 41 decay channel.

The muon system will be located outside the solenoidal magnet and will cover the pseudorapi-
dity region of |n| < 2.4 It consists of barrel and endcap detectors using different technologies.
Both barrel and endcap detectors have four muons stations interleaved with the iron of the
magnet yoke. The barrel region |n| < 1.3 is made of drift tubes (DT) layers, a choice that was
possible due to the low expected rate and due to the relatively low intensity of the local mag-
netic field. For the endcaps, 0.9 <|n| < 2.4, the cathode strip chambers (CSCs) are chosen
since they are capable of providing precise space and time information in the presence of a
high magnetic field and high particle rate. CSCs are multiwire proportional chambers with the
cathode plane segmented into strips. They are organized into modules containing six layers,
thus providing a robust pattern recognition.

In addition resistive plate chambers (RPCs) in both the barrel and endcaps are added to pro-
vide an additional, complementary trigger with an excellent time resolution for the bunch
crossing identification. RPCs are gaseous parallel-plate chambers that combine a reasonable
level of spatial resolution with excellent time resolution (3 ns), comparable to that of scintilla-
tors. RPCs constitute a fast dedicated trigger system which can identify candidate muon tracks
and assign the bunch crossing with high efficiency.

The muon track reconstruction efficiency with the stand-alone muons system is better than
90% for track momenta below 100 GeV. The momentum resolution, shown in figure 18, is
about 6-30% for p; =100 GeV depending on pseudorapidity. Combining muon with the
tracker measurement these resolutions improve to about 1-6% for muons with pr = 100 GeV,

as shown on the same figure.

8. Nuclear interaction length is defined as the mean free path between inelastic interactions of particle and
nuclei.
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FIGURE 18. Momentum resolution for muon tracks using hits from the muon

system with a vertex constraint (left) and combining hits from muon system and
central tracker (right).

2.8 The trigger and data acquisition systems

At the nominal LHC design luminosity of 10* em™ s, an average of 20 events occurs at
the beam crossing frequency of 25 ns. This event rate of about 10” Hz has to be reduced to at

most 100 Hz, the upper limit that can be archived for off-line analysis. CMS has chosen to
reduce this rate in two steps:

The Level-1 trigger

Using the coarsely segmented data from calorimetry and muon system, the Level-1 trigger
searches for “trigger objects” such as photons, electrons, muons, jets, missing transversal
energy (E;) and total E, and retains only the events passing a predefined set of criteria.
At this level the input rate of 1 GHz is reduced to about 100 kHz.

The Higher level triggers system

Events passing the Level-1 trigger are forwarded to the Higher level trigger system. It has
an access to all the subdetectors data, including the tracker and the full granularity of the
calorimeters. Using all the data and a more complete event analysis, the final decision

whether to keep an event is made. On this level, the requested rate of < 100 events per sec-
ond for the mass storage is reached.

A shematic view of the CMS trigger and the data acquisition system is shown in figure 19. At
the first level, all the information about an event is preserved, with the Level-1 trigger using
only a subset of all data. Made at a fixed time after the interaction has occurred, a first level
decision is issued every 25 ns. The full data are stored in the pipelines, with a storage time of

3.2 us. If the first level trigger generates an accept, the event data are moved or assigned to a
buffer for readout and processing by the Higher level triggers.
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FIGURE 19. CMS trigger and data acquisition system.

The Level-1 trigger is organized into three major subsystems: the Level-1 calorimeter trigger,
the Level-1 muon trigger and the Level-1 global trigger. The global trigger accepts muon and
calorimeter trigger informations, and by using the logical combinations of these data with cor-
responding thresholds makes a global trigger decision. The Higher level trigger system is
organized as a series of filters, progressively using more informations to reduce the event rate.

The electron/photon Level-1 trigger is based on the recognition of a large and isolated energy
deposit in the electromagnetic calorimeter. The electromagnetic calorimeter is subdivided into
trigger towers, with a granularity of An X A¢ = 0.087 x 0.087 in the barrel. The electron/
photon trigger algorithm [49] is based on 3 x 3 trigger tower sliding window technique and is
illustrated in figure 20. This algorithm involves the eight nearest neighbors around the central
‘hit’ trigger tower and is applied sliding over the entire (1,4) plane. The electron/photon can-
didate E is determined by summing the E in the hit tower with the maximum E; tower of
its four broad side neighbors. In each 4 X 4 trigger towers region the highest E non-isolated
and isolated electron/photon candidates are separately found. The non-isolated candidate
requires passing of two shower profile vetos, the first of which is based on the fine-grain
ECAL crystal energy profile (FG veto) and the second is based on HCAL to ECAL energy
comparison, e.g. H/E less than 5% (HAC veto). The isolated electron/photon candidate
requires passing of two additional vetoes, the first of which is based on the passing of FG and
HAC vetoes for all eight nearest neighbors, and the second is based on there being at least one
quiet corner, i.e. one of the four five-tower corners has all towers below a programmable
threshold, e.g. 1.5 GeV. The four highest E, non-isolated and the four highest E; isolated
electron/photon candidates are transferred to the global calorimeter trigger where the top four
candidates of each type are retained for processing by the CMS global trigger.

As an illustration of the electron/photon trigger algorithm performance, we show in figure 21
an efficiency for triggering on top to electron decay events (¢ — e + X ) versus the p; and n
of the electron for various cuts. All efficiencies are over 90% about 10 GeV above 25 GeV
trigger E, cutoff.
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FIGURE 20. Illustration of the electron/photon trigger algorithm [49].
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chapiers  Contribution to the construction of the
electromagnetic calorimeter

3.1 Introduction

One of the main CMS design objective is to construct a high performance electromagnetic cal-
orimeter. It has been carefully designed and optimized for the precise reconstruction of high
energy electrons and photons by combining their energy measurement with informations from
other subdetectors. In the electron reconstruction process, the energy deposited in the electro-
magnetic calorimeter will be used for:

» an electron trigger, since a high energy deposit in the ECAL indicates potential importance
of the physical event, which will eventually be kept for a further analysis,

« an electron identification, by matching the energy deposits in ECAL with the tracks mea-
sured by tracker,

 aprecise electron energy estimation.

To fulfill these tasks, at the level required by physics studies, the CMS electromagnetic calo-
rimeter is designed as a very complex system. It will consist of about 80 000 PbWO, crystals,
each placed in a supporting structure, an alveolar container. The optical signal from crystals
will be read-out by photodetectors, avalanche photodiodes in the barrel (two per crystal) and
vacuum phototriodes in the endcaps, followed by the associated electronics. Together with the
temperature sensors and the monitoring system, the complete electromagnetic calorimeter will
consist of more than a million pieces. The production of such large number of elements is dif-
ficult to be carried out in scientific laboratories, and the CMS collaboration has decided to
give it entirely to the factories, chosen by a procedure of public offer.

During several years of R&D, the prototypes of every detector component have been carefully
studied and their properties optimized in order that the entire system fulfill the requirements
fixed by detailed physics simulations. With these properties being defined, one of the main
tasks is to keep all the pieces produced inside corresponding tolerances. Therefore, quality
control of the detector components is an important step in the detector construction.

In the first part of this chapter we will describe the electromagnetic calorimeter mechanical
structure, with a special attention on the alveolar containers mechanical design. We will also
discuss the crystal light collection optimization and the choice of the inner coating material of
the alveolar container.

The most important characteristics of an alveolar container are its mechanical and optical
properties. They depend very strongly on an exact production procedure and it is therefore



3.2 The electromagnetic calorimeter structure

important to monitor the entire production process. We wil} describe the alveolar structures
production process and the system developed for its monitoring.

The inner coating of the alveolar structure has been specially optin.lizefd to keep the. crys_tal
light yield and the longitudinal response uniformity at a level not significantly deterloratlng
the energy resolution. To ensure this for all the structure produced, we have (?evelopfad an opti-
cal quality control system. As the main content of this chapter we will describe the instrument
developed for the optical properties measurements, as well as the methodology gsed for th-e
optical quality control. The developed control process have been tested by measuring the opti-
cal properties of the alveolar structures produced in the laboratory.

3.2 The electromagnetic calorimeter structure

The general ECAL design requirements, coming from the physics to be studied in CMS, can
be summarized as follows:

« Pseudorapidity coverage

The geometrical crystal coverage extends to |n| <3, while the energy measurements will
be carried up to 1| <2.6. These limits have been determined by considering the radiation
doses, the amount of pileup energy and the matching with the geometrical coverage of the
tracking system.

o Transverse granularity

One of the biggest advantage of the PbWO, is its compacity, expressed by the smallness of
its Moliére radius of 21.9 mm. In the barrel, a crystal transverse granularity of about
22 %22 mmz, corresponding to An X A@ = 0.0175 x 0.0175 has been chosen. It matches
the Moliére radius and therefore allows to reduce the effect of the pileup on the energy
measurement by reducing the area to be used for the energy estimation. Such a fine crystal
granularity allows for precise identification of electromagnetic objects, and makes possible
the development of sophisticated algorithms to correct effects like bremsstrahlung and con-
versions in the tracker material. In the endcaps, the granularity will decrease progresively
with increasing 1 to a maximum value of An X A¢@ = 0.5 X 0.5, keeping a constant crys-
tal front cross section of 28.6 X 28.6 mm" .

» Longitudinal thickness (depth)

In order to limit the backward leackage of high-energy electromagnetic showers to an
acceptable level, whilst keeping the crystal volume and cost at an acceptable level too, a
total thickness of about 26 radiation lengths at 1 = O is required, corresponding to a crys-
tal length of about 23 cm. In the endcaps, the presence of a preshower detector, and there-

fore of 3 X, of material in front of the ECAL, allows for the use of slightly shorter crystals
of about 22 cm.

In addition to these requirements, the engineering design should ensure the best possible her-
meticity by minimizing the gaps between crystals, and optimizing the barrel-endcap transition
region, as well as minimizing the material in front of the ECAL and between the ECAL and

the hadron calorimeter. It is also necessary to stabilize the temperature of the whole calorime-
ter (crystals, APDs)to <0.1 °C.
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3.2 The electromagnetic calorimeter structure

In figure 2‘2,.the longitudinal view of one ECAL quadrant is shown. The barrel part covers th
pseudorapidity range |n| < 1.479, with the crystals starting at a radius of 1.29I:n while endtf
caps covers the pseudorapidity range 1.479 < |n| < 3, with the crystals front fac; starting at
z = 3.17 m. In front of the endcaps, the preshower detector, covering a pseudorapidity range
from [n| = 1.65 to 2.61, will be present from the start of the experiment. ¢
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FIGURE 22. Shematic view of one quadrant of the electromagnetic calorimeter.

The crystals are organized into modular structures, with the two +z half-barrels having the
same structure, as well as the two endcaps. In the barrel, the basic structure is a submodule,
containing 2 crystals in ¢ and 5 crystals in 1}. Submodules are assembled in modules, with
module type 1 consisting of 50 submodules (10 in ¢ and 5 in 1) and module type 2, 3 and 4
of 40 submodules (10 in ¢ and 4 in 1 ). Finally, modules will be grouped in supermodules,
each consisting of four modules, one of each type (i.e. 1 module in ¢ and 4 modules in 7).
Therefore, each half-barrel will have 18 supermodules. The endcap crystals are organized in
supercrystals, each containing 25 crystals. In one endcap there will be 268 full and 64 partly
filled supercrystals to complete the inner and outer perimeter. The supercrystals are grouped
in dees, with 2 dees per endcap. In figure 23 the shematic view of the ECAL geometrical
structure is given, and in table 4 the main geometrical parameters are listed.
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3.2 The electromagnetic calorimeter structure

FIGURE 23. Shematic view of the ECAL structure.

Parameter Barrel Endcap
Pseudorapidity coverage Inl < 1.479 1.479 <|n| < 3.0
ECAL envelope: fipep Touter (Mm) 1238, 1750 316, 1711
ECAL envelope: Zinnep, Zouter (M) 0, +3045 +3170, +3900
Granularity: An X Ad 0.0175 % 0.0175 0.0175 x 0.0175 to

0.05 x 0.05
Crystal dimensions (mm?) typical: 21.8 x21.8 x 230 28.6 x 28.6 x 220
Depth in X, 25.8 24.7
Number of crystals 61200 16000
Total crystal volume (m3) 8.14 3.04
Total crystal weight (t) 67.4 25.2
Modularity 36 supermodules 4 Dees
1 supermodule/Dee 1700 crystals (20 ¢, 85 1) 4000 crystals
1 supercrystal unit - 25 crystals

TABLE 4. Summary of the main ECAL design parameters.

To avoid that photons originating from the interaction vertex pass directly through the cracks
between crystals, the crystal axis are tilted by about 3° with respect to the line connecting the
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3.2 The electromagnetic calorimeter structure

origin of the coordinate system (which coincides with the mean proton-proton interaction

point) and the crystal front face barycenter [50]. For the e
. ndcaps, the tapered
crystals ensures that most of the crystals are effectively tilted from 2° top 8°. Beomelty of the

For reason of construction and assembl i
: y ease, crystals in the barrel have been grouped in the
so-called flat-pack configuration (figure 24), with a left-right symmetry. The crystzla)ls have a

truncated pyramidal shape, with parallel front and back faces (small and large base of a trun-
cated pyramid).

FIGURE 24. Flat-pack geometry principle.

The geometry of the endcaps is based on a right-sided crystals with two tapering sides. The
taper is defined by a line from a point 1300 mm from the far side of the intersection point, to
the rear corner of the crystal. In this way the off pointing of the crystals is obtained, ensuring
also a maximum path length through the crystals.

The chosen granularity of crystals implies that one half barrel consists of
85(in n) X 360(in ¢) crystals. The group of 10 (5(n) X 2(¢) ) crystals is contained in a sepa-
rate alveolar structure, and with the associated mechanical pieces forms one submodule. In
order to reduce the number of geometrically different crystals, in each submodule all five alve-
olas in M are filled by crystals of the same size, taken from the smallest (the one in the further-
most || alveola). This reduces the number of crystal types from 85 to 17, as shown in
figure 25 with each crystal being characterized by the parameters defined on the figure 24.
There is, therefore, 17 different alveolar structure types, with 360 submodules of each type.
Figure 26 shows the definition drawing of two alveolar structures types.
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FIGURE 25. Shapes of the 17 crystal types.

FIGURE 26. Definition drawing for the alveolar structures of type 1 and 17.
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3.2 The electromagnetic calorimeter structure

The use of an alveolar structure to hold the crystals has been chosen because of the PbWO4
crystal fragility and in order to facilitate the assembly process. The rigidity of the structure is
such that no load is transferred to a crystal from any of its neighbors. Once the 10 crystals are
inserted, the alveolar structure is closed with an aluminum tablet (figure 27). The tablet is a 20
mm thick prismatic plate bored with 4 slots corresponding to the position of the capsules and
provides an outlet for the electronics. The tablet weights 150 g and is riveted on the outer
periphery. The pressure exerted by the tablet on each crystal subunit is taken by a foam piece
which closes the cell bottom. The overall weight of an assembled submodule is about 12 kg.

Tablet

-

Alveolar .~
Container

|

Submodule
10 subunits, Alveolar container, Foam, 10 Ferrule holders (not shown),
2 Fromt Setpins (not shown), Tablet, 2 Rear Setpins

FIGURE 27. Assembly of one submodule.

The submodule is positioned on the grid at the back. The set of modules forming the super-
module is covered by a basket. Both the grid and the basket are mgde of an aluminum alloy.
The structure is held by two pins at the front and at the back precisely located as shown in
figure 28. The two front pins are integrated to the structure, while the two back pins are con-

tained in the tablet.

Grid

M Basket bottom plate o[
Fixing screw NS
| -
RS
. :‘
¥ ~
v n
B
\ Setpin Setpin

FIGURE 28. Boundary conditions of the submodules and attaching to the grid.
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3.3 Light collection optimization

In order to obtain the desired energy resolution, the gap between 'crystals has t.o be at most
equal to 0.5 millimeters. The alveolar unit nominal wall thickness is 0.2 mm, w1.th the manu-
facturing tolerances of £20 pm. In the alveolar structure, the crystals are free with an air gap
of about 0.1 mm. Including the crystal processing tolerance, froxq O.to 0.1 mm, the chosen
design guaranties a maximum distance of 0.4 mm between crystals inside a submodule, and of
0.6 mm between two submodules, in ¢ ‘and in 1.

3.3 Light collection optimization

The most important property of the CMS electromagnetic calorimeter is energy resolution, i.e.
the precision of the electrons and photons energy measurements. As we have seen in section
2.5.3, the ECAL energy resolution can be parametrized with three terms, the so called sto-
chastic, constant and noise terms.

The main contribution to the stochastic term comes from the photostatistics fluctuations. It is
inversely proportional to the squared root of the collected light yield, that is to the number of
secondary photoelectrons after amplification in the photodetector per unit of incident particle
energy. It is thus very important to have both an intrinsic light yield of crystals as high as pos-
sible and an optimal light extraction system. The light extraction from the crystal depends on
the crystal geometry, the state of the crystal surface, the crystal wrapping, the optical coupling
between the crystal and the photodetector, and on the quantum efficiency of the photodetector.
The design goal is to have a contribution from the stochastic term coming from photostatistics
at the level of 2.3%. With an excess noise factor of the avalanche photodiodes of about 2, this
gives a light yield requirement of more than 4000 photoelectrons per GeV for a particle in the
barrel. In the endcaps, the lower quantum efficiency of the vacuum phototriodes is compen-
sated by their bigger area, in comparison with APDs.

3.3.1 The light collection curve

One of the most important contribution to the constant term comes from the light yield collec-
tion non uniformity. Two effects contribute to this non uniformity:

» A “focusing effect” produced by the crystal pyramidal shape. The photons, produced by the
crystal scintillation mechanism, can enter the photodetector on the back side if they have, at
the rear face, an angle within the extraction cone. Because of the crystal pyramidal shape,
the photons produced far from the photodetector have a higher probability to enter the pho-

todetector. This effect is responsible for the increase of the light collection curve with the
distance to the photodetector.

» Because of the optical attenuation in the crystal, the collected light yield decreases with the
distance between the photodetector and the source of photons.

The influence of the longitudinal light collection non uniformity on the energy resolution has
been studied with detailed Monte Carlo simulations [51]. It was found that the size of the con-
stant term induced by the non uniformity in the region of the e/y shower maximum is lin-
early related to the response slope in this region. If we want this contribution to be less than
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3.3 Light collection optimization

0.3%, we can tolerate a maximal slope for the longitudinal non uniformity in the region of the
shower maximum of 0.35%/X,, for electrons and 0.25%/X, for photons!. In addition, the
energy resolution is insensitive to the response slope in the region from the beginning (%ront
face) of.the cryst‘al to about 3 cm, as long as that slope is less that +20 %. It was also found
that an increase in the response toward the back of the crystal can compensate for the rear
leakage of high-energy showers. An optimal compensation is achieved when the response at
the back of the crystal increases towards the rear face by 10% over the last 10 cm. The optimal
curve of the longitudinal response is shown in figure 29.

»
—p

light yield (a.u.)

15%
20%
0 +0.25%/X =9

‘.,3%3

—t

| &l >
T T R

100 200
distance from photodetector (mm)

FIGURE 29. The Optimal light collection curve (thick line) with tolerances
(shaded regions), obtained from Monte Carlo simulations [51].

3.3.2 Choice of the crystal surface

The amount of light collected as well as the shape of the longitudinal collection curve depends
on geometry, on the absorption length of the crystals, on the optical properties of the crystal
sides and of the wrapping material. As the geometry is fixed by the physics considerations
cited in previous sections and the absorption length by the crystal production, to obtain the
requested longitudinal response uniformity several methods have been studied, combining
changes in optical properties of the crystal sides and in the wrapping materials. For example,
in the first tests, the PbWO, crystals were uniformized with black scotch or black paint in the
region at the crystal beginning. Although giving a good uniformity, these methods have as a
drawback a significant reduction of the overall light yield.

From the point of view of the overall light collection efficiency, it was found that a wrapping
with tyvek gives the best results [52]. However, this method has been found very difficult to
implement because of the large natural spread of the tyvek thickness.

1. The difference between electrons and photons comes from the higher fluctuations of the longitudinal shower
average in the case of the photons.
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3.3 Light collection optimization

From the light collection uniformity point of view, an optimal light collef:tion curve, with a
tolerable 10% light yield loss, was achieved by depolishing one .lateral sx.de of each crystal.
Therefore, crystals will be delivered by the producer having one side depolished.

3.3.3 Choice of the alveolar structure material

Taking into account the requirements for the mechanical and the optical properties, two types
of material have been chosen for the alveolar structure production: a glass fiber epoxy resin
prepreg (reference Hexcel 2125/ES70/40%) and an optically treated aluminum. The glass
fiber epoxy resin prepreg has been chosen thanks to its capacity to produce walls thin enough
to maintain the nominal gap between the crystals.

For what concerns the optical properties the alveolar containers have been optimized in order
to keep the longitudinal uniformity inside the requested tolerances with an acceptable light
yield loss. This is achieved by choosing the treated aluminum foil, with the structure shown in
figure 30. It is made of a 25 pm aluminum coating, ensuring the rigidity of the structure as
well as electromagnetic shielding, and by polyester coating, glue, chrome, aluminum and sili-
cium oxide to enhance surface reflexivity and to protect against oxidation.

T R LR PR 1 25 )
biatband A Bl L e W L B s
] l I” ”” Polyester (6 pm)
e ;%';‘};’::E,’:: Chrome (10 nm)
-ﬁ—/ L ¢ & Colle (4 pm)
MR SL T AR TSR S SENa  Al (30 nm)
SiO, (15 nm)

FIGURE 30. The components of the treated aluminum foils used for the
production of the alveolar structures.

The optical properties of four samples of treated aluminum, expressed through the hemi-
spheric reflexivity and the diffused reflexivity (Rpemispheric = Rspecutar ) @r¢ shown in figure 31
[53]. The samples 1, 2 and 3 have been produced at the Fraunhofer Institute (FEP) in Dresden,
except for the optical coating of sample 3, deposited at CERN. The sample 4 has been entirely
produced at CERN. The sample 2 has a Rexor substrate, while the others have a Teknek sub-
strate. The samples produced at CERN have the hemispheric reflexivity slightly higher (5% in
average) than those produced at the FEP. The mean values, in a region corresponding to the
PbWO, scintillation spectrum (350 nm to 550 nm), are about 85% for the samples 1 and 2 and

about 90% for the samples 3 and 4. The mean diffused reflexivity is at the level of 1-2%,
except for the sample produced with the Rexor.

As we have already seen, the stochastic term in the energy resolution is inversely proportional
to the squared root of the collected light yield. Eventual deterioration of the alveolar structure
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3.3 Light collection optimization

optical properties implies. a loss of the collected light yield. In order to keep the influence of
the alveolar structure optical properties to the stochastic term in the energy resolution on the
level of less than 10%, the collected light yield decrease should be smaller than about 20%.
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FIGURE 31. The optical characteristics of the 4 samples (see text), measured
with a Perkin Elmer lambda 19 spectrophotometer equipped with an integrating
sphere of 15 cm [53].

As an illustration of the alveolar structure influence on the crystal light collection, in figure 32
we show the light yield measurements for the same crystal with different wrappings: tyvek,
two types of aluminized mylar and two alveolar containers, one produced with treated alumi-
num and one with non-treated aluminum. From the light collection curves shape, we can see
that the alveolas do not change significantly the longitudinal uniformity (the crystal has a
slightly higher slope than requested since it was not completely optimized at the shower max-
imum region). The total light yield is about 10-12% lower with the good alveolas with respect
to the tyvek. The non-optimized alveolar container has in addition about 18-20% lower total

light yield.

We conclude that the technology of producing the alveolar containers with the treated alumi-
num allows to keep the optical properties at the requested level. In order to guarantee this
properties for the alveolar containers produced on an industrial scale, an efficient quality con-
trol system has to be established. This has been the subject of our contribution and will be pre-
sented in next sections, after a short overview of the alveolar structures production process.
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FIGURE 32. Measurements of the distribution of the collected light as a function
of the source position and for different crystal wrappings.

3.4 Production of the alveolar structures

The alveolar structures production process has been studied in the preproduction process opti-
mization on a set of structures in the laboratory. It has been optimized in a way of minimizing
the material usage, the duration of the process and the number of rejected pieces, while keep-
ing the quality at the requested level, both in terms of mechanical and optical properties. The
experience acquired during the development phase has allowed to extend the production to the
industrial scale. The alveolar structures will be produced by the firm MOC Composite.
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3.4 Production of the alveolar structures

The production procedure proceeds through the following steps:

* quality control of the aluminum foils and of the prepreg,
* cutting up of the foils and wrapping on the mandrels,

* positioning inside the moulds,

e thermal treatment,

* extraction from the moulds and visual inspection,

e cutting to the specified dimensions,

» final geometrical control,

* optical validation,

 packaging and delivery.

Figure 33 shows the process of cutting out of the aluminum foils and the prepreg, their wrap-
ping on the mandrels and the mandrels positioning in the moulds. In figure 34 the photogra-
phy of the moulding tools is shown. Figure 35 presents a photography of several types of
- alveolar structures produced in the laboratory.

In order to maximize the alveolar structure production efficiency, a system for controlling
each task in the production process has been designed and set up. It consists of 17 electronic
boards, one for each structure type. An optical switch is used for the identification of the alve-
olar type which is being produced, and one button is dedicated for each production task. It will
be pressed by the operator after the task completion. All the 17 posts are connected to a data
acquisition system. This system sends periodically identifying signals, sequentially for each
active post, in order to read their current status. Then, comparing it with the previous state, the
operator’s action can be determined. A dedicated software program analyzes the sequence of
performed tasks and issues warnings in case of eventual non-conformity. Therefore, the pro-
duction control system monitors the production process and effectively reduces the number of
rejected pieces. It also helps in optimizing the whole process in terms of timing, quality and
efficiency. The shematic view of the whole system is shown in figure 36.

One of the most important requirements on the alveolar structure is to have very accurate
dimensions. The modularity of the ECAL design, with the precise positioning of the structures
to the grid and the basket, as well as the closure of the structure with the tablet, request very
accurate outer dimensions. Insertion of the crystals demands very accurate internal dimen-
sions. The internal dimensions of the alveolar structures are defined by the mandrels dimen-
sions and the thickness of the alveolar structure walls is controlled by the exact production
procedure (the care in the materials wrapping on the mandrels and in the mould closure). The
main concern remains for the planarity of the alveolar walls and the alveolar cutting accuracy
to the specified dimensions. It is therefore necessary to control the final dimensions of the
alveolar structures. Every alveolar structure produced will be precisely measured following
the fixed procedure and the results checked to be inside the predefined tolerances. Only the
structures passing this dimensional tests will be accepted.
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FIGURE 34. Photography of the moulding tools.
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FIGURE 36. Shematic view of the production process monitoring system.
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3.5 Optical quality control of the alveolar structures

The optical properties of the alveolar container should remain on the same lc.vel for all the
structure produced. To ensure this we have developed a control process, gon51st1ng of measur-
ing the treated aluminum sample before the alveolar structure proc.luctlox‘l and the structure
produced from that sample after the full production process. In th%s section we present the
instrument developed for optical properties measurements, the quality control procedure and
the results for the alveolar structures produced in the laboratory.

3.5.1 MONICA

In order to control the optical properties of the alveolar containers, we have developed a dedi-
cated instrument, named MONICAZ2. The design of the instrument is governed by the follow-
ing requirements:

« measurements of the relevant optical characteristics in a short period of time (a few min-
utes, i.e. at least one order of magnitude smaller than the time needed for a structure pro-
duction),

« simple to use for the operator in the factory and in the laboratory,
« dimensions suitable for an insertion into an alveolar structure,
o a short term stability (during the structure measuring period).

The MONICA instrument measures the specular and the diffused reflexivity of a given sur-
face, and its shematic view is presented in figure 37. The most important elements of the
instrument are: an electroluminescent diode (LED) as the light source, two PIN photodiodes
as the photodetectors, signal amplifiers, a data acquisition system and user interface. The pho-
todiodes are located inside a metallic piece fixed to a shank which holds the cables. The piece
has its lateral dimensions slightly smaller than the alveolas nominal ones, so to be able to be
inserted inside an alveola. The system is insulated from the noise coming from the 50 Hz
lamps. In order to obtain reproducible measurements, the metallic piece has to be well fixed to
the measured surface: This is obtained by means of a vacuum pump which, when the piece is
well fixed, starts the measurement thanks to a vacuum switch.

The measuring principle is based on the detection of the light reflected and diffused by the
measured surface. The continuous light emitted by the LED propagates to the measured sur-
face at an angle of 45°. Part of this light is reflected at a 45° angle, while the other part is dif-
fused in a 27 solid angle. The photodiode positioned at a 90° angle with respect to the surface
measures the fraction of the total light diffused (D) in the solid angle dQ2; covered by the
photodiode (D - d€2,/271t). We shall call this component the diffusion. The second photodiode,
located at 45° angle, measures about the same fraction of the diffused light and in addition the

fraction of the reflected light (R) with an angle of 45° ((D + R) - dQ,/21). We shall call these
components the reflexion.

2. Apparatus for the ‘Mesures Optiques de Nature Industrielle pour le Contrdle des Alvéoles’ in French.
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3.5 Optical quality control of the alveolar structures

The main characteristics of the LED light source are given in table 5. The wavelength of the
emitted light well matches the emission spectrum of the PbWO, crystals which peaks between
440 and 500 nm, with 10% of the peak signal in a window between 360 and 570 nm.

e LED:
photodétecteur - 383UBC (GaN/siC)
pour la diffusion - pic d'émission = 430 nm
PN photodétectew, PIN:
/ source ——  pourkaréfiection - Homamatsu 55821
(LED) "N -surface = 1.1 mm’
T M
surface a mesurer
Temp.i_l_ AD612
A[w|>_"—|_t CANI
CAN2
Q_DJ_ CAN3
CAN4
L
o
PORT
PARALLELE

FIGURE 37. The shematic view of the MONICA apparatus.

Material GalN/SiC
Emission peak 430 nm
V ;. typical 49V

Vf , maximal 5.5V
Typical current 20mA
Emission angle 24°

TABLE 5. Characteristics of the 383 UBC LED.
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3.5 Optical quality control of the alveolar structures

: 2
The PIN photodiode produced by Hamamatsu 18 of type S5821 and has a surface of 1.1 mm~”.

Its spectral response has a maximum around 1000 nm, and at 430 nm the 30% of the maxi-
mum response is reached.

As the data acquisition system, we have used an analog to digital converter AD612 (from Kei-
thley Instruments, Inc.) which is connected to the parallel port of a computer. It has 6 analog
input and 3 digital input/output channels. The converter has a resolution of 12 bits and an
input dynamical range from O to 4.096 V. The maximal allowed acquisition rate is 15 Hz. A
temperature sensor AD590 is located inside the electronic box. It is used to study the varia-
tions of the instrument response with respect to the temperature.

We have developed an user interface to drive the use of the apparatus. It allows to choose the
working mode (manual or control procedure), as well as the number of measurements. All the
measurements results are written into a file for a later analysis.

After the data acquisition triggered by the vacuum switch, the program computes the mean
value of 5 consecutive measurements in the same conditions and takes this value as the mea-
surement result. In order to avoid any bias from spurious measurements, the N measurement

values are sorted and the final results are obtained by computing the median and the effective
RMS defined as:

Xy41 »forodd N

2
median= (EQ 44)
-—(xN+xN ),forevenN
2\ 2 =+1
2 2
1
RMS o = 5{(W'x1+(1—W)'x1+1)-((1-w)'xk+w-xk+1)} (EQ 45)
where:
w = mod(N'(l_?‘O’ 683),1),
b= int[N—(l—O, 683)),
2
Il = N-k%.

The general performances of the apparatus have been studied by measuring the optical charac-
teristics of several surfaces. The results are shown on the figure 38. The chosen surfaces corre-
spond to samples of a treated aluminum foil used for the alveolar structures production, white
paper (XEROX), black paper and tyvek. One can easily notice the differences between a
highly reflective material like the treated aluminum foil and the diffusive material like the

white paper. The tyvek has the reflexivity about twice the diffusivity and for the black paper
both components are at the level of the instrument offset.
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FIGURE 38. Reflexivity and diffusivity measurements on several materials.

One of the most important characteristics of the MONICA instrument is a stability of its
response. The main source of variations are the LED aging and the temperature dependence of
the emitted LED light intensity. The first effect is responsible for the long term instabilities.
The typical lifetime of the LED being used is about 2000 hours, a few order of magnitude
larger than the typical alveolar structure measuring period. Nevertheless, a large number of
structures to be produced over a period of about 3 years implies that this long term instabilities
are not negligible.

Short term variations of the LED response are caused by the temperature dependence of the
emitted LED light. The LED is power supplied with the constant voltage and for the typical
voltage the current and therefore the intensity of the emitted light increase with the tempera-
ture. To study the short term variations of the whole instrument we have measured the optical
characteristics of a mirror, in a period of about 1.5 days. The results are shown in figure 39. In
order to decouple the characteristics of the instrument from an eventual non uniformity of the
measuring surface, all the measurements have been taken at the same point. From the figure,
one can see that the responses of both PIN diodes, the one measuring the reflexivity and the
one measuring the diffusivity, follow well the temperature variations. The temperature coeffi-
cients have been extracted from a linear fit of the correlations shown in figure 40. They are:
1.7%/°C for the reflexivity and 1.5%/°C for the diffusivity. The small histograms on the
figure 39 show the deviation for each measurement with respect to the mean value of 4 con-
secutive measurements (<>, in the distributions). The variations of the diffusivity are at the
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level of the ADC sensitivity and the variations of the reflexivity are negligible with respect to
the signal amplitude.

~3300 E 3
§ : 3
E300 F : 100 rms=0.07
& 3100 ;‘M 75 E
g .
FI00 £ M-
U - o
2900 E 5 F
2800 Ll ] I l 1Ll I Sl l ! LAl l L1l l Ll ' Ll I Ll Lt ' Lll 0 |- - l e L
50 100 150 200 250 300 350 400 450 -1 0 1
temps (5 min) Ri<R >, -1 (%)
~ 130 F r
] F C
S b 6 I
N :
x 110 :ﬂ_“mw 0
3 g X
1] - s
% 100 __ 20 |-
.a 90 I ' .l l Ll Jil 1 1L l Ll Ll I Ll Ll l Ll L LLl i1 | LU L) I Ll 0 F
50 100 150 200 250 300 350 400 450 -5 0 5
temps (5 min) D/<D >, -1(%)
=8 — rms=0.6%
& [
2 n
3 A
s L
5 - L
g -
3 ]6 ;lll'llllLl_L\llIllLJ_A_l_Il'IIIllJ_l_LlIllI|‘lll|llll 0 J:vsll [
50 100 150 200 250 300 350 400 450 3 0 5
temps (5 min) T/< T >, -1 (%)

FIGURE 39. Test of the MONICA apparatus short term stability.

€ &
3 B
A 8} R L
s $ 7
i g
T s | € s
3 3
§ H
3 2
T § «F
BHL
it e
2 | TR F
[} i
[ b
nP [le::

-3 -2 - 0 ! 2 3
T<T>(C)

FIGURE 40. Correlations of the reflexivity and of the diffusivity measurements

with the temperature. The temperature coefficients are 1.7%/°C for the reflexivity
and 1.5%/°C for the diffusivity.

T<T>(C)

110



3.5 Optical quality control of the alveolar structures

We can therefore conclude that the stability of the measurement apparatus is satisfactory in a
few minutes period. This matches the period needed for the measurement of one alveolar
structure. If one wants to compare measurements separated by a bigger time interval, it is nec-
essary to normalize them to the results for the corresponding reference surface measured just
before. The optical properties of the reference surface have to be stable over a large period of
time, at least one order of magnitude larger than the lifetime of the LED. :
The light emitted by the LED depends on the applied voltage. It is thus necessary to find a
working point in agreement with the constraint of the PIN/amplifier/ADC system saturation
on one side, and of the precision on the another side. In order to determine this point, we have
measured the reflexivity of a treated aluminum sample, of three alveolar structures made out
of the same treated aluminum, one of which had traces on its optical coating (denoted as ‘old
alveola’) and of one structure produced with non-treated aluminum (denoted as ‘very old alve-
ola’). The results are presented on the figure 41. The mean values follow the characteristic
behavior /=f(U) of the diode. Above around 3.35 V, the separation between the different sur-
faces bg,comes visible. As the working point we have chosen a LED voltage between 3.4 and
3.45V-.

In order to better compare the optical characteristics of the measured surfaces, the measure-
ments of the reflexivity and of the diffusivity for the LED voltage of 3.42 V are shown in
figure 42. On can see a difference of about 5-10% between the treated aluminum sample and
the structures produced with the same aluminum. The structure having traces on its optical
coating presents an additional decrease of reflexivity of about 10%, with a higher dispersion.
The structure produced with the non-treated aluminum, which therefore had started to oxidize,
is characterized by a still smaller reflexivity, between 10% and 15%, and a higher diffusivity
of about 30%. Comparing these results with the measurements of the collected light, shown in
figure 32, we can see that there is approximately the same correspondence between the total
collected light with the tyvek wrapping and the alveolar structures when compared to the
reflexivity measurements for the treated aluminum sample and the alveolar structures. This
shows that, with the instrument developed, we can determine sufficiently small differences for
our needs. We shall use the established correspondences in the process of optical quality con-
trol of the alveolar structures as described in the next section.

3. Since a few instruments have been produced in the laboratory, their nominal values are different and are deter-
mined by a calibration process.
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FIGURE 41. The reflexivity measurements of the treated aluminum sample and
of different alveolar structures as a function of the voltage applied on the LED.
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FIGURE 42. The reflexivity and the diffusivity measurements of the treated
aluminum sample and of different alveolar structures for a LED voltage of 3.42 V.
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3.5 Optical quality control of the alveolar structures

3.5.2 The optical control procedure

The alveolar structure optical quality control will consist of two steps:

* Measurements of the aluminum foil samples before the structure production. Only the foil

whose sample passes a predefined set of criteria will be used for the alveolar structures pro-
duction.

» Measurements of the structure after the complete production process. The results for the
structure are compared with those for aluminum foil sample from which this structure was
produced, and in the case where predefined sets of criteria are not satisfied the structure
will be studied more carefully and eventually rejected.

Before each sample and alveolar structure measurement, a reference surface will be measured
as needed in order to decouple the optical characteristics of the measured surface from the
variations due to the apparatus.

3.5.2.1 Reference measurement

As we have already concluded, the reference material has to have very stable optical proper-
ties over the long period of time. As reference candidates we have studied a white paper and
several types of mirrors. The white paper has been used for the measurement of some alveolar
structures produced in the laboratory, while for the industrial production we have chosen a
mirror. It is an interferential mirror made out of PYREX, optimized for a reflexivity maximum
of 98% at 45° angle and for wavelengths between 450 and 650 nm. The size of the reference
is 130 x 76 x 3 mm?> and it is protected by a wooden box and identified by an authentication
code and a bar code. The results of 40 sets of the reflexivity and the diffusivity measurements
for this mirror are shown in figure 43. The measurements have been taken during a 2 hours
period, on uniformly distributed points. Again, one can notice a very good stability over a
short period of time. The RMS values of less than 0.5% for the reflexivity and 1% for the
diffusivity are largely sufficient for a normalization of the aluminum samples and the alveolar
structures measurements. The long term stability is also expected to be sufficiently good, since
the reference is chosen as to be very scratch resistive.

3.5.2.2 Aluminum sample measurement

The aluminum foil used for the alveolar structures is produced at the Fraunhofer Institute
(FEP) in Dresden, and delivered in the form of rollers, with the approximate dimensions of
50 cm x 300 m . Before the production of the alveolar structures, the optical properties of the
aluminum foil have to be verified. Every 10 or 20 meters of roller, 4 samples of
10 cm % 10 cm will be cut out, one in order to be measured and the others in order to allow an
eventual check in the laboratory. Because of the pressure in the MONICA instrument, the
samples should be glued on a rigid and plane surface. After several tests on different surfaces,
we have chosen an aluminized mylar because of its excellent planarity.

After the reference measurement, the sample will be measured at N randomly distributed
points. Upon the measurement completion, a local and a global criteria will be applied. The
local criterion checks that the values of one measurement are not too much dispersed by
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3.5 Optical quality control of the alveolar structures

requesting that the RMSe and the median ratio is lower than a given value. This va}uc is
determined by the calibration procedure of the apparatus measuring the sample etalon in the
laboratory.
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FIGURE 43. Measurement of the interferential mirror reference.

If the local criterion is satisfied, a global criterion is applied. It checks the mean values of the
sample reflexivity and the diffusivity by requesting:

(M samplej
M ref

——— € [A,B] (EQ 46)
Rﬁx

where:
- M g, mpie 1s the median of the sample measurements,
- M_.; is the median of the reference measurements,

- Ry = M pie” M (¢ s the ratio of the medians obtained by the detailed measurements of
the sample etalon and the reference in the laboratory,

- [A,B] is the acceptance interval: [0.9,1.2] for the reflexivity and [0.8,1.2] for the diffusivity.

If the sample does not satisfy the local or the global criteria, the same procedure will be
repeated with 2N measurements, to decouple an eventual influence of the small statistics to
the results. If again at least one of the criteria is not satisfied, a new sample will be cut a few
meters away and the same procedure repeated. If the new sample does not pass the criteria, the
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3.5 Optical quality control of the alveolar structures

whole procedure will be applied for the last time to a sample cut further away. If the problems

do persist, this defines a major non-conformity implying a very detailed study of the alumi-
num foil.

Figure 44 presents the measurement results of four different samples in the same conditions.
The sample on the top of the figure corresponds to the type 4, as defined in the section 3.3.3,
and the two others correspond to the type 3. The sample on the bottom of the figure has
parameters similar to type 4, but has been cut at the end of the roller where the optical charac-
teristics were deteriorated. We can see that the measurements performed with the MONICA

instrument are in agreement with the detailed optical measurements presented in the
section 3.3.3.

In order to check the homogeneity of an aluminum roller, we have compared the measure-
ments of several samples coming from the same roller. Figure 45 shows the results, normal-
ized to the reference measured just before the sample. The reflexivity uniformity of the treated
aluminum in the same roller is about +1%, and the diffusivity uniformity about +2% , with a
degradation of the optical characteristics near the end of the roller which can be as high as
50%. This confirms the strong need for the optical control of the treated aluminum before the
alveolar structures production.
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FIGURE 44. The optical properties measurements of samples coming from
different rollers (note the change of scale for the last sample).
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FIGURE 45. The optical properties of several samples from the same roller.

3.5.2.3 Alveolar structure measurement

At the end of the production process each alveolar structure will be measured and the results
compared with those for the sample of the aluminum foil from which it was made out. In
order to get a realistic insight of the structure optical properties, the measurements will be dis-

tributed uniformly in each alveola. The number of measurements is set to 50, that is 5 per
alveola. .

After the measurement of the reference and of the structure, the local and the global criteria
are applied. The local criterion is the same as for the aluminum samples, with different limits
determined by the detailed measurements in the laboratory. The global criterion compares the

mean values of the alveolar structure and the corresponding sample, requesting their ratio to
be inside a predefined acceptance interval:

M alv
Malv

ref

[M sample]
sample
M ref

€ [A,B] (EQ 47)

116



3.5 Optical quality control of the alveolar structures

where:
- M), is the median of the alveolar structure measurements,

alv . .
- M. is the median of the reference measurements, performed before the alveolar structure
measurements,

-M sample 18 the median of the sample measurements,

sample . .
- M is the median of the reference measurements, performed before the sample mea-

surements,

- [A,B] is the acceptance interval: [0.85,1] for the reflexivity and [0.8,1.1] for the diffusivity.

If at least one of the criteria is not satisfied, the alveolar structure will be studied in details.
The alveolar structures passing the criteria will be delivered to the laboratory together with the
measurements data.

The complete control procedure has been implemented in a software program having the fol-
lowing characteristics:

* automatic gestion of the alveolar structures and samples identifiers,

* link between the structures and the sample from which they were produced with the knowl-
edge of the roller and of the sample position in the roller,

 automatic treatment of all control tasks, with a warnings issued in cases of non-conformity,

« storage of all measurements data of the both references, of the sample, and of the alveolar

structure, as well as all the criteria used during the control procedure. These data will be
transferred to the CRISTAL database.

« gestion of the correspondence between the bar codes and the alveolar structures identifiers.

3.5.3 Results on the Module 0

The developed optical quality procedure has been tested on the alveolar structures of the
ECAL Module 0 produced in the laboratory. The Module O is made of 4 different types of
alveolar structures (types 6, 7, 8 and 9), with 10 sub-modules of each type.

As the reference surface we have used a white paper (XEROX). Figure 38, we can see the
main characteristics of the white paper, with a reflexivity slightly higher than the diffusivity.

Because of the pressure in the apparatus and the alveolar structure walls flexibility, there was a
difference of about 5% between the reflexivity values for the internal walls and the external
walls. These measurements are presented in figure 46. In order to avoid an influence of these
dispersions to the results, we have decided to measure only the external walls.
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Figure 47 presents the ratio of the RMS,¢ to the median value for all the references, the sam-
ples and the alveolar structures. We can clearly see differences between the surfaces. For the
samples and the alveolar structures, the diffusivity values are dominated by the instrument
noise. As the local criterion, we have taken the following values: 2% for the reference, 3% for
the samples and 4% for the structures, both for the reflexivity and the diffusivity.

We have also used these measurements of the optical properties of the aluminum samples and

Alveola interior diffusion

of the alveolar structures to extract following informations:

» The optical uniformity of the alveolar structure, by looking at the measurements dispersion
inside the structure. Figure 48 shows the measurements results of each alveola of three
structures (10 distributed measurement points per alveola), and the values of the median
and of the RMS¢ for all the measurements together. We can notice some differences
between the three structures, with the reflexivity RMS,¢ values of 1.5%, 2.5% and 4% and
the diffusivity of 1%, 2% and 1%. All these values satisfy the local criterion for the alveolar

structures.
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FIGURE 47. The ratio of the effective RMS to the median for the references, the
samples and the alveolar structures.

» The uniformity between the structures, by comparing the measurement results normalized
to the corresponding references (figure 49). The main difference between the structures
comes from different aluminum foils used for these structures. In the production of these
structures, two different rollers were used with about 4% difference in reflexivity and about
9% difference in diffusivity. They correspond to the first two rollers from which the sam-
ples presented in figure 44 were cut out.

» The difference between the values obtained for the structure with respect to those for the
samples of the aluminum foil from which the structure was made. The results of these mea-
surements are shown in figure 50. The notation ‘relative’ stands for the ratio defined by
equation 47. The difference between the structure and the sample is in average 7% for the
reflexivity and about 5% for the diffusivity.
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FIGURE 48. The reflexivity and the diffusivity uniformity of three alveolar
structures. The values for one alveola are obtained as the median and the RMS_¢

of 10 measurements, and the median and RMS ¢ at the end of the histograms
correspond to all the measurements taken together.
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FIGURE 50. Ratio of the alveolar structures and the aluminum samples:
diffusivity versus reflexivity. All the values are normalized to the corresponding

references.

3.6 Conclusion

The quality control of the detector components is an important step in the detector construc-
tion process. For the alveolar structures quality control we have developed a control process
consisting of three steps: the production process monitoring, the geometrical (3D) measure-

ments and the optical quality control.

In the production monitoring process each sub-operation in the alveolar structure production
is registered by the developed electronic system. The tasks sequence is analyzed to verify an
exact production procedure. The 3D measurements are necessary to verify the alveolar struc-
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ture dimensions and consist of a predefined set of measurements. Finally, the optical quality
control is needed in order to keep the contribution of the alveolar structure optical properties
to the stochastic and the constant terms in the energy resolution at an acceptable level. By the
specially developed instrument, the reflexivity and the diffusivity of the alveolar structure is
measured and the results verified to be inside the predefined tolerances with respect to the
results obtained for the aluminum foil fiom which the structure has been made out.

Following the developed control process, the alveolar structure production is optimized from
the points of view of efficiency and quality. The control procedure and the developed instru-
ments have been optimized and verified on the alveolar structures produced in the laboratory
and then the whole system has been installed in the factory.

The output of every quality control step is a set of data, consisting of the sub-operation results,
date and time, as well as the operator informations and eventual comments. The production,
geometrical and optical measurements data will be transmitted to the LPNHE, together with
the alveolar structures. Then, the data will be verified by the operator and, after eventual com-
pletion of the missing data, transmitted to a local CRISTAL* database. For some of the alveo-
lar structures the geometrical and the optical measurements will be performed again in order
to cross check the results obtained in the factory. Then, the alveolar structures will be sent to
the regional centers for assembly. The data will be sent to the central CRISTAL database,

where they could be consulted by the assembly operator in the regional center and by any
other physicist of the collaboration.

4. The CMS collaboration have developed the CRISTAL system (Concurrent Repository and Information Sys-

tem for .Tracking Assembly and production Lifecycles) [54], aimed to monitor and control the quality of the
production and assembly process.

122



cners Study of the H — ZZ* — 4e> signal and
the backgrounds

4.1 Introduction

As we have seen in the first chapter, many decay channels can be exploited to search for the
Higgs boson in the intermediate mass region, from ~ 110 GeVto ~ 2M 5 . One of the most
important channel is Higgs 4 leptons decay through a ZZ* 1ntcrmed1ate state In thlS channel
the exglorable final states can be divided into three classes: e’ ee’e , € Te u U and
].L WU . As a subject of this thesis, we have chosen to study the H — ZZ* — 4¢* chan-
nel. As we shall see, it gives very strong requirements on the electron reconstruction.

The higher order effects will play an important role at the LHC. Many processes have a signif-
icant increase of the cross section at the next to leading (NLO) order with an important influ-
ence of the higher order processes on the event kinematics. One example is the gluon fusion
process for the Higgs production, having an about 70% increase of the cross section at the
next to leading order in the intermediate Higgs mass range. On the other hand, the Monte
Carlo event generators allows for cross section evaluations at the leading order (LO). The
higher order contributions are generated through initial and final state QCD and QED shower-
ing processes. A simple scaling of the LO cross sections to the NLO ones, obtained from more
rigorous theoretical models, is justified only if the corresponding kinematical variables agree.
A dedicated study of the Higgs transverse momentum distribution has been performed and
will be described in this chapter. We will compare the predictions from Monte Carlo genera-
tors and theoretical calculations based on the soft gluon resummation technique.

In order to extract the signal from the backgrounds, we will analyze the kinematical distribu-
tions of the particles in the final state as well as in the intermediate state. In such an analysis, a
detailed study of the Monte Carlo generators is important. We shall insist in particular on the
main characteristics of the Z* mass spectrum, as well as on the transverse momentum of the
four electrons in the final state.

Then, we will evaluate the main background processes: ZZ*/y*, tt and Zbb . For the first
two processes, we will give an update of the recent theoretical results as well as new results
from Monte Carlo generators. The Zbb process which was not satisfactorely described in the
existing generators, has been therefore the subject of a detailed study.

Finally, we will address the question of the kinematical cuts optimization. Because of the
small number of expected signal events there is a strong interest to lower as much as possible
the transverse momentum cuts, especially at the lower Higgs mass reachable with this chan-
nel. We have studied an optimization of the kinematical cuts with the emphasis on the p;
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4.2 Higgs transverse momentum

electrons cuts. In this study, we show how the t+ and Zbb backgrogr}ds can be effective!y
suppressed to an acceptable level by isolation cuts, and how some additional cuts may help in
a further rejection of the ZZ* background.

4.2 Higgs transverse momentum

There are several reasons why it is important to study the p; distribution of the Higgs boson:

« For a complete event generation, existing Monte Carlo programs use a parton showering
model. The most relevant theoretical approach for the p; distribution prediction is based
on the soft gluon resummation. Comparing this two methods is useful in order to unders-
tand their strenght and weakness and to test their reliability.

« As we have already mentioned, Monte Carlo event generators compute the cross sections at
the leading order. The Higgs production processes, particularly the gluon fusion mecha-
nism, have important NLO contributions. In order to take them into account as a simple
normalization factor to the Monte Carlo generated events, it is essential to have an agree-
ment between the kinematical variables of the generated events and theoretical higher order
calculations. A sensible variable is the Higgs boson transverse momentum.

« In the Higgs decay modes H — yy and H — ZZ* the shapes of the signal and the corre-
sponding background p; distributions are different, with the signal being harder. This dif-
ference can be used to enhance the statistical significance of the signal over the

background. It is, therefore, important to understand the reliability of the predicted p, dis-
tributions.

e The pr of the Higgs will have an influence on the vertex determination in Higgs events in
CMS, specifically in the H — vy channel in the presence of pile-up events.

The dominant mode for the Higgs production at LHC is the gluon fusion process. At the lead-
ing order, it is a 2 — 1 process and the Higgs is produced with a very small transverse
momentum, of the order of the gluon transverse momentum inside the protons, around 0.5
GeV [55]. The Higgs with a sizeable transverse momentum is generated by the higher order
processes, where the Higgs is associated with one or several partons in the final state. Some of
these processes, gg — gH, gq — qH, qq — gH are shown in figure 51. In the other produc-
tion channels, the Higgs transverse momentum is balanced by the partons already present in
the final state (for instance the two quarks in the W and Z boson fusion), and the higher order
processes have a smaller effect on the p; distribution. A comparison of the Higgs p, distri-
butions in the gluon fusion and vector boson fusion processes is shown in figure 52. Both dis-
tributions are normalized to the same area. We can observe the expected difference, the Higgs
produced through the vector boson fusion having a distribution with mean a value of the order

of the W and Z masses, and therefore harder than the distribution corresponding to the gluon
fusion process.

Giving the fact that the gluon fusion process is the main Higgs production mode, we shall con-
centrate on this process.
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4.2 Higgs transverse momentum
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FIGURE 51. Some parton-level processes producing the Higgs boson with
sizeable p.
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FIGURE 52. Transverse momentum of the Higgs produced through the gluon
fusion process and the W and Z boson fusion, normalized to the same area.

In existing Monte Carlo generators, there are two ways to describe the Higgs transverse
momentum in the gluon fusion process: by a process 2 — 1 with the parton showers or by a
process 2 — 2 using explicit matrix elements at NLO!. The latter method succeeds better in
the exclusive cross section description, but fails to describe events with one soft parton or two
colinear partons. The first method allows to generate full events with an arbitrary number of
partons in the final state, but hardly describes exclusive cross sections. This method is used in
the inclusive studies of the Higgs boson and we will use it in the further comparison. The most
relevant analytic calculation is a soft gluon resummation at all orders, based on the CCS (Col-
lins, Soper, Sterman) formalism [56]. This method allows to predict the differential cross sec-
tions, but does not provide a full event generation. These analytical calculations are

1. In this process, the parton showers contribution to the transverse momentum is smaller.

125



4.2 Higgs transverse momentum

implemented in the ResBos simulation program [58]. We will now go into a detailed compar-
ison of the Higgs transverse momentum predictions obtained using both methods. Both mod-
els, the parton shower and the resummation, have been compared and tested with the Tevatron
experimental data for the pr distribution of the Z boson. A very good agreement of both mod-
els with the data has been observed [59]. The agreement of PYTHIA with the data in the high
pr region is a consequence of the implementation of explicit matrix element corrections
(from the subprocesses g§ —> Zg and gq — Zq) to the Z process [57]. These corrections are
implemented for all s-channel colorless gauge boson productions, but are not valid for Higgs
production because of a quite different nature of the production process.

The Higgs py distribution obtained with ResBos and two versions of PYTHIA are shown in
figure 53, for a Higgs mass of 150 GeV. In each case, the structure function CTEQ4M [60] is
used. All the distributions are normalized to the same total cross section obtained with
ResBos, so as to be able to better compare their shapes.
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FIGURE 53. Higgs transverse momentum distributions for the gluon fusion
productlon process, as predicted by ResBos and two versions of PYTHIA, in a
linear scale (top) and in a logarithmic scale and up to 200 GeV (bottom).
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4.2 Higgs transverse momentum

There are several important characteristics to be observed for these distributions:

* a very significant difference between the PYTHIA versions 5.7 [61] and 6.122 [62] in the
region of low and intermediate p; ( pr <100 GeV),

* avery good agreement between ResBos and PYTHIA 6.122 in the region pr < 120 GeV,

» adisagreement between ResBos and PYTHIA in the region pr > 140 GeV. A better agree-
ment is obtained by allowing in PYTHIA the momentum of the partons in showers to reach
thg maximum energy in the proton-proton center of mass, that is Q = g, instead of

max
Qmax =my.

The discrepancies between the two PYTHIA versions comes from a change in the modeling
of the parton showers generationz. Two modifications have been incorporated in the 6.122 ver-
sion. The first one is a condition &# = Q" -5(1 -z)<O. Q2 is related to the mass or trans-
verse momentum scale of the shower branching and z is the momentum fraction taken by one
of the daughter particles in the branching. § refers to the subsystem of the hard scattering plus
the shower partons considered to that point. The association of these variables with & is rele-
vant if the branching is interpreted as a 2 — 2 process [62]. The condition & <0 induces a
considerable reduction of parton radiation, as can be seen from the figure 54, where the distri-
butions for several changes of the relevant parameters in PYTHIA are shown. The second
modification involves the parameter controlling the minimum energy that a gluon can carry in
a shower. It allows more radiation and therefore, goes against the first modification. However,
the condition on & appears to be the dominating one, as it can be seen from figure 54.
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FIGURE 54. Transverse momentum distributions for different parameter values
in PYTHIA. The parameter PARP(65) is related to the minimum energy that a
gluon can carry in a parton shower.

2. The parton shower can be described as a sequence of 1 — 2 branchings a — bc . Here a is called mother and
b and ¢ are two daughters.

127



4.2 Higgs transverse momentum

In the high transverse momentum region, py> 140 GeV, there is an important discrepancy
between both versions of PYTHIA and ResBos. In this region, ResBos switches to the NLO
Higgs plus jet matrix elements and we take it as a reference. In the defaglt PYTHIA version,
the condition for the maximum virtuality in the shower development Q, . = my induces a
drop in the p distribution when p; reaches the value of about one Higgs mass. The change
Qi, . = S, that can be introduced in PYTHIA 6.122, increases the available phase space for
partons radiation and therefore induces the tail in the distribution. As a consequence of more
radiation there is a consideral2)le event reduction in the peak region. We, therefore, conclude
that the optimum value for Q;, _ that has to be introduced in PYTHIA depends on the region

max
of transverse momentum to be studied.

The differences between both PYTHIA versions give us indications on the uncertainties due
to the choice of the parameters in Monte Carlo programs. It is thus interesting to compare with
another Monte Carlo generator. In figure 55, a comparison between PYTHIA 6.122, Herwig
5.6 [63] and ResBos is shown. We can observe similar effects as the ones already mentioned,
with a slightly better agreement between Herwig and ResBos distributions in the region at low
Pr-
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FIGURE 55. Higgs transverse momentum distributions as obtained from Pythia
6.122, Herwig 5.6 and ResBos.
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4.2 Higgs transverse momentum

As we have already underlined, the cross sections obtained by the Monte Carlo generators are
at leading order while the one obtain with ResBos is at the next to leading order. The pre-
sented distributions up to now were normalized to the cross section obtained with IiesBos In
order to illustrate the differences, the distributions normalized to the total cross sections 're-
dicted by the same model are shown ib figure 56. ’
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FIGURE 56. Higgs transverse momentum distributions normalized to the
corresponding cross-sections.

The primordial k; effect

The experimental data of the Z and W bosons p; distributions at the Tevatron have shown
that, for a better agreement with the data, it is necessary to introduce a primordial k of 2.15
GeV per initial parton? in the Monte Carlo generators [59]. This value is very close to a corre-
sponding value in the soft gluons resummation formalism. It does not mean that there is some-
thing wrong in the k4 distribution of the partons in the nucleon, but rather that it is necessary
to correct the defects in parton showers generation due to the cut-off (@) introduced in this
process. We have studied the effect of the k. distribution width changes4 on the Higgs pr

3. The k; value which corresponds to the proton size is about 0.5 GeV.
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4.2 Higgs transverse momentum

distribution. The results are shown in figure 57, for two values of the kg distribution width,
and compared with the ResBos prediction.
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FIGURE 57. Higgs transverse momentum distribution for two values of the
width of the partons k- distribution of the partons, compared with the distribution
obtained with ResBos (top). The distributions of the two partons k; vectorial sum
at the shower initial scale and at the scale of the hard process (bottom).

We can see from the figure that there is no sizeable difference between the distributions
obtained with different k.. This is due to the higher activity of the parton shower at LHC, in
comparison with the Tevatron, because of the bigger phase space allowed for parton radiation.
The amount of shower activity is visible on the lower plots, comparing the distributions of the
partons k; vectorial sum at two different scales, the one corresponding to partons momentum

before radiation () and the one corresponding to the partons momentum in the hard pro-
cess.

4. The k; distribution in the proton, in our case, has a gaussian shape, that is cxp(—ki/ oz)krdkr and the change
of width corresponds to a change of G.

130



4.2 Higgs transverse momentum

For reason of completeness, in figure 58, we give the prediction of the Higgs p, distributions
from the gluon fusion production process for several masses and structure functions. The
decrease of the mean p, expected with a decrease of the mass is attenuated by the increase of
o [55]. There is no significant difference with the change of structure functions.

We conclude that, for the inclusive Higgs studies, the recent Monte Carlo generators provide a
transverse momentum distribution in agreement with the analytical calculations. It is therefore -
justified to use them to generate Higgs events. For the cross section, one has to use the results \
from the higher order calculation, which could be introduced as a simple K factor. For what
concerns exclusive processes (for example the Higgs production at high transverse momen-
tum), it is necessary either to use exact matrix elements or to introduce merging of the parton \
showers and the matrix elements as it has been done in the case of the gauge bosons produc-
tion [57][64]. \
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FIGURE 58. Higgs p distributions in the gluon fusion production process for
several Higgs masses and structure functions.
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4.3 Study of the signal characteristics

4.3 Study of the signal characteristics

The distinction between the signal and the background events is based on their kinematical
differences. In this section we will study the main kinematical characteristics of the signal
events and give the cross section and the branching ratios obtained using the most recent theo-
retical calculations.

4.3.1 Z boson kinematics

One of the important characteristics of the signal events is the presence of two Z bosons in the
intermediate state, which could be either real or off-mass-shell. In the Higgs mass region we
are interested in, from ~ 120 GeV to ~2M,, at least one Z boson is off-mass-shell. The
fraction of events with both Z off-mass-shell is decreasing with increasing Higgs mass. This is
illustrated in figure 59, showing the mass distribution of the Z closer to the nominal Z boson
mass, for three different Higgs masses, as well as the fraction of events having both Z bosons
with the mass smaller than 85 GeV. There are about 22%, 13% and 8% of such events for
Higgs mass of 130 GeV, 150 GeV and 170 GeV, respectively. In the further analysis the vector
boson closer the nominal Z mass we referred as Z boson, and the other one as Z*.
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FIGURE 59. Mass distribution of the Z boson closer to the nominal Z mass (left)
and a fraction of events with both Z bosons having the mass smaller than 85 GeV
(right).

The Z* mass distribution is shown in figure 60, together with the transverse momentum distri-
butions of both Z’s for three Higgs masses. We can notice a m 2+ characteristic upper edge, at
the position my —m, , becoming more pronounced as the Higgs mass increases. The Z Pr

distribution is slightly harder than the Z* one, the difference becoming smaller with increas-
ing Higgs mass.
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FIGURE 60. Mass distributions of the Z* and transverse momentum
distributions of both Z’s separately.

4.3.2 Electron kinematics

The main characteristic of the studied physics channel is the presence of 4 relatively isolated
and high p; electrons in the final state. These electrons properties will be used to effectively
reduce the backgrounds. As an illustration, in figure 61 we show the transverse momentum
distribution of the 4 electrons from the Z and Z* decays, sorted by decreasing p;, for three
values of the Higgs mass. Events have been preselected with the following conditions: at least
2¢ and 2 €', with |n| <2.7 and pr>5 GeV. The difference between the distributions for
different Higgs masses becomes visible on the third electron, with almost all of the electrons
having a p; higher than 10 GeV, even for the smaller Higgs masses. From the softest p;
electron distribution, for which the peak at My = 130 GeV is around 10 GeV, we can foresee
that the signal acceptance will be very sensitive to the minimum p; cut chosen. In this mass
region, the number of expected signal events is small and it will be very important to maxi-

mize the acceptance together with the reconstruction efficiency to optimize the low mass
reach.

133



4.3 Study of the signal characteristics

y :
50045 F — my=130GeV | § 006 |
0.04 | --e =150 GeV : g
3 005 [ e
0035 E -=* my =170 GeV :
003 | 004 |
0025 | 2
0.02 F- 005 E !
0015 [ 002 F .
001 F - :
0.005 | S %
0: ¥and | -ng‘J:LII‘I it L1 )
0 50 100 150 0 20 40 60 8 100
pr(Gev) py(GeV)
3 0.08 s 01 [
] g L L
007 | -
s 0.08 -
006 | i
005 F 006 |
004 | -
0.03 E‘ 0.04 ~
t -
002 & 002 |-
001 | i
0 E - ] 0 [ | 1 I
0 60 0 40
p;(GeV) pr(GeV)

FIGURE 61. Momentum distributions of the 4 electrons coming from the Z and
Z* decays. The generation cut is py>5 GeV.

4.3.3 Internal bremsstrahlung

Another specificity of this channel is the radiation of photons in the Z decays, which is called
internal bremsstrahlung. This process is taken into account using the program PHOTOS [65],
which implements an algorithm for single and double photon emission in these decays.
Figure 62 presents the distribution of the angular distance between the emitted photon and the
electron, as well as the photon p;. About 25% of the photons are radiated within a cone
defined by AR < 0.05 and will be, in most of the cases, reconstructed together with the elec-
trons. However, an important fraction of the photons are clearly separated from the electrons
with a non-negligible p,. The importance of these photons reconstruction is shown in
figure 63, which presents the Z and Z* mass distributions with and without taking into
account the emitted photons in the mass calculation.
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FIGURE 63. Z and Z* mass distributions, with and without accounting for the \
emitted photons in the mass calculation, for my = 130 GeV.

4.3.4 Generation and preselection

The cross sections numerical values for the main Higgs production modes, as well as the
branching ratio for H — ZZ* and the acceptances of the generation cuts are summarized in
table 6. For the cross section calculations, we have used the programs of reference [66]. The
gluon fusion and Higgs-strahlung processes are calculated at next-to-leading order, while the
vector boson fusion is calculated at the leading order and corrected by the K factor presented
in chapter 1. The associated production with ¢# and bb pairs is calculated at the leading order
only, since the QCD corrections are not known. For the calculations at leading order, we have
used the CTEQA4L structure functions [60], while at the next-to-leading order, we have used
the CTEQ4M ones. The branching ratio for H — ZZ* are computed using the program of
reference [34], and for the 2 electrons Z decay, we have taken BR(Z — e+e') = 0.03366
[67]. Final state particles have been simulated with PYTHIA, and PHOTOS has been used for
the internal bremsstrahlung. In order to have a reasonable sample of events, without biasing \

the analysis, we have introduced cuts at the generation level by requesting at least 2 ¢ and 2
+ 1
e, within |n| <2.5 and p; > 6.5 GeV.

From the last column of the table 6, we underline once again the small number of events \
expected in this channel. At the generation level, with the preselection cuts and for an inte-
grated LHC luminosity of 100 fb!, we can expect about 69, 146 and 35 events for Higgs
masses of 130, 150 and 170 GeV respectively. These small number of events imposes strong
requirements on the electron reconstruction efficiency, as well as on optimisation of cuts
which will be used to suppress the backgrounds. These cuts will be studied in details in the
following sections.

The number of expected events for an integrated luminosity of 105pb—l is shown in figure 64.
The number of events including [ decays of the Z bosons is also shown.
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LET

G,0r X BR

m o(sg— H) | 0(qq— Haq)| 6(qG— VH) | oesqaonen | BRUH —>Z2%)| (H—4e) | n(genacc.) | Cror*BRXM
GeV pb pb pb pb fb fb

120 33.22 4.73 2.79 0.95 0.013 0.61 0.40 0.24
130 28.90 4.46 2.17 0.75 0.034 1.40 0.49 0.69
140 25.43 4.09 1.72 0.60 0.063 - 2.27 0.54 1.23
150 22.56 3.80 1.37 047 0.080 2.56 0.57 1.46
160 20.18 3.51 1.11 0.39 0.043 1.26 0.59 0.74
170 18.17 3.31 0.90 0.32 0.022 0.57 0.62 0.35
180 16.49 3.07 0.74 0.26 0.057 1.33 0.64 0.85

TABLE 6. Numerical results for the main Higgs production modes cross sections, H — ZZ* branching ratios and preselection
cuts aceptances. Preselection cuts are: at least 2 ¢~ and 2 ¢”, with [n| < 2.5 and p; > 6.5 GeV.
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FIGURE 64. Number of events in 4 electrons and 4 leptons Higgs decay
channels, after preselections cuts, for one year at high luminosity running of LHC.
The numbers for 4 leptons (i.e. 4e+2e2 +4|1) are obtained by a simple scaling.

4.4 Study of the backgrounds

For the physics channel we are studying, the background processes are all processes with 4
electrons in the final state. There are two basic classes of such processes, called reducible and
irreducible backgrounds. The reducible backgrounds have very pronounced kinematical and
topological differences with respect to the signal, both in the final states as well as in the 2 and
4 electrons combinations. Therefore, by appropriate kinematical and topological cuts, these
backgrounds can be effectively suppressed. The main reducible background processes are
Zbb — 4e and ti — 4e . The only irreducible background is ZZ* /y* — 4e, with very simi-
lar final and intermediate states kinematics when compared to the signal events. Nevertheless,
adjusting properly the kinematical cuts, and using some additional cuts like the four-electrons
transverse momentum or the angular separations, this background can also be suppressed to
some extent.

In this section, we will study the main properties of the background events, with a special
attention on the distributions of the kinematical variables important for background discrimi-
nation.
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4.4.1 The ZZ*/v* background

At hadron colliders there are two processes for the ZZ*/y* production: qg — ZZ*/y* and
gg — ZZ*/vy* , with the following Feynman diagrams at the leading order:

q MZ g JU\I\J\‘N

V4

q \J’\NW Z*/Y* g9 Z*/{*

Only the first process is implemented in PYTHIA, with a cross section calculated at the lead-
ing order. The higher order corrections for this process have not yet been calculated. The next-
to-leading order calculations for real vector bosons pairs production give a K factor of 1.33
[68][69]. For the same process calculated in the reference [70], using the extended CSS for-
malism to resum the large logarithmic terms due to soft gluons, the K factor is estimated to
about 1.44. The application of the K factor on the events generated with PYTHIA depends on
the corresponding kinematical variables predictions agreement. Again, only analytical calcu-
lations for the two real boson production have been performed [71], and comparing with
PYHTIA results, one reaches the conclusion that PYTHIA significantly underestimates the
rates for p;-(ZZ)> 100 GeV, but this region contains a very small fraction of events. This is
to be expected, since this transverse momentum region is dominated by the higher order pro-

cesses with one or more associated hard jets in the final state, which are not properly modeled
in PYTHIA.

As an illustration of the PYTHIA generated Z’s kinematics, in figure 65 we show the
pr(ZZ*), m(ZZ*), pp(Z) and p(Z*) distributions for the gg — ZZ*/y* background pro-
cess. In order to obtain a statistically significant sample of events, we have imposed preselec-
tion cuts of 10 < M, < 80 GeV, 76 <my < 106 GeV, with at least two electrons and two
positrons in |n| < 2.5 and with p; > 6.5 GeV. The acceptance of electrons Inl and p; cutsis
0.22 giving a gg — ZZ*/y* — 4e~ cross section of 1.49 fb. It is interesting to notice very
similar Z and Z* p distributions and a very soft p,(ZZ*) distribution. The later could even-
tually be used to separate this background process from the signal. The sharp cuts on the m,,
distribution are the preselections cuts. One can also notice the maximum of the m(ZZ*) spec-
trum at about 120 GeV, making this background especially important for Higgs of low mass.

The second production process, gg — ZZ*/y*, is not implemented in PYTHIA. Although
being a loop process of higher order in 0., it is important since the gluon-gluon luminosity is
much higher than the quark-antiquark luminosity for small x at hadron colliders. At the lead-
ing order, it has been calculated in reference [72], for the case of two real Z production. A
ratio of 6(gg = ZZ)/6(qq — ZZ) = 0.35 - 0.45 has been found, for a center of mass energy

s = 16 TeV. It was also shown that the gluon fusion process produces Z’s more centrally
than the qg process. The next-to-leading order corrections for this process have not been cal-
culated yet, but could be important.
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The pp distributions of the 4 electrons from the Z and Z*/y* decays are shown in figure 66,
sorted in decreasing p, order. It is important to notice an almost exponential fall off of the
softest electron p; distribution, giving a potentially high rejection power by increasing the
pr threshold.

In conclusion, since we are interested in the inclusive ZZ*/y* production and since the con-
tribution of the region pr(ZZ) > 100 GeV, where PYTHIA underestimate the rate is a small
fraction of the overall cross section, we will take a K factor of 1.44 for gg — ZZ*/y*. For
the gluon fusion contribution, we will take 6(gg — ZZ*/y*)/o(qq — ZZ*/y*) = 0.35,
neglecting the kinematical differences between these two production processes.
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FIGURE 65. Transverse momentum and mass distributions of +@he Z and Z*
separately, and of their combination, in the gg — ZZ*/y* — 4e~ background
process, using the electrons generation cuts described in the text.
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FIGURE 66. Transverse momentum distributions of the 4 electrons from the Z
and Z*/y* decays in the gg — ZZ*/y* background, sorted in decreasing py
order.

4.4.2 The ¢t background

In the ¢ decay chain electrons could come from several sources: directly from the W boson
decays, from leptonic decay of a T lepton coming from the W’s, or from semi-leptonic decay
of mesons produced in the fragmentation process of either b-quarks and their decay products
or in hadronic decays of the W’s. The top decay chain is shematically shown in figure 67 and
the relevant branching ratios are listed in the table 7. The most probable scenario is to have 2
electrons from direct W decays and 2 other coming from semi-leptonic decays of B hadrons.
Although the electrons coming from T or charm and light-quarks mesons will have, in gen-
eral, a softer p; spectrum than direct leptons, their contribution, as we shell see, is not negli-
gible.
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FIGURE 67. Possible sources of electrons in a top decay chain.

99.8%

BR(t — Wb) BR(B® - IvX) = 10.5%

BR(W - ev) = 10.9% BR(B* - IvX) = 103%

BR(W - tv) = 11.3% BR(D’ = evX) = 6.8%

BR(1—>evv) = 17.8% BR(D" — evX) = 17.2%

BR(W — hadrons) = 67.2%

BR(n® — eey) = 1.2%

TABLE 7. The relevant branching ratios in the top decay chain [61][67].

At hadron colliders there are two processes for the t¢# production: the gluon fusion

g + g > t+1 and the quark annihilation g + g — ¢ + f, with the following Feynman diagrams
at the leading order:

a>!rmrmv<? giiy QW?
q t g t 9 t
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The NLO cross sections have been calculated in [73] and the results at the LHC center of mass
energy are given in [74]:
- +128 -

O.0(tt) = (515 g5 ) pb,  Oppo(22) = (758.8175) pb . (EQ 48)
The errors come from an uncertainty in the choice of the renormalisation scales in the proton
structure functions and in the parton-level cross section calculations. About the same order of -
errors is obtained from varying the top quark mass. The central value is given for m, = 175.6
GeV. From the errors size, we can conclude that the K factor uncertainties are large. As the
nominal cross section we have taken the central NLO value given in equation 48. Due to the
large gluon-gluon luminosity at the LHC, the gluon fusion production mechanism has about 6
times higher cross section than the quark annihilation process (according to PYTHIA’s calcu-
lations). The parton distributions functions uncertainty at the NLO is about +7 % [75].

Looking at the branching ratios listed in table 7 and given the fact that the electrons p distri-
bution is softer for electrons originating later in the cascade, the generation of the 4 electrons
passing loose kinematical cuts of, for example, |n| <2.5 and p;> 6.5 is very CPU time con-
suming. Therefore, to speed up the generation we have forced the W — ev decays and
imposed loose preselection cuts by demanding at least 2 electrons and 2 positrons in || < 2.5
with a transverse momentum p,> 6.5 GeV and with at least one electron-positron pair with
an invariant mass within 15 GeV around the Z boson mass. The last cut suppresses a large
amount of this background, since the distribution of electron-positron pairs invariant mass has
an almost flat shape around the Z mass.

Figure 68 shows the p; distribution of electrons from direct W decays and semi-leptonic
decays of hadrons, grouped according to the heaviest quark in the hadrons, together with the
average number of electrons per event (€). From the figure we can see that approximately one
electron comes from light-quark hadrons, although with a significantly softer p; spectrum. In
our analysis the light-quarks producing these electrons come mainly from the B mesons cas-
cade decays. Additional light-quarks could come from the W decays, and forcing W to elec-
tron decay underestimate this contributions. It will, therefore, remain as a source of
systematic uncertainties.

Some of interesting 2-electrons and 4-electrons invariant masses and p, distributions are
shown in figure 69. The first electron-positron pair is chosen as the one with the invariant
mass closest to the nominal Z mass. Among the remaining combinations, the second pair is
chosen as the one with the highest invariant mass (in about 10% of events more than 4 elec-
trons satisfy the kinematical cuts). From the 2 electrons invariant mass distribution we can see
the power of a possible Z mass cut, i.e. requesting one electron-positron pair to have a mass in
some region around the Z mass. Moreover, it is interesting to note a low mass peak in the sec-
ond electron-positron invariant mass distribution which is due to electrons originating from
the same cascade. This peak will be effectively suppressed by the lower Z* mass cut. The 4
electrons py distribution with the mean value of about 70 GeV is significantly harder than the
one for the signal and the ZZ*/y* background.The 4 electron invariant mass has a wide peak
at about 150 GeV, slightly higher than the corresponding one for the ZZ* /y* background.

At the end of this section, in figure 70, we show the p, distributions of the 4 hardest elec-
trons, sorted by decreasing p;. As in the ZZ*/y* background the lightest electron has an
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“exponential-like” distribution, thus giving the possibility of a large background rejection by
increasing the p, threshold on the softest.
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FIGURE 68. Pr distributions of electrons from ¢¢, sorted according to their
parent particle. There is in addition a small contribution of electrons coming from
T decay with € = 0.04.
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FIGURE 70. pq distributions of 4 hardest electrons in the ¢¢ background.

4.4.3 The Zbb background

The third important source of background are 4 electrons coming from Zbb production and
decay. In most of the cases, two electrons come from the Z decay while the other two originate
from cascade decays of mesons produced in the b quarks hadronisation. The presence of a real
Z boson makes this background insensitive to a Z mass cut (besides the internal radiation
effects), on the contrary to the ## background. As in the ¢ background and contrary to the sig-
nal, this background is characterized by the presence of 2 non-isolated electrons, coming from
the B meson cascade decays.

At leading order, there are two processes for Zbb production at hadron colliders:
g+8—Z+b+b and g+ G— Z+b+b. The Feynman diagrams are shown in figure 71.
Because of the b and b quarks in the final state, besides the common diagrams with other gg
initial states, there are some additional diagrams with b quarks in the initial state, as shown on
the bottom of the figure.

The g+g—>Z+b+b process has been calculated in reference [76] at the leading order, and
a cross section of 758 pb was found, with a 50% uncertainty from the scale and structure func-
tions choice. The implementation of this process in PYTHIA suffers from problems with the
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phase space generation. Therefore, it has been excluded from recent versions of PYTHIA. An
alternative way of generating Zbb final states is to start with g+§ —Z, g+ g — Z + g and
g +q — Z +q and to generate one or both b quarks with the parton showering. It has been
shown that this approach significantly underestimates the final rates after selection cuts, since
the b quarks generated by the parton shower backward evolution have a softer p; spectrum
than those generated using exact matrix elements [77]. '

g+g—>Z+b+b

g+q—>Z+b+0b

b q b q b -z
q 3--< >—-9- >—"- q -
q{ T g vy -z q v -z q{ b
g --~. : ’ g 4’-<
b b

b+b—>Z4+b+0

FIGURE 71. Leading order Feynman diagrams for the Zbb production at hadron
colliders.

For the cross sections calculation and the Zbb events generation, we have used the CompHEP
package [78]. In CompHEP, the multiparticle phase space is expressed in terms of the elemen-
tary parametrization of 1 — 2 phase space sequences, parametrized with the masses and the
two-dimensional spherical angles. Then, by an appropriate transformation of these variables,
the sharp peaks in the integrands are cancelled. Finally, the integrand is smoothed by a multi-
channel Monte Carlo (branching) method, which in multi-peaks case performs a separate inte-
gration for each peak.
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Using this program we have computed the cross sections for all the initial states shown in
figure 71, using the CTEQA4L structure functions. A constant QCD scale equal to m, = 91.2
GeV and o, (m;) = 0.132 have been used. The results are shown in table 8, separately for
each initial state. The total cross section is 929.58 pb with a total ¢g initial state contribution
of about 16%.

initial state gg dd uii S5 cc bb 99,01
o(pb) 780.79 | 53.38 | 60.83 | 1632 | 5.78 12.48 | 148.79

TABLE 8. Cross sections for Zbb production at leading order computed with
CompHEP.

In order to obtain an estimate of the NLO corrections size, we have calculated the
g+g—Z+b+b LO cross section dependence on QCD scale variations, from Q = m,/4
to Q = 2m,. The results are shown in figure 72. The importance of the higher-order correc-
tions is obvious from the about +20% variation of the cross sections with the QCD scale,
around the nominal value Q = m,.
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FIGURE 72. Evolution of the leading order cross section for the process
g + g — Z + b + b when changing the renormalization and fragmentation scales.

The transverse momentum and rapidity distributions of b quarks and Z boson separately for
g+g—>Z+b+b and g+ §— Z+b + b production processes are shown in figure 73. One
can notice important differences in rapidity distributions, with the Z bosons being more cen-
trally produced in the gluon fusion processes.
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The partonic events generated by CompHEP are then passed through PYTHIA for the had-
ronisation and the initial and final state parton showers generation. The generation of internal
photons in the Z decay is done using PHOTOS, as in the case of the signal and of the ZZ* /y*
background.

As for the signal and the other backgrounds, in order to obtain a sufficiently large statistical
sample, we have imposed preselection cuts by demanding at least 2e  and 2¢" with Inl <2.5
and p;> 6.5 GeV. The acceptance of this cut is 0.07%. The p; and invariant mass distribu-
tions of 2 and 4 electrons combinations are shown in figure 74. The interesting property of the
invariant mass distributions is a large near zero mass peak of the smaller 2-electrons combina-
tion mass, coming from the same cascade electrons, which will allow a considerable reduction
of this background by an appropriate m,, threshold. The four electrons mass distribution has
a similar shape as for the t# and ZZ*/y* background.

The transverse momentum distribution of the four electrons, sorted in decreasing order, is
given in figure 75. In comparison with the signal and the other backgrounds, we can notice a
somewhat softer distribution of the two lightest electrons, making this background particularly
sensitive to the kinematical cuts.
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FIGURE 73. Transverse momentum (on linear and logarithmic scales) and
rapidity distributions of b quarks and Z boson in the Zbb production, for both
productions channels. A rapidity cut |yb, El < 2.5 has been applied at the
generation level.
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4.4.4 Summary of the backgrounds estimate

In table 9, we summarize our study of the cross sections and preselection acceptances for the
main background processes. For all the considered backgrounds, we have requested at least
2¢” and 2¢” with In| <2.5 and p; > 6.5 GeV. In addition, for ZZ*/y* — 4e the selection
criterion 10 <m,, <80 GeV and 76 <m; < 106 GeV has been imposed on the production
level. For tt — 4e, one electron-positron pair with an invariant mass around the Z mass, i.e.
|, —mz| <15 GeV has also been required. '

preselection
background acceptance
(bgd) |Oro(pp— bgd) |K factor () n-o
ZZ*/y* O(pp = ZZ*/y* - 4e)
7.95 pb 1.44 11.94 fb 22.27% 2.66 fb
tt o(pp — tt - WWbb — eebb)
515 pb 1.47 9.02 pb 0.30% 27.06 fb
Zbb o(pp — Zbb — eebb)
929.58 pb - 31.29 pb 0.07% 20.65 fb

TABLE 9. Summary of the main backgrounds cross sections and preselection
acceptances. K factor for the ZZ*/y* background is applied only to the
qq —> ZZ*/y* production process.
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4.5 Trigger and detector geometrical acceptances

The CMS electromagnetic calorimeter has a geometrical coverage of |n| <3, while it can
measure the energy up to [n| < 2.6. The acceptance of the tracker system is || <2.5.

In figure 76 we show the fraction of events having all four electrons in a region smaller than a
given |n| value, and satisfying other generation cuts specified in the previous sections, nor-
malized to the overall acceptance for || < 2.5. We can see that there is about 40% of events
with all four electrons within the barrel (|| < 1.5) acceptance.
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FIGURE 76. Angular acceptances of the signal and backgrounds normalized to
the overall |n| < 2.5 acceptance.

At the trigger level, the H - ZZ* — 4e* physics channel will be accepted for further analy-
sis by single and double electrons triggers. The level 1 trigger algorithm, explained in the
section 2.8, identifies electron candidates by finding large energy deposits in trigger towers
and adds the energy leaking to the neighboring towers [49]. It vetoes candidates based on the
profile of the energy deposited in both ECAL and associated HCAL towers. The single (dou-
ble) electron trigger threshold is 20 (10) GeV for low luminosity running period and 30 (15)
GeV for high luminosity. At the particle level, we have found that the signal and all back-
grounds pass the trigger thresholds with an acceptance bigger than 99%. To account for even-
tual trigger reconstruction inefficiencies, we will assume a value of 98% efficiency for both
signal and background events.
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4.6 Analysis cuts

In the previous sections we have seen some kinematical differences between the signal and the
backgrounds events: softer p, distribution of the third and fourth electrons for the back-
grounds than for the signal, flatter distribution of the electron-positron invariant mass around
the Z mass in the ## background, a low mass peak in the electron-positron invariant mass for
the t# and Zbb backgrounds, and, of course, a crucial difference between the 4 electron
invariant mass distributions for the signal and the backgrounds. In this section we will present
an optimization of these cuts in order to maximize the signal visibility.

4.6.1 Electron p; cuts

In figure 77, the superimposed p; distributions of the four electrons for the signal
(my = 150 GeV) and the backgrounds are shown, sorted in decreasing order. The geometri-
cal acceptance cuts and preselection cuts are included, visible on the lower side of the 2 light-
est electrons distributions. All the distributions are normalized to the same area. We can
clearly see a difference on the distribution of the 3™ glectron, and particularly on the distribu-
tion of the 4" electron.

The effect of the p; cuts on the signal and the backgrounds is presented in figure 78, where
the rejection (1-Acceptance) is shown as a function of the cut. Since there is no considerable
differences between the signal and the background distributions for the two hardest electrons,
two first cuts of 20 and 15 GeV are chosen in order to have more the 99% acceptance for the
signal. This results in a background acceptance of also more than 99%. The acceptances for
different combinations of cuts on two lightest electrons is shown in table 10. The power of the
cut on the third electron against the Zbb background is clearly visible. Changing it from 7 to
10 GeV allows to suppress additionally about 9% Zbb events, while retaining almost all the
signal for higher masses, and loosing about 2% of signal for a 130 GeV Higgs mass. The cut
on the fourth electron is even more powerful in suppressing the background, but results in a
significant loss of signal events.

The p; electron cuts have to be optimized in the way to loose as less signal as possible, while
retaining enough power to reduce the backgrounds. As a strategy, we have chosen to open
these cuts, because of the small number of events expected for low Higgs masses. We there-
fore take the following selection cuts: (20 GeV,15 GeV,10 GeV,7 GeV). Although the last cut
seems small for high mass values, it is especially justified for the smaller mass of the Higgs
reachable in this channel. If in a first analysis one gets a hint on the Higgs mass, these cuts
could be tightened in a second pass of the analysis.
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Rejection factors as a function of the p, cuts on individual

acc. for cuts acc. for cuts acc. for cuts

(10,10) GeV (%) | (10,7) GeV (%) (7,7) GeV (%)
my = 130 GeV 66.5 94.1 95.9
my = 150 GeV 83.1 97.4 97.9
my = 170 GeV 91.3 98.8 99.0
77 67.2 90.8 93.9
tt 56.9 86.5 91.2
7Zbb 42.9 76.5 854

TABLE 10. Acceptances, normalized to the preselection acceptance, for
different sets of p, cuts on the third and fourth electrons. The cuts on the first
two electrons have been fixed to 20 and 15 GeV. Both the signal and
backgrounds have the same preselection cuts: at least 2e and 2¢" with
pr>6.5 GeVand |n|<2.5.
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4.6.2 Z mass cuts

The presence, in most of the cases, of one Z boson in our signal events allows, in the first
place, to suppress non-resonant 4-electrons production or backgrounds with misidentified
electrons. Among the backgrounds we are considering the ¢# does not have a real Z in the
intermediate state, making it susceptible to an eventual Z mass cut. The invariant mass of the
ete pair for the signal (my = 150 GeV) and the backgrounds, closest to the nominal Z mass
is shown in figure 79, together with the acceptance for symmetrical (|me+e_ - mzl <A

: symm)
and asymmetrical cuts (m, — A <m,.<mz+6 GeV).
e e

asymm

The left tail on the invariant mass distribution, for the processes with a real Z, is caused by the
internal bremsstrahlung in the Z decay, since the photons are not taken into account in the
mass calculation. Some of these photons will be either separately identified or reconstructed
together with the electrons, but part of the tail will still remain. In addition, because of the
bremsstrahlung in the tracker material before the ECAL, the left tail on the reconstructed mass
will be enhanced. Thus, it is necessary to open the cuts in order to keep as much signal events
as possible. Because of the almost flat mass distribution for the #¢# background and of the
asymmetrical shape of the Z mass distribution for the signal and the two other backgrounds,
the asymmetrical cut is more justiﬁed We have chosen the asymmetrical cut
my—13 GeV<m o <mz+6 GeV in order to keep 87% of signal events, for a 150 GeV
Higgs. The acceptances for the backgrounds are 90%, 90% and 70% for ZZ*, Zbb and tt
respectively.
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FIGURE 79. Distributions of the invariant mass of the electron-positron
combination closest to the Z mass, for signal and background events, with the
acceptance for symmetrical and asymmetrical cuts.
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4.6.3 Z* mass cuts

In a large majority of cases, one electron-positron pair in the Higgs 4 electrons decay comes
from one off mass shell Z boson. In figure 80, we show the invariant mass distribution of the
electron-positron pair furthest away from the nominal Z mass (in the case of more than two
electron-positron combinations, we first search for the pair with invariant mass closer to Z
nominal mass and then, among the remaining combinations, we take the one with the highest
invariant mass). All the distributions are normalized to the same area. We can notice a low
mass peak for the 7 and Zbb backgrounds coming from electrons originating from the same
cascade. The acceptances with respect to a lower cut (m,,>m,; ) and an upper cut
(15GeV<m,,<m,, ) are also shown. We choose to open these cuts to accept at least 90%
of events at small masses. Again, once one have a hint on the Higgs mass, these cuts could be
adjusted. In table 11, we give a starting and optimal set of cuts, defined as the cuts giving a
90% acceptance for the signal, and the corresponding background acceptances.
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FIGURE 80. Invariant mass distribution for electron-positron pairs more distant
to the nominal Z mass, for signal and backgrounds, and acceptances as a function
of a lower and an upper cut.
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15,80 GeV )| G, max GeV)| "o 90, %
my = 130 GeV 90 (15, 60) -
my = 150 GeV | 95 (20, 65) -
my = 170 GeV 96 (30, 80) -
7275 81 - (62, 52, 48)
1 64 - (53, 53, 46)
Zbb 38 - (33,31, 24)

TABLE 11. m,, cuts: acceptances for start-up cuts, cuts for 90% signal acceptance
and background acceptances of these cuts for three different Higgs masses,
normalized to the Z mass cut acceptance.

4.6.4 4-electrons invariant mass cut

One of the biggest advantages of the Higgs search through this channel is the possibility to
reconstruct its mass, as the 4-electrons invariant mass. In the relevant mass region, the natural
Higgs width is small (I';<< 1 GeV) and the reconstructed mass width will be dominated by
the detector resolution, which is a function of the combined tracker and electromagnetic calo-
rimeter momentum resolution.

In the backgrounds study up to now, we have considered the 4 electrons inclusive production.
For a given Higgs mass the effective background is only a fraction of the total background,
contained in a limited region around the Higgs mass. In figure 81 we give the number of
events for the signal and the backgrounds, in the area my + 20'mH , for 10° pb_l i.e. one year
of the LHC running at high luminosity. All the cuts presented in the previous section have
been applied. The expected energy resolution of the CMS electromagnetic calorimeter (given
in the table 3) has been introduced as a smearing of the electron energy. The typical signal
acceptance in the my £ 206, ~window is about 80%. As we can see from the figure, at this
stage, the number of events for the t7 and Zbb backgrounds are of the order of the signal. It is
therefore necessary to reduce them further, for at least one order of magnitude. This is possi-
ble by exploiting topological differences in these backgrounds with respect to the signal
events. In the next section we will discuss the possibility of using isolation cuts.
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FIGURE 81. Number of events within my +20,, for an integrated luminosity
of 10° pb'] after the kinematical cuts optimized in the previous sections.

4.7 Isolation

The last important feature of the signal events is the presence of four isolated electrons in the
final state. The same is true for the ZZ* background events. For the two other backgrounds, ¢
and Zbb, it is not the case. They have in average two non-isolated electrons coming from cas-
cade mesons decays. Therefore, by applying appropriate isolation algorithms, it should be
possible to strongly suppress these backgrounds.

There are many possible isolation algorithms, which combine or use separately the informa-
tions from the tracker, electromagnetic and hadronic calorimeter. The tracker isolation
demands thj‘a.hszmceaf any charged track with a p, greater than some threshold py,,,, in a
cone R = JAN™ + A¢”~ around the electron. The calorimetric isolation is based on the differ-
ence between the energy deposited in a narrow and a wide region around the electron impact
point. The tracker isolation require a good track reconstruction efficiency for low p; tracks
inside jets, while calorimetric isolation suffers from the internal radiation effects.

In this section, we present an isolation study based on the analysis of the charged tracks
around the electrons. In figure 82, the acceptances for the signal (Higgs mass 150 GeV) and
backgrounds for different choices of R and py,,,, parameters are shown.

The power of isolation on the suppression of the ## and Zbb backgrounds is obvious. To have
more than 90% (precisely 93%) signal acceptance we have chosen pp, . = 2.5 GeV and
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R = 0.2, which give an acceptance for the ZZ* background of 95% and a rejection factor of
about 70 for the #¢ and about 15 for the Zbb background.

At high luminosity, where it is expected to have a pileup of about 20 minimum bias events per
bunch crossing the isolation acceptances will change, lowering in particular the signal accep-
tance. To account for this effect we additionaly reduce the signal and ZZ* background accep-
tances for 15%, while keeping the same reducible background rejection factors. The level of
rejection gives confidence that isolation criterion will allow for a reduction of these back-
grounds well below the signal and the ZZ* background, even at high luminosity.
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FIGURE 82. Acceptances for the isolation cuts, as a function of the maximal py
of the tracks allowed in a cone, for three different values of the cone size,
R =0,1;02;03.
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4.8 Additional cuts

As we have seen, isolation cuts allows to reduce the 7# background by more than one order of
magnitude below the signal level. To further reduce the Zbb background to about the same
level, one could make use of the electron impact parameter. The previous studies [82] have
shown that using the impact parameter cut, a rejection factor of about 3.5 for the Zbb back-
ground and about 4 for the ¢ background5 can be obtained, with about 90% acceptance for
the signal and the irreducible background. Therefore, in the end, the ZZ* background remains
as the most important contribution. Besides the cuts used up to now in the analysis, there are
some additional cuts which could further suppress the this background. They will be presented
in this section.

4.8.1 Azimuthal distance between the Z’s and pr4, cuts

Since the main Higgs production process (gluon fusion) is a 2 — 1 process at the leading
order, the transverse momentum of the Higgs boson is generated by higher order processes,
i.e. in the language of Monte Carlo event generators, by the parton showers. In the irreducible
background a p; for the ZZ* system is also generated by the higher order processes. For the
signal, about 90% of the cross section comes from the gluon-gluon initial state, while in the
ZZ7* background it is the quark-antiquark initial state which dominates, with about 70% of the
total cross section. Because of the larger color factors and larger phase space for the parton
showering for the gluon initial states, the p, distribution of the Higgs bosons should be natu-
rally harder than that of the di-boson system in the ZZ* background.

In figure 83, we show the distribution of the transverse momentum of the 4-electrons combi-
nation (pr,, ) for the signal and the ZZ* background and the rejection factor as a function of
the pr,, cut. All the kinematical cuts presented in the previous sections are applied. A cut at
Pra.> 10 GeV allows to reject about 40% of gg — ZZ* background, while keeping 85% of
the signal, for a 150 GeV Higgs. To be conservative enough we assume that this cut does not
remove any of the gg — ZZ* background events, giving an overall ZZ* background rejection
factor of 1.44.

Another variable which could be used for the background rejection, correlated with the p,,,,
is the azimuthal angular difference between the Z and the Z*:

Ad = [m~]oz~ 0,

In figure 83 the distributions of A¢ for both signal and background are shown, together with
the rejection factor as a function of the A¢ cut. Choosing the same signal acceptance of 85%
as for the pr,, cut, we obtain a slightly better background rejection of 1.63, using the same

assumption that gluon fusion background events entirely pass the cut. The cut value is
Ap<0.2.

. (EQ 49)

In the section 4.2, where we have studied the pr distribution of the Higgs boson, we have
seen some of the limitations of the present PYTHIA Monte Carlo event generator. One should

5. Since the impact parameter cut is correlated with the isolation cut, the absolute impact parameter rejection
factors are somewhat smaller.
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be careful in using py cuts, or any other variable strongly correlated with it. The study
described above should, therefore, be taken only as a possible additional selection which
could be used after a detailed understanding of the variables used.
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FIGURE 83. Distributions of the 4 electrons p; and azimuthal angular
difference (top) and corresponding rejection factors (bottom).

4.8.2 Angular distributions and scaled electron energy in the Higgs frame

In figure 84, we show several angular correlations between the electrons, Z bosons and 4-elec-
tron system. In the used version of PYTHIA (6.122), the angular correlations between the four
electrons are correctly described. In older versions (5.7) they were treated as in the H - WW
decay. From the figures we can see that there is no a considerable difference between these

angular distributions and therefore we cannot use them in the signal versus background sepa-
ration.

Another interesting variable for ZZ* discrimination is the scaled electron energy in the Higgs
frame (4E/my ). It is shown in figure 85, separately for Z and Z* electrons. We can see that
these distributions could also be used to reject some of the irreducible background.
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4.9 Results on signal visibility

At the end of this chapter we give the summary of the kinematical cuts and the results on the
signal visibility, obtained with the particle level analysis. These results are aimed to point out
the main requirements on the electron reconstruction in the detector and will be used as a ref-
erence for the reconstruction studies in the next chapter.

The first selection criterion for events to be accepted for a further analysis is to pass either sin-
gle electron or double electron triggers. In addition, the charge constraint requests

>4, =0,i=l.. 4, (EQ 50)

ie.2 e and?2 e'. In order to extract the signal over the backgrounds the following selection
cuts have been found as optimum:

e pr cuts:
pr>20GeV, pi2>15GeV, py> 10 GeV, py > 7 GeV, (EQ 51)
o Z mass constrain:
my;—13 GeV<me+ _<mZ+6 GeV, (EQ 52)
o Z* mass constrain:
15 GeV < m'e+e_ <80 GeV, (EQ 53)

 isolation:
no charged tracks with p;>2.5 GeV inacone R = 0.2 around each electron.

The electrons pr cuts and Z bosons mass constrains could be refined after an eventual hint on
the Higgs boson mass from a first analysis pass. The ¢ and Zbb backgrounds can addition-
ally be suppressed using the impact parameter, and the ZZ*/y* background can be further
reduced to some extent by applying the cuts presented in the previous section.

The overall signal acceptance with these selection cuts is about 31%, 45% and 52% for the
Higgs with masses of 130, 150 and 170 GeV respectively. The background rejection factors
are about 70, 10° and 10 for the ZZ*/y*, tt and Zbb backgrounds.

The 4-electrons invariant mass distributions, after the above selection criterion, are shown in
figure 86 for three values of the Higgs mass (130, 150 and 170 GeV) superimposed to the
backgrounds. The left tails on the Higgs mass distributions are caused by the internal bremss-
trahlung, since the radiated photons are not taken into the mass calculations. As we can see,
the 7# background contribution is negligible, and the Zbb background contributes to a rather
small extent. Therefore, the main background contribution is coming from the ZZ*/y* back-
ground. A gaussian fit of the reconstructed Higgs mass distribution gives values of
O,y = 0.74 GeV for my = 130 GeV, o, = 0.81 GeV for my = 150 GeV and
6,, = 097 for my = 170 GeV. Detector effgcts, like the electron bremsstrahlung in the
tracker material, and the electron reconstruction inefficiencies have not been taken into
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account. Therefore, the obtained Higgs mass width is too optimistic but will be taken as a ref-
erence in the reconstruction studies presented in the next chapter.
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FIGURE 86. The 4-electrons invariant mass for 130, 150 and 170 GeV Higgs
and the backgrounds, obtained with the particle level analysis. In the mass
calculation the expected ECAL energy resolution is introduced as a gaussian
smearing of the electron energy.

A criterion for the signal over background visibility is the requirement that the signal should
be significantly greater than the background fluctuations. It is expressed through the so called
significance, defined as the ratio of the number of signal events (N) and the squared root of the
number of background events (B) in some window around the Higgs mass, § = N/ «/1_3 The
usual criterion for a signal evidence is S > 3, and for a discovery is $> 5.

In first approximation the reconstructed Higgs mass has a gaussian shape, and the number of
signal events in some window depends on the reconstructed mass distribution width (o, ).
For a smaller width, i.e. better resolution, the same number of events is contained in a smaﬂer
window. For the background, with the 4-electrons invariant mass spectrum shown in figure 86,
the number of background events is roughly proportional to the mass window size. For the
nearly gaussian shape of the signal and almost flat distribution of the background 4-electron
invariant mass, the optimum window choice is 226, around the reconstructed Higgs mass
peak. Therefore, the signal significance is proportionafrto the 1/ A/GTH ;

B40th the number of signal events and the number of background events are proportional to the
€,, where g, is the average Slectron reconstruction efficiency. Therefore, the signal signifi-
cance is proportional to the €.

Thg: nunllber of expected signal and background events in a mass window my £ 20,,, fora
10" pb  integrated luminosity is shown in figure 87. As we can see, for one year of high
luminosity running, we can expect from about 20 to 80 signal events in the mass range 130-
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180 GeV. The signal significance is also shown in figure 87. As expected, its shape follows the
H — ZZ* branching ration shape with a maximum around 150 GeV and the minimum at
about 170 GeV where the H - WW decay channel opens.
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FIGURE 87. Number of events for one year of LHC running at hlgh luminosity
and significances for integrated luminosities 10* pb‘ and 10° pb‘ obtained with
the particle level analysis. Neither electron reconstruction inefficiencies nor
specific detector effects influencing the electron reconstruction precision are
taken into account.

From the partlcle level analysis, we conclude that the Higgs boson could be found through the
H — ZZ* — 4¢* channel in a mass region from 122 to 180 GeV, for one year of high lumi-
nosity running at LHC. At low luminosity the discovery would be possible in the Higgs mass
region from 130 to 164 GeV, and for the Higgs with 176 GeV mass and above.

Let us, at the end of this chapter, outline the two most important requirements on the electron
reconstruction, coming from the particle level analysis results:

» The signal significance is proportional to the electron reconstruction efficiency squared,
S ~ ¢, . In addition, the small number of events, particularly around 130 and 170 GeV
Higgs masses, and the low momentum of the two lightest electrons gives strong require-
ments on the electron reconstruction efficiency.

» The signal significance is inversely proportional to the squared root of the Higgs recon-
structed mass width( i.e. 4-electrons mass resolution), S ~ 1/ [c,, . Because of the detec-
tor resolution dominance in the Higgs reconstructed mass width, it is a direct and very
strong requirement on the precision to be achieved on the electron momentum estimation.

Although the tracker and the electromagnetic calorimeter, the two most important detectors
used in the electron reconstruction, have been designed in order to maximize the efficiency
and the resolution, the electron reconstruction in the real detector is a rather sophlstxcated task.
In the following chapter we will present our study of the H — ZZ* — 4¢* reconstruction,
through the development of the electron reconstruction algorithms, taking into account the
two above requirements.
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5.1 Introduction

As we have seen in the previous chapter, the small number of events in the H — ZZ* — 4e*
process together with the multielectron final state demands an excellent reconstruction effi-
ciency and low kinematical cuts on the electrons transverse momentum. In addition, the sig-
nificance of the signal visibility is inversely proportional to the squared root of the
reconstructed 4-electrons invariant mass width, requesting an excellent precision of the recon-
structed electron momentum.

The electron reconstruction procedure which has been developed in CMS consists of tracks
reconstruction in the tracker, clusters reconstruction in the electromagnetic calorimeter, tracks
and clusters matching and refinement of electron momentum estimation combining the ECAL
and tracker measurements. Therefore, the electron reconstruction quality relies on the perfor-
mances of both the CMS tracker detector and the electromagnetic calorimeter.

A specific problem in CMS is the significant amount of tracker material before the electro-
magnetic calorimeter. Electron traversing the tracker cavity radiates photons thought the
bremsstrahlung process, causing difficulties in the electron reconstruction, affecting both the
reconstruction efficiency and the precision. In order to obtain a high reconstruction efficiency
and precision in the H — ZZ* — 4¢~ channel, sophisticated recovery algorithms from both
the ECAL and the tracker are required.

In the first part of this chapter we first describe the bremsstrahlung problem. Then we give a
short description of the track reconstruction algorithm used and the present track finding effi-
ciency. Furthermore, the clustering in the ECAL and the method for the bremsstrahlung pho-
tons recovery is described, with a dedicated algorithm for hard photons recovery.

In the second part the developed method for the electron energy estimation is described. It
makes use of a the shower model to predict the electron energy deposition in the electromag-
netic calorimeter, which is then used in a weighting technique. The obtained energy estimator
is combined with the tracker momentum estimator to construct a final electron momentum
estimator.

At the end of the+chapter, the developed electron reconstruction algorithms are applied to the
H — ZZ* — 4e~ reconstruction and the results compared with those obtained from the par-
ticle level analysis described in the previous chapter.

For the reconstruction studies, we have used the detailed simulation of the CMS detector
implemented in the CMSIM program [79]. The physical processes inside the detector have
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5.2 The bremsstrahlung problem

been simulated with GEANT [80], with 100 keV cuts on the electromagnetic processes. We
have used data samples of several thousands electrons, generated within the barrel geometrical
acceptance (1| < 1.5), for two representative transverse momenta of 10 and 30 GeV. The
reconstruction algorithms have been used or developed within the CMS Reconstruction and
Analysis (ORCA) framework [81]. The tracker used in this study corresponds to the Si-
MSGC design. From the material budget point of view, the amount of material before the elec-
tromagnetic calorimeter with the recently chose all Si tracker design is expected to persist at
about the same level, with a somewhat different transverse distribution.

5.2 The bremsstrahlung problem

The biggest problem in the electron reconstruction in CMS comes from the bremsstrahlung
radiation in the tracker cavity. The material budget before the electromagnetic calorimeter,
shown in figure 88, varies between 0.2 X and 0.4 X, for |n| <1 and grows to a rather flat
maximum of about 0.8X,, in the region 1.5 < |n| <2.0. At larger pseudorapidities, tracks do
not cross the outer tracker services and, therefore, in this region material budget decreases.
The biggest contributions come from the silicon system, mainly due to the support structures,
cables and cooling. The contribution from the detectors themselves is at a comparable level
for both silicon and MSGC detectors.
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FIGURE 88. Material budget of silicon-MSGC version of the CMS tracker, together
with the small contribution coming from the beam pipe. Left figure shows
contributions from the tracker subsystems, and the right figure shows constributions
broken down by functionality.

Importance of the bremsstrahlung process can be seen from figure 89 presenting the vertices
of the secondary particles produced in the tracker cavity by electrons with 10 and 30 GeV
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5.2 The bremsstrahlung problem

transverse momentum, generated in the barrel acceptance. Most of these vertices come from
bremsstrahlung photons, but there is also a small contribution from e'e pairs, coming from
photon conversions. The biggest concentration of vertices is in the transition region between
silicon and MSGC at a transverse radius of about 65 cm. This can be seen on the lower histo-
grams showing the distribution of the number of vertices as a function of their transverse
radius.

In order to quantify the bremsstrahlung emission, figure 90 shows the electron energies at
ECAL entrance, normalized to the generated energy, for 10 GeV p; electrons in the barrel.
The integration of this distribution shows that 35.8% (80.8%) of electrons have lost more than
60% (10%) of their initial energies. Even more, in 11.7% of cases, electrons loose more than
90% of their initial energy. On the same figure, the energy distribution of the secondary parti-
cles is also given, together with the probability of having a secondary particle with energy big-
ger than a given value. We can see that 13.2% of the secondary particles have energy greater
that 1 GeV. In figure 91 the corresponding distributions for 30 GeV py electrons in the barrel
are given.

The bremsstrahlung radiation will affect both ECAL and tracker measurements. The kinemat-
ics of the process is such that the photons are radiated along the tangent to the electron trajec-
tory. Afterwards their trajectory is a straight line, while electrons curve in the magnetic field.
This means that the photon impact in the ECAL will be more distant to the electron impact in
the case of an early radiation (i.e. photon emitted at the beginning of the electron trajectory).

In case of late radiation (i.e. photon emitted near the end of the electron trajectory), the photon
cluster is expected to be at least partially merged with the electron one, and therefore the loss
in the reconstructed energy by the calorimeter much less than the one suggested by figures 90
and 91. For what concerns the tracker, such a late radiation will also have a rather small effect
on the reconstructed track parameters. On the contrary, an early radiation will lead to recon-
structed track parameters moving away from the original electron momentum. From the
ECAL point of view, in that case, part of the original energy will be lost in a separate photon
cluster, which will have to be recovered in order to estimate the original electron momentum.
All of these effects depend on the hardness of the radiated photon momentum, with increasing
importance as the photon momentum increases.
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5.3 Track reconstruction

For electron tracks finding and reconstruction we have used the forward kalman filter (FKF)
pattern recognition algorithm developed in CMS. This algorithm starts with searching the
compatible hits in the two pixel layers, assuming a vertex at the nominal interaction point.
When compatible hits are found, a track seed is constructed and the search for hits in outer
layers is started. The track is extrapolated to the next layer where hits are searched for in the
vicinity of the extrapolation point. When a compatible hit is found, the track parameters and
corresponding errors are updated and the track is propagated to the next layer. The procedure
is iterated until two consecutive layers without compatible hit are found. A minimum of 8 hits
is required to build a track candidate. After that the track parameters are smoothed by refitting
backward all the hits found. In figure 92 the electron track finding efficiency, defined as num-
ber of reconstructed electrons divided by number of generated electron in a given pseudorapi-
dity interval, is shown. One can notice a regular drop of the efficiency as going toward higher
rapidities, as expected from bremsstrahlung losses, since the tracker material budget increases
with increasing rapidities. At a given rapidity, the efficiency increases with increasing trans-
verse momentum of the track, since the track curvature is lower and hence the probability to
miss the hit next to the bremsstrahlung emission is lower.
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FIGURE 92. Electron tracks finding efficiency with FKF track finding algorithm for
10 and 30 GeV p; electrons as a function of electron pseudorapidity.

The average track finding efficiencies are 84.3% for 10 and 88.3% for 30 GeV p; electrons.
There are several sources of track finding and reconstruction inefficiencies. A first one comes
from the detector inefficiency. Furthermore, the forward track finding algorithm is currently
not adapted to important changes of curvature which appears in case of hard bremsstrahlung.
Alternative track finding algorithm, such as one starting from the outer layers, or even which
is seeded by ECAL clusters should be studied. Third source of inefficiency is connected with
the reconstruction track quality criteria. Loosed criteria means more reconstructed track.

173
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Because of the possibility to combine ECAL and tracker measurements in the global electron
reconstruction, we choose to loosen the tracker quality reconstruction criteria to accept more
electron track candidates.

The reconstructed track momentum distributions for 10 and 30 GeV p; electrons are shown
in figure 93. One can notice low energy tails, coming from soft bremsstrahlung for which the
track is reconstructed with slightly overestimated curvature. The low momentum tail also
increases when going to higher momenta, as expected from radiation losses.
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FIGURE 93. Reconstructed track momentum distributions, relative to the generated
momentum, for 10 and 30 GeV py electrons.

5.4 Cluster reconstruction

In order estimate the electron energy it is necessary to consider a set of crystals, using thus a
clustering algorithm. Several clustering algorithms have been proposed in CMS:

o For photon reconstruction [44].

A cluster built from 5 X 5 crystals centered on the crystal with maximum energy has been
used for the energy measurements of nonconverted photons. In the case of photon con-
verted in the barrel tracking volume two algorithms have been used. For electron-positron
pairs separated by A¢ <0.045 a 5(in 1) X 9(in ¢) window centered on the crystal with
maximum energy deposit has been used. Otherwise a sum of fixed 3 X3 (5 x5) windows
around every local maxima of 1 GeV (5 GeV) between the electron-positron impact points
has been used. For the conversions in the endcaps, the 5x 5 window has been used,
because of the smaller average ete separation. The energy measurement obtained with
these algorithms has been improved by leakage corrections, depending on either photon
impact point or electron-positron separation in case of conversions.

o For electron reconstruction. .
For the calibration with Z —> e ¢~ events [44] and in previous H — 727" = 4e studies
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[82] an asymmetrical 5(in ) X 7(in ¢) window surrounding the crystal with maximum
deposited energy has been used. First the 5 x 5 was created around the crystal with maxi-
mal energy and then the window was extended in ¢ assuming direction of the eventually
radiated photon. This algorithm has been selected as an optimal choice among several sym-
metrical and asymmetrical windows. For the calibration with W — ev,, events [44] a 3 X 3
matrix centered on the crystal with maximum signal was used.

All of these algorithms are based on the construction of fixed windows around the crystal with
maximum energy deposit. Using fixed windows in electron reconstruction has several draw-
backs. Being fixed it does not take properly into account event by event variations of the pat-
tern due to of the particle impact point and direction variations. To overcome these problems
the size of window should be extended. But, by increasing the window size the noise contribu-
tion increases, as well as the pile-up contribution, and at small electron energies these effects
starts to significantly deteriorate the resolution. In addition to this problem, fixed window
algorithms are not suitable for the reconstruction of very close showers, like it is the case with
electron bremsstrahlung.

The algorithm which would be able to overcome these problems should therefore:

« construct a set of crystal well adapted to the shower shape to be able to follow event by
event fluctuations of impact position and direction,

» be not too large in order to avoid too much noise contribution,

» be local as much as possible to separate close showers, like in case of electron bremsstra-
hlung or photon conversions.

An algorithm with these properties, so called dynamical clustering algorithm, has been devel-
oped [83]. It proceeds in two main steps:

1. Search of a cluster seed.
Each crystal with local maximum energy deposit defines a cluster seed if its energy is
above a threshold (Ef;fd). We have used E":,ffd = 3.33 - o,, corresponding to 100
MeV in the barrel and 500 MeV in the endcaps. This threshold allows to suppress the
clusters coming from noise, without significant loss of physical clusters.

2. Construction of the cluster.
For each seed the algorithm loops over all the crystals still available and attaches to
the cluster those who satisfy the criterion to be adjacent by side and have smaller
energy than at least one crystal already belonging to the cluster. In this way the clus-
ter stops when it encounters a crystal with higher energy deposit than its boundary
crystals. This happens either in case of noise fluctuations or in case of a physical
neighboring cluster.

In figure 94 few typical events, together with the reconstructed electromagnetic clusters using
the dynamical clustering algorithm, are shown. For 10 (30) GeV p; electrons the mean num-
ber of crystals in the electron cluster is about 25 (35). With the presented criteria for cluster
construction two electromagnetic objects are reconstructed as separated clusters if they enter
the electromagnetic calorimeter at impacts separated by at least one crystal.

Building the clusters this way, from the shower center outward, use the advantage of the
nearly axial symmetry of the shower transverse profile. The cluster shape changes from event
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to event following the variations of the impact position and direction. Because of its property
to stop developing when it reaches the noise level the cluster would not pick up too much
noise.

The energy and position of the cluster are, in a first iteration, estimated as:

2 HiE

E = zei, X = iE . (EQ 54)
i

where e; and x; are energy and position of the crystal i, and where the sum runs over all the
crystals in the cluster. These simple estimators, as we will se, are appropriate for the electron
identification. A more precise estimator of the electron energy will be studied in next sections.
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FIGURE 94. A few typical events with reconstructed electromagnetic clusters using
the dynamical clustering algorithm. Numbers represents energy deposit for crystals
with E>1 GeV.
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5.5 Bremsstrahlung photons recovery method

5.5.1 Electron kinematics

The bremsstrahlung recovery algorithm will exploit kinematical characteristics of the bremss-
trahlung process.

Neglecting the multiple scattering and ionization losses!, the charged particle trajectory in a
uniform magnetic field B = (0, 0, B,) is a helix, with the equations of motion given by

sin(kt + @) — sin@,

x(t) = x5+ X
cos(kt + @y) — cosQ,, (EQ 55)

z(t) = zg+ct

where (x, ¥g, 2o) is the vertex, ¢ is the radial trajectory length measured from vertex, @, is
the tangent angle in the transverse planeatt = 0, ¢ = p,/pr and k = 1/p. p is the curva-
ture radius in the transverse plane given by

(EQ 56)
with p; in GeV and B in Tesla. In the CMS tracker cavity, in the uniform approximation one
has B, = 4 Tesla.

In the transverse plane, the trajectory is an arc of circle. For an electron coming from the ori-
gin of the coordinates system, with direction along the x axis, one has

(xo’ Yo» Zo) = (0,0, 0)

(EQ 57)
¢y =0

and the circle can be written as

2 2 2
= Xty = 2yp. (EQ 58)

In absence of the bremsstrahlung, an electron would reach the electromagnetic calorimeter at

2
e _ RgcaL

Ynobrem = 2 p ’ (EQ 59)

where Rpc,y is the transverse radius of the crystals front face (R, = 129 cm in the bar-
rel). A bremsstrahlung photon emitted at a transverse radius r = ry and taking a fraction
1 — o of the electron momentum propagates along the tangent to the electron trajectory and
reaches the calorimeter at

1. Which is a quite adequate approximation in the presented study.
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2 2 2
ry+2ry(RecaL—7y) _ RecaL— (RpcaL—1y)

Yy = 2 3 (EQ 60)
The electron trajectory after the bremsstrahlung photon emission is given by
1
y = — P +br+c. (EQ 61)

2po

Atr =r, the electron direction is unchanged, yielding

2
T, r,
b= 37(1_&), ¢ = —E‘é(l —é), (EQ62)

and the electron having emitted a bremsstrahlung photon reaches the calorimeter at

RI23CAL - (1 - é)(RECAL - ry)2
y:vith brem — 20 (EQ 63)
From the above equations we can deduce
yflo brem = (1 -0 - yyto- yfvith brem = Ybarycenter? (EQ 64)

showing that the barycenter of the electron and bremsstrahlung photon positions is the posi-
tion the electron would have reached if it had not emitted a bremsstrahlung, and

Yy—¥
o = Y barycenter, (EQ 65)

(4
y v ~ Ywith brem
showing that the fraction of energy remaining to the electron is given by the fractional dis-
tance between the bremsstrahlung photon and the barycenter position. These two important

properties will be used in section 5.5.3 to improve the electron identification in presence of
bremsstrahlung radiation.

The kinematics of the bremsstrahlung process is illustrated in figure 95.

Another important kinematical aspects is the distribution of electrons impact angles at the
electromagnetic calorimeter. Indeed to reduce the influence of the intercrystal cracks in calori-
metric measurements, the design of the calorimeter is such that photons and infinite momen-
tum electrons originating from the interaction point enter the crystals with an angle of about
3° with respect to the crystal axis, both in i} an ¢ directions.

The interaction vertex smearing of about 5.3 c¢m in z direction at LHC gives an RMS of the
distribution of this angles in 1 plane of about 1.6°, for electrons in the barrel. In the ¢ plane
the vertex uncertainty is about 15 L m, resulting in a negligible width of the impact angle dis-
tribution. But, because of the curvature of the electron trajectory in the magnetic field, elec-
trons impact angles in the ¢ plane depend on the transverse momentum. In absence of
bremsstrahlung, the angle between the electron at ECAL impact point and the line connecting
the vertex and that point is given by:
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R
0= asin( ECAL). (EQ 66)
2p

In the case of bremsstrahlung this angle is always bigger. Figure 96 shows the impact angles,
in the ¢ plane, at ECAL entrance for electrons and positrons as a function of their transverse

energy.
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FIGURE 95. Kinematics of the electron bremsstrahlung process in the uniform
magnetic field.
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179



5.5 Bremsstrahlung photons recovery method

In addition, the mechanical design of the ECAL barrel is such that the two half barrels (posi-
tive and negative z) are rotationaly symmetric with respect to the y axis. Hence, there is a 6°
difference in the ¢ plane angles between the axis of the crystals at opposite 1 positions. An
electron of about 15 GeV p; and 1 >0, and a positrons with the same transverse momentum
and negative pseudorapidity, will enter the electromagnetic calorimeter in a direction about
parallel to the crystal axis, therefore parallel to the cracks, resulting in a possible deterioration
of the electron energy measurement [84].

5.5.2 Method and results

As we have seen, the kinematics of the bremsstrahlung process allows to predict where to
search for radiated photon clusters, starting from an electron cluster. If the photon is separated
enough and has enough energy to create a separate cluster it is possible to associate them to
the electron one. In this section we will show a generic performances of the bremsstrahlung
photon recovery algorithm, and in section 5.5.3 we will extend it to increase its efficiency in
case of hard bremsstrahlung emission.

The presented results corresponds to py = 10 GeV and p; = 30 GeV electrons generated
in the ECAL barrel acceptance. The electron clusters have been identified in what follows
using the true Monte Carlo information, in order to extract intrinsic properties of the bremss-
trahlung photon recovery method.

The recovery algorithm consists of two main steps [83]:

1. From the reconstructed transverse energy of the electron electromagnetic cluster
(EeT) one can define the maximum azimuthal distance between the electron and the
radiated photon, given by

RECAL

Ad,,., = atan 29p s (EQ 67)

{_ (RECAL)Z
29p

where

(EQ 68)

is the radius of the electron trajectory in the transverse plane, with E7 in GeV. Ry, is
the transverse radius of the crystal front face, and q is the electron charge. A9, corre-
sponds to the azimuthal distance between the electron and a photon radiated at transverse
radius » = O cm. It therefore represents the maximal distance between the electron and a
radiated photon. For the calculation of A¢,,, we use the ECAL energy measurement,
which provides a better estimate of the electron momentum at ECAL impact than the
reconstructed track. For photons emitted at non zero transverse radius, the impact points
have to be searched for in a ¢ road between 0 and A¢,, .. In figure 97 the A¢,, .. is plotted
as a function of the measured electron transverse energy. One can see that for
E; = 10 GeV, the maximal azimuthal distance is of the order of 5 crystals, going down to
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about 1 crystals at E; = 50 GeV . The kinematics of the bremsstrahlung process is such
that the pseudorapidity distance of the electron and photon at ECAL entrance is equal to 0.
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FIGURE 97. Maximal azimuthal distance between an electron and a radiated
photon cluster, corresponding to the case of a photon radiated at zero transverse
radius.

2. Having determined A9, , the search for ghoton clusters is performed. The clusters,
with reconstructed values (E’, n ¢ M?") for energy, pseudorapidity, azimuthal
angle and cluster multiplicity, respectively, are attached to the electron cluster if they
satisfy the following criterion:

n' e M°-Ann®+An]
0" € [0°— AG,0° + Ad, .+ Ad], (EQ 69)
MY > Mthr

where (1°, ¢°) are the pseudorapidity and azimuthal angle of the electron cluster and M ;.
is a cluster multiplicity threshold. A1} and A¢ are tolerances aimed to account for the use
of simple barycenter as cluster position estimate, without corrections. We have used a value
of 0.0175, corresponding to one crystal width, for both An} and A¢ . To minimize the noise
contribution we have used M, = 1.

The figure 98 shows the position in N — ¢ plane of secondary clusters with respect to the elec-
tron cluster for 10 GeV p; electrons. The localization of bremsstrahlung impact in pseudora-
pidity is clear. The central hole where no secondary clusters can be separated is the
consequence of the extension of the electron clusters. The distributions on the right show the
clusters recovered using the described procedure. The mean multiplicity of electron plus
recovered clusters is about 35. The same results for 30 GeV p; electrons are presented in
figure 99. One can notice a higher bremsstrahlung activity with increasing electron energy, but
with smaller distance between electron and photon clusters, as expected. The mean multiplic-
ities of electron plus photon clusters, for 30 GeV p; electrons, is about 43.
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The results of the recovery algorithm, in terms of energy of the reconstructed electron clusters
only and of the electron plus photons, normalized to the generated electron energy, are shown
in figure 100, for both 10 and 30 GeV p; electrons. In order to compare these distribution we
define an effective RMS as the half width around maximum containing 68.3% of the distribu-
tion. It is illustrated in figure 101. The gain with the recovery method is clearly visible and
expressed in terms of effective RMS as well as 26 and 3¢ efficiencies are shown in table 7.
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FIGURE 98. Position of the secondary clusters in 1| — ¢ plane reconstructed using
dynamical clustering algorithm (left). Position of recovered cluster using
bremsstrahlung photon recovery method (right). The figures corresponds to 10 GeV
pr electrons in barrel and cumulate 1000 generated electrons.
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FIGURE 99. The same as figure 98 for 30 GeV p; electrons in barrel.
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FIGURE 100. Reconstructed energy distribution for 10 GeV (up) and 30 GeV
(down) py electrons without (left) and with (right) bremsstrahlung photon recovery.
The energy is estimated as the crystals energy sum. The few events with E=0
correspond to cases where the electron radiates a very hard photon at the beginning if
its trajectory and never reach the ECAL.
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FIGURE 101. An illustration of the effective RMS, defined as the half width of the
window around maximum containing 68.3% of the distribution. The distance
between vertical lines corresponds to 2 - RMS .. The distributions are for 10 py
GeV electrons.

RMS, & 20 efficiency 30 efficiency
pr = 10 Gev | nobremsrecov. 0.154 0.45 0.50
brems recov. 0.036 0.75 0.82
pr = 30 Gev | Mo brems recov. 0.0665 0.53 0.59
brems recov. 0.0208 0.69 0.77

TABLE 7. Effective RMS, 26 and 3o efficiency for 10 GeV and 30 GeV E
electrons without and with bremsstrahlung photon recovery.

5.5.3 Hard bremsstrahlung photons recovery

In the previous section, for the electron cluster identification we have used the GEANT infor-
mations. The electron cluster have been chosen as the closest to the electron ECAL impact
point extracted from GEANT. In reality, the cluster belonging to the electron is determined
through the cluster-track matching procedure. As we will show, the usual matching procedure
of comparing each cluster with each track should be modified to be able to deal with the case
of hard bremsstrahlung, taking into account all possible electron plus bremsstrahlung photons
clusters combinations in the matching procedure.

In this section we will present two algorithms, called ‘simple’ and ‘fit’ matching algorithms.
Inzthe simple matching algorithm the electron cluster is determined as the cluster with the best
X~ in 9, ¢ and E/p in a cone of AR = 0.1 around the track extrapolation to ECAL, and hav-
ing an E/p matching ratio greater than 0.2. Figure 102 presents the phi distance between the
electron cluster and the track extrapolation to ECAL as a function of E/p ratio, using this algo-
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rithm, for both 10 and 30 GeV p; electrons. In addition to well matched electrons, there are
two populations with bad E/p matching, one correlated with increasing phi distance, and
another with negative phi distance. The first population with bad E/p matching corresponds to
the cases for which the electron cluster is correctly assigned, with a certain amount of the
original electron energy radiated as bremsstrahlung photons. The more the radiated photon
takes energy, the more distant is the electron cluster from the track extrapolation. The popula-
tion with bad E/p matching and negative phi distance corresponds to the cases where the track
is wrongly assigned to the photon, rather than to the electron cluster. This happens when pho-
tons takes more than a half of the electron energy and thus both populations have E/p>0.5.
Also shown in figure 102 is the distribution of the transverse energy of the cluster associated
to the track, without and with bremsstrahlung recovery method, described in the section 5.5.
The improvement using the recovery method is evident, but still some low energy tail remains,
due to the cases of hard bremsstrahlung, when the photon cluster is wrongly associated to the
track. As expected these effects are more important for lower electron transverse momentum.
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FIGURE 102. Phi distance between cluster and associated track vs. E/p for simple
matching algorithm (up), and the cluster transverse energy without and with brems
recovery (down), for 10 GeV (left) and 30 GeV (right) p; electrons generated in the
barrel acceptance.
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To better understand this problem of electron misidentification, it is instructive to look at the
distribution of the transverse position of the outermost measured track hit. As already men-
tioned, the tracks reconstruction starts from the pixel layers and goes outward, propagating
track from layer to layer while a hit in the vicinity of extrapolated point is found. The distribu-
tion of the last found hit transverse position is shown in figure 103, for both 10 and 30 GeV
pr electrons. One can see that a significant fraction of the tracks is not reconstructed up to the
outermost tracker layer ( = 120 cm). This comes from hard bremsstrahlung, where the
change of curvature is such that the track finding algorithm fails to find the hit following the
emission point. In the cases of very hard bremsstrahlung for which the photon takes more than
half of the electron energy, the track is even better matched with the photon cluster, both geo-
metrically and in momentum, but the bremsstrahlung recovery goes in wrong direction.

300 | py=10Gev \ 30 E p =30Gev
- -
250 F 300 3
. 250 |
200 | :
- 200 |
150 [ E
E 150 |
100 F C
: 100 |
50 s0 |
o L ot L
0 0 50 100
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FIGURE 103. Transverse radius of the outermost track hit found by the track
finding algorithm (left).

In order to better match electron clusters and tracks we have developed a procedure which
consists of the two following steps:

1. All clusters in a road along ¢ axis around the track extrapolation and up to
A¢ = £0.1 are considered as electron clusters candidates. These clusters are sorted
in decreasing phi order (charge -1 case). Starting from each cluster taken in turn as
electron cluster, the bremsstrahlung search is performed taking the ¢ road size and
direction from the cluster measured transverse energy and the track charge. At the
end of this step a set of electron plus bremsstrahlung clusters is defined.

2. The best set is obtained by minimizing a xz in terms of two quantities:

« the distance between track extrapolation and energy weighted average of
the clusters position (Y,rycenter 1N the equation 64),

« the distance between E/p and the fraction of energy remaining to the elec-
tron, with E given by the electron cluster candidate (o in the equation 65).
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Figure 104 shows the ¢ and the E/p distances for all electron plus bremsstrahlung photon
clusters sets and the same distributions for the selected ones, for 10 GeV p, electrons in
whole ECAL acceptance. In figure 105 the same is shown for 30 GeV py electrons.
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FIGURE 104. Distributions of the ¢ and the E/ p — o distances for all sets electron
plus bremsstrahlung photon clusters (top) and the same distributions for the selected
ones (bottom), for 10 GeV p, electrons.
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FIGURE 105. The same as on figure 104 for 30 GeV p; electrons.

To compare this algorithm with the simple matching one, in figure 106 we show the phi dis-
tance between barycenter of matching clusters and extrapolated tracks versus E/p ratio. Com-
paring with the same distributions in figure 102, one can see that the population corresponding
to the photon cluster wrongly identified as electron have moved from negative to positive A¢.
Since the electron cluster is now properly identified, the electron cluster energy to track
momentum ratio is now lower than 0.5. The distribution of the electron cluster transverse
energy and electron plus bremsstrahlung photon clusters recovered are also shown on
figure 105. Both a gain with respect to the electron energy only and with respect to the simple
matching algorithm are visible. The efficiencies as the fractions of events within E/p £0.2
are given in table 8.
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FIGURE 106. Phi distance between cluster and associated track versus E/p for fit
matching algorithm (top), and the cluster transversal energy without and with
recovered photon clusters (bottom), for 10 GeV (left) and 30 GeV (right) p,
electrons generated in the barrel acceptance.

e(E/p+02) |pr = 10GeV|py = 30 GeV

simple 86.4% 90.8%

fit 94.4% 95.8%

TABLE 8. The fraction of events within E/p £ 0.2 for 10 and 30 GeV pr electrons
with simple and fit clusters-track matching algorithms.
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5.6 Electron momentum estimation

In the section 5.4 we have presented the dynamical clustering algorithm which allows to con-
struct the set of crystals following the event by event variations of the particle impact position
and direction. However, corrections are still needed to account for small residual lateral leak-
age. In addition, an estimator of the particle energy as a sum of all the crystals energies is not
optimal with respect to the noise contribution. Assuming that we can predict the mean
expected energy in each crystal, another estimator can be constructed which will correct for
the lateral leakage and will treat properly the noise contribution. This will be the subject of
this section. To predict the shower energy deposit in each crystal the track impact point and
direction at ECAL entrance and a shower model are necessary. For the impact position and the
direction we will use the track extrapolation to the calorimeter and a shower parametrization
will be used as the shower model.

Having optimized the energy estimate in the ECAL we will combine it with the tracker
momentum estimation to construct a final electron momentum estimator.

5.6.1 Weighting method

5.6.1.1 Method description

The simplest estimator of the energy deposited by the particle in the electromagnetic calorim-
eter is given by the sum of the energies measured by the crystals (e;) belonging to the cluster
associated to the particle:

E, = Zei. (EQ 70)

i

In what follows we will call this estimator the ‘cluster energy sum’. Its variance is given by

2

Op, = Zcov(e"’ ej) = Zceicejpij, (EQT71)
iJ iLJ

where p,; are the correlation coefficients.

The variance of the cluster energy sum estimator has a significant contribution from the noise.

Adding N crystals with the noncorrelated noise G,,,,,, contributes to

"/Ncnoise (EQ72)

to the variance of this estimator. The mean multiplicity of the electromagnetic clusters is about
25 (35) for the electron cluster only and about 35 (43) for the electron plus bremsstrahlung
photons clusters, for 10 (30) GeV p; electrons. Therefore, for the expected energy resolution
of the CMS electromagnetic calorimeter, the noise dominates the resolution for energies
smaller than about 20 GeV.

Another energy estimator can be constructed in the following way: for a given impact position
and direction every crystal in which the particle deposits a fraction (f;) of its energy gives an
estimator (E;) of the total particle energy:
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E‘,-=-e-i i=1,..,n, (EQ 73)
i

where e; is the measured energy in the i crystal. The optimal combination of these estima-
tors is given by the weighted sum:

n n n
E = ZW,.'E,- = zwi'% = Zwiei’ (EQ 74)
4

i = 1 i = 1 l = 1
where w; is the weight of the i" crystal. The requirement of having an unbiased estimator
(E) = E, leads to the constraint:

Zwifi = 1. (EQ 75)
i

The variance of the estimator E is given by

2
o = ZWichov(ei, ej). (EQ 76)
i j
The weights are obtained by minimizing the variance with constraint introduced by the Lan-
grange multiplier:

2
e = o + 2X(Zwifi— 1). (EQ77)
i
Minimization with respect to w; gives:
0 _ 2w,cov(e,e)+ Y wi(cov(e,e;)+cov(ie,e))+2Af, =0 EQ 78)
I, Wi i’izj i» €j o €i i =Y (
! i%]j

which can be expressed in a matrix form

SW=-AF=W = —kS"lF, (EQ 79)
with
— — B 2 T p —
w, G; 010,P12 --- 010,P1p fi
w 2 f
W= "2 S = [C102P12 Oz ... G26,Py, F = |72[. (EQ 80)
w 2 f
L _o-lcnpln G20-np2n Gn i S

Using the equation 75, written in the matrix form as F Tw =1 , from relation 79 one obtain:

1

A= ——
FIs'F

(EQ 81)

Therefore, the weights are:
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W = . (EQ 82)
F's™'F
In the case of a diagonal covariance matrix S (i.e. p;; = 0,1# j), the weights become:
w; = nl 2f—f2 (EQ 83)
f;
)
j = IGJ

Moreover, for variances being parametrized as

o; = afe; = a [piJi> (EQ 84)

where €; is the expected energy and p;,. is the electron momentum at ECAL entrance, all
weights are the same and equal to:

1
w; = —, (EQ 85)
2.7
j=1
and the energy estimator becomes:
n
2.c
E,, = =1 (EQ 86)
2.7
j=1

In a general case, the weights are functions of the expected fractions and covariance matrix,

wi = f(f1:f2 s fur 01,02 0,00 P125 P35 -0 Prn) (EQ87)

in total n(n + 5)/2 parameters. But, because of the electromagnetic shower compactness most
of informations is contained in a relatively small number of crystals. Thus, one can limit the
number of parameters by considering only few crystals. To demonstrate this, the energy reso-
lution for 10 GeV electrons is shown in figure 107 as a function of the cumulated energy frac-
tion. Electrons enter the central crystal in three different points (center, near corner, and near
one side on the half height) in the direction of the crystal axis. Every step in the cumulated
fraction corresponds to the addition of one crystal. The covariance matrix and expected frac-
tions are extracted from Monte Carlo simulation. We can see that, as the cumulated fraction
reach the level of about 90%, the energy resolution improvements when adding more crystals
become negligible.
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FIGURE 107. Energy resolution as a function of the cumulated energy fraction for
10 GeV electrons, for three different electron impact points. Results are obtained
using weighted estimator, with the expected fractions and covariance matrix obtained
from the Monte Carlo simulation.

As we have seen, the weights are functions of the expected fractions and of the covariance
matrix. The expected fractions will be obtained from shower parametrization, using the
extrapolated track momentum to predict the impact position and direction. The covariance
matrix, i.e. the covariance and the correlations between crystal energy measurements will be
studied in a following section.

5.6.1.2 Shower model

A high energy electron or photon deposits its energy in the electromagnetic calorimeter
through a shower development process. The basic physics of this process can be found in
[671(85], and references therein. The final results of the showering is the absorption of the
incident particle energy. In our implementation of the shower model, the elementary energy
deposit points (hits) are generated according to a parametrized shower profile. The mapping of
the energy deposition coordinates to readout channels is done using the electromagnetic calo-
rimeter geometry. In what follows we will shortly described the shower parametrization used
and the tuning of the parameters, needed to obtain the requested precision of the predicted
fractions.

Following reference [86], the shower energy distribution is written as:

LE_ _ pdL@)dT(r,2)
dxdydz = = dz 2mrdr’

(EQ 88)
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where z is the shower axis and r is the radial distance from the shower axis. The longitudinal
profile is well described according to the standard gamma function:

o
/ %% = incl':[%“)za_le_lsza (Ea s9)

with z in units of radiation length X,. The parameters o. and B are related with the first ({z))
and second (0, ) moments of the distributions as

2
G
’ 1 _B Oz 1 (EQ 90)

- - ’

@ @ (o
and are parametrized as a function of the shower energy by linear functions of InE.

A well known characteristic of the transversal profile is its hard core, followed by a long tail.
The parametrization chosen in reference [86] is:

2(y-1) 2(v-1)
dT(r,z) _ a2(y— DrRy +(1 _a)2('y— DrRy , (EQ 91)

drdz (rz + R%)Y (rz + R%)Y

where r is in units of Moli¢re radius, ¥ = 1.70, and a, R, and R, are simple functions of
InE and z. The transversal fluctuations are known experimentally to be very small at high
energies and are therefore neglected.

The longitudinal and transversal profiles, generated with the parametrization and obtained
with the full Monte Carlo (GEANT) simulations for electron energies from 0.5 to150 GeV are
given in figure 108. One can remark a good agreement between both models.

dE/dz (GeV/0.2X )
dE/dr (GeV/D.AR, )

-
3

FIGURE 108. PbWO, longitudinal (left) and transversal (right) shower profiles for
0.5, 1, 10, 40, 80 and 150 GeV electrons from full Monte Carlo simulation (lines) and
from the parametrization (symbols) [86].
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A fine tuning of the parameters was necessary to use this shower model to provide the
expected fractions in each crystal. The first parameter to be optimized is the number of gener-
ated points per unit of incident particle energy. In order to limit the effect of the statistical
uncertainty to the energy resolution we demand it to be about one order of magnitude smaller
than the variance of the energy distribution. This gives a requirement of about 10000 points/
GeV of incident particle energy.

A difference between the expected and measured energy mean values would produce a bias on
the weighted estimator. In order to have a negligible influence of such bias to the energy reso-
lution it should be bring to the level of about one order of magnitude smaller than the vari-
ance. For a typical variance of about 1.5% at 10 GeV energy, this implies to have an
agreement between expected and measured energy mean values of the order of 0.15%. To
obtain such degree of agreement we have tuned the shower transversal parametrization by
scaling the initial values of R;, R, and a, between 0.9 and 1.1. The parameter R; is mostly
related to the transversal profile behavior at small transverse radius, while R, parametrizes the
behavior at bigger transverse radius. The two regions are connected with the parameter a. The
difference between the sum of expected and the sum of Monte Carlo mean energies is shown
in figure 109 as a function of the scaling factors. We can notice an insensitivity on parameters
R; and positive correlations between R, and a. Minimizing the differences between expected
and Monte Carlo values, and repeating the same procedure for several electron impact config-
urations, we have obtained the following values of the scaling factors:

a

. 1 = 1.02; 2 = 1.02; ——— = 0.9. (EQ 92)
initial

R;

initial —
a

kg, = 1.02
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FIGURE 109. Optimization of the shower transversal parameters R;, R, and a. The
absolute value of difference of the predicted and the simulated energy sum in 3 X 3
matrix around the electron impact point is shown as a function of the scaling factors.
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Magnetic field effects

In presence of a magnetic field, the shower profile is slightly changed, due to the curling of
electrons and positrons in the shower. Although these effects are small, the needed level of
precision requires to optimize the shower description accordingly.

The magnetic field effects on the shower profile depend on the angle between the shower axis
(i.e. impact particle momentum direction) and the magnetic field direction. To study these -
effects we have generated events without and with 4 T magnetic field, with electrons entering
crystal in the front face barycenter and parallel to its axis, for 3 different pseudorapidities
(0.17, 0.85 and 1.24), which corresponds to three different momentum versus magnetic field
angles (80.2°,46.4° and 32.4°). The fractions of the energy deposited in the 3 X 3 matrix
around the impact crystal are shown in figure 110, separately for central (figure a) and border
(figures b, ¢ and d) crystals. There are two important effects to be noticed:

1. With the magnetic field, the enlargement of the shower in the ¢ direction causes a
decrease of the energy deposit in the central (figure a) and M| neighboring crystals (fig-
ure b) and an increase in the ¢ neighboring crystals (figure c). For the crystals in the
corners (figure d) these two effects almost compensate and the energy content remains
at the same level.

2. The differences between the energy deposits without and with magnetic field decrease
with increasing pseudorapidity because of the smaller angle between the magnetic
field and the electron directions. The observed small differences in energy content for
the corner crystals (figure d) at a given value of the magnetic field are caused by the
nonsymmetrical crystals shapes.

To account for these effects in the shower parametrization we have applied a stretching factor
in the ¢ direction to the points produced in the shower generation process. This factor has
been optimized by minimizing a ¥~ of expected and Monte Carlo deposited energies for all
three electron impact configurations. The results are shown in figure 111, together with a
straight line fit of the stretching factor with respect to the angle (o) between the electron
momentum and the magnetic field direction. The fit gives:

B = 1+0.00232 - . (EQ 93)

factor

At the end of this subsection, let us outline two main advantages of the chosen shower model:

e The chosen shower parametrisation is simple, with a small number of relevant parameters
which could be relatively easily tuned, as we have just demonstrated. To use this model in
the real experiment, the tuning will have to be done on the beam test data or/and selected
clean electron samples.

« Since we are interesting only in the prediction of the average energy deposited in crystals,
this model is much less CPU time consuming than other models implementing the details
of the physical processes (like for example GEANT).
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FIGURE 110. Effects of the magnetic field on the electromagnetic shower in
GEANT, expressed as changes in the normalized energy deposited in the 3 x3
crystal matrix. Electrons enters at the center of the middle crystal along the crystal
axis at 3 different pseudorapidities and for 2 values of the magnetic field.
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FIGURE 111. Upper plots: x2 between predicted and simulated energies in the
3 x 3 crystal matrix centered around the impact crystal as a function of the magnetic
field stretching factor By, The plots are given for different values of the angle (o)
between electron momentum and magnetic field. Lower plot: A fit of the By,
versus the angle o. The points corresponds to the values of the By, for which ¥
reaches its minimum for a given o.

5.6.1.3 Covariance matrix

The covariance matrix consists of the variances and the correlations between the energy mea-
surements in the crystals. The energy conservation in the shower process generates strong cor-
relations between the energy deposit in different regions of the calorimeter. Because of the
granular structure of the calorimeter these correlations have a strong dependence on the elec-
tron impact position and direction. To study the covariance matrix, we have generated 10 GeV
electrons samples in several configurations of impact points and directions. The energy distri-
butions for the crystals in a 3 x 3 matrix, for electrons incident at center of middle crystal in
direction of its axis are shown in figures 112. The significant width and slightly nongaussian
form of the distributions are due to the correlations in the energy deposit between the crystals.

The correlations coefficients for the 8 crystals with respect to the central one and the normal-
ized variances for all nine impact electron configurations (3 impact positions with 3 impact
angles at each) are shown in figure 113 as a function of the crystal mean energy. The bottom
figure also shows the lines parametrizing the energy resolution with different stochastic term,
keeping a noise term of 30 MeV. We can notice that neither correlation coefficients nor resolu-
tions do follow simple parametrization as a function of the energy.
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FIGURE 112. Energy response in a 3x3 crystal matrix for 10 GeV electrons
entering the central crystal at its front face barycenter and along its axis.
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the covariance matrix. In what follows we will assume a behavior C;~
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FIGURE 113. Correlation coefficients between central and other crystals (up) and
normalized variances of the energy measurements in 3 X3 matrix for 10 GeV
electron entering central crystal in nine configurations (down).

In conclusion, the presence of important correlations do not allow for a sinjlle description of

weights in the weighting method are equal and given by the equation 85. The weighted esti-

mate reduces therefore to a correction factor and hence the method will be referred from here-

after as the ‘single weight method’.

e; so that all the
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5.6.1.4 Results

In this sections we present the results obtained with the single weight method and compare
them with the cluster energy sum estimator. We start with the example of 10 and 30 GeV elec-
trons generated at the ECAL entrance, to decouple the influence of the tracker material and
track reconstruction from the influence of the expected energy deposit predictions with the
shower model. Hence, in this example the electron impact position and momentum will be
extracted from the Monte Carlo simulations.

Then we will include the tracker and study the samples with fixed p; of 10 and 30 GeV. As
estimations of the electron ECAL impact point and direction, as well as the electron impact
momentum, the reconstructed track extrapolated to ECAL will be used. We will also consider
the case of a bigger value for the electronic noise.

The parametrisation of the crystal variances in the form o; ~ Je—i, introduced in the previous
section, is justified for crystals with energy e; well above the noise level. Therefore, in the
application of the single weight method, only the crystals with e; > 2o, ., Wwill be consid-
ered. This will also reduce the number of crystals used for energy estimation and therefore the
noise influence on the energy measurement.

E =10 GeV and E = 30 GeV electrons at ECAL entrance

In this example electrons have been generated at the ECAL entrance, with fixed energy and
uniformly distributed impact points in the barrel acceptance.

In the previous sections the shower model has been tuned using few electron impact configu-
rations. To verify this agreement in a more realistic sample we have compared the relative dif-
ference between the expected and Monte Carlo values in this example. The results are shown
in figure 114, for a 3 X 3 crystals matrix centered on the crystal with the highest expected
energy. The crystals are sorted by their energy contents in decreasing order. One can remark a
very good agreement of the values for the crystal with highest energy deposit, and a good
agreement for all the others. The increase in the width of the distribution as going to smaller
values of energy is the consequence of the resolution degradation.

The energy estimator obtained with the single weight method and the one obtained as the clus-
ter energy sum, both normalized to the generated energy, are compared in figure 115 for 10
and 30 GeV electrons. About 30% better energy resolution for 10 GeV electrons and 25% for
30 GeV electrons of the single weight estimator and improved normalization can be seen.

These results are summarized in figure 116. As the reference, two curves corresponding to the
intrinsic energy resolution for 3 X 3 and 5 X 5 crystal matrices, i.e. for an electron entering in
the center of the matrix in the direction of the crystal axis, are presented. The improvements
with the single weighting method with respect to the cluster energy sum is evident.
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FIGURE 114. Relative differences between the predicted and GEANT simulated
energy deposited by 10 GeV electrons in a 3 X 3 crystal matrix, centered around the
crystal with the highest predicted energy. The crystals are sorted by their energy

contents, in decreasing order.
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FIGURE 115. Results of the energy estimation with the single weight method and
the cluster energy sum, for 10 GeV (left) and 30 GeV (right) electrons generated at
the ECAL entrance, normalized to the generated electron energy. The electron impact
points are uniformly distributed in the barrel acceptance.
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FIGURE 116. Comparison of the results with the single weight method and the
cluster energy sum. The lines correspond to the intrinsic energy resolutions with 3x3

(dashed curve) and 5x5 (dotted curve) crystal matrices assuming perfect lateral
leakage corrections.
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pr =10 GeV and py = 30 GeV electrons with reconstructed tracks

We now present the influence of the track reconstruction on the single weight method. On the
contrary from the previous example the fixed transverse momentum samples are used. Elec-
trons are generated from the beam interaction point in the barrel acceptance, with the appro-
priate vertex fluctuations.

As a reference we first show in figure 117 results for 10 and 30 GeV pr electrons without
tracker material in front of ECAL. Electron ECAL impact position, direction and momentum,
used for the shower generation, are still extracted from the Monte Carlo simulation. The
results are in agreement with those presented in figure 116 (the mean energy for 10 GeV py
electrons is about 14 GeV and for 30 GeV p; is about 42 GeV).
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FIGURE 117. Comparison between the single weight estimator and the cluster
energy sum for 10 GeV (left) and 30 GeV (right) p; electrons, generated from the
beam interaction point, still using Monte Carlo tracks. The tracker material is not
included. '

The influence of the tracker on the energy estimation with the single weight method comes
from two effects. The first effect is electron bremsstrahlung in the tracker material, which
changes the pattern of the energy deposited in the crystals. For the events with partially
merged electron and photons clusters, the energy measured by the crystals will _Pe less in
agreement with the predicted energy. These events can be identified by a sizeable )~ between
measured and predicted energy deposits. The bremsstrahlung effect is expected to be more
important for the smaller electron transverse momenta, because of the larger average separa-
tion of the electron and radiated photons. The second important effect is related to the preci-
sion of the electron track momentum estimation and the precision of the track extrapolation to
the electromagnetic calorimeter. In the single weight method these informations, together with
the shower model, are used to predict the fractions of the total energy deposited in the crystals.
In the track reconstruction process the track parameters are estimated from its curvature in the
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magnetic field. As a consequence, the transverse momentum resolution deteriorates with
increasing track pr. In the first approximation this effect is not expected to affect the pro-
posed method, since we use fractions of the incident particle and since the transversal shower
profile shape changes little with energy. On the other hand the precision of the track extrapola-
tion is increasing toward higher p, as a consequence of the smaller track curvature. There-
fore, we can expect to have better behavior of the single weight method for higher Pr
electrons, since both the bremsstrahlung effects and the track reconstruction effects become
less important.

In figure 118 the results obtained with the single weight method and cluster energy sum, for
the whole set of 10 GeV p; electrons events are shown. The cluster energy sum has better
efficiency while the single weight estimator has a better resolution. To compare these two esti-
mators when the extrapolated track better corresponds to the real electron impact track we
choose as criterion an effective xz between the simulated and the predicted energy fractions.
In the xz calculation the variance of the measured energy for each crystal has been parame-
trizedzas c, = 0.09- «/2,-. The distributions of the two estimators for events which pass the
cut x~ < 15 'are shown in figure 119. The acceptance of this cut is about 50%. For this set of
events 15% better efficiency and 19% better resolution for the single weight estimator is
obtained. The better resolution for the single weight estimator is the consequence of reducing
the noise contribution in the energy estimation by using only crystals with energy well above
the noise value (¢;> 20, ;). With this condition the average number of crystal considered is
9.9 £ 2.1, while the cluster energy sum uses 25.0 £ 5.9 crystals.
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FIGURE 118. Distributions of the single weight estimator (left) and the cluster
energy sum (right) for the full sample of 10 GeV p; electrons, normalized to the
generated energy. Fits are obtained by an iterative procedure in the region of
[-1.506,36] around mean.

The acceptance as a function of the effegtive RMS and of the resolution is shown in
figure 120. Event selection is based on the %~ value. For what concerns efficiency, by tighten-
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ing the x2 cut the single weight method improves faster than the cluster energy sum. The res-
olution remains at about the same level since the sigma was extracted by a fit of the upper part

of the distribution.
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FIGURE 119. Distributions of the single weight estimator (left) and %he cluster
energy sum (right) for the sample of 10 GeV p electrons satisfying the X~ < 15 cut.
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The electronic noise used up to now in the simulation was 30 MeV per channel. It is likely that
in the experiment the noise will exceed this value. To study the performances of the single
weight method in the case of bigger noise we have performed the study for 100 MeV noise per
crystal. The resultszare shown in figures 121 and 122 for the whole set of events and with the
additional cut of ¥~ < 15, respectively. Figure 123 shows the acceptance of events for differ-
ent %~ cuts as a function the effective RMS and of the resolution. For this value of noise the
single weight method gives 18% smaller effective RMS and 29% better resolution for about
60% of events.

100 Z/ndt 33.78 / 23 100

[ F X/ndf 2377 / 32
N Constant 78.27 + 3.481 | Constant 73.90 + 2.607
: Mean 0.98 0.7686E-03 R Mean 09787 +  0.1587E-02

80 Sigma 0.3380E- 0.1252E-02 80 — Sigma 0.1370E-02
i B

60 [~ 60 [

20 [ 40 |

20 | 20 |-

0 X 0 A
0.6 0.8 1 1.2 0.6 0.8 1 1.2

Esn/ Etrue E clt/ Errue

FIGURE 121. Distributions of the single weight estimator (left) and the cluster
energy sum (right) for the full sample of 10 GeV p; electrons, with 100 MeV
electronic noise per channel.
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FIGURE 122. Distributions of the single weight estimator (left) and the cluster
energy sum (right) for the sample of 10 GeV p electrons satisfying the X~ < 15 cut.
The value of the electronic noise is 100 MeV per channel.
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FIGURE 123. Acceptance as a function of the effective RMS (left) and of the
resolution (right) for the single weight and the cluster energy sum estimators for 10
GeV p; electrons. The value of the electronic noise is 100 MeV per channel.

The results for 30 GeV p; electrons, for the nominal noise of 30 MeV per crystal, are shown
in figures 124 and 125, for the whole set of events and those satisfying % <15 cut.
Figure 126 presents an acceptance as a function of the effective RMS and of the resolution.
For about 70% of events the single weight estimator gives about 10% better effective RMS

and about 15% better resolution.
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FIGURE 124. Distributions of single weight estimator (left) and the cluster energy
sum (right) for the full sample of 30 GeV p, electrons.
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FIGURE 125. Distributions of the single weight estimator (left) a2nd cluster energy
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5.6.1.5 Summary and discussion

Let us at the end of this section summarize and discuss the main results obtained with the pro-
posed method for the electron energy estimation:

The presence of strong correlations between energies deposited in neighboring crystals
does not allow for a simple parametrization of the covariance matrix. Choosing the param-
etrization of the variances in the form G; ~ A/e—,- , the weights for all crystals are identical and
the weighted estimate reduces to a correction factor for the leakage outside the crystal set
used for the energy estimation.

As the above variance parametrization is justified only for crystal with signal well above
the noise level, only the crystal with energy e;> 20, are used. This condition reduces
the number of crystals used for the energy estimation, from about 25 for the cluster energy
sum to about 10 for the single weight estimator, for 10 GeV p; electrons. Studying the
cases with noise values of 30 MeV and 100 MeV per crystal, we have shown that the single
weight estimator improves with respect to the cluster energy sum, as the noise increases.
This is particularly important for high luminosities, since the pile-up will result in an effec-
tive increase of the noise (f.g. in average about 20 MeV per crystal at high luminosity).

The performances of the single weight method, comparing with the cluster energy sum,
improve with increasing electron transverse momentum since both the bremsstrahlung
effects and the track extrapolation effects become less important. Since this method uses
the predicted energy fractions rather than predicted energies directly, and since the shape of
the transversal shower profile changes little with the energy, the method is fairly insensitive
to the deterioration of the tracker momentum resolution with increasing transverse momen-
tum, as soon as the impact point and direction are correctly estimated.

The effective x2 between the predicted and measured energy fractions in the considered set
of crystals can be used to identify events with considerable bremsstrahlung effect resulting
in a significant shower profile change. For these events the cluster energy sum gives better
rezsults and will be taken as the energy estimate. The acceptance for the typical value
X~ < 15 is about 50%, and can be relaxed as the electron energy increases, accepting there-
fore more events for which the single weight method is used for the electron energy estima-
tion.

As the shower model a simple parametrization of the electromagnetic shower longitudinal
and transversal profiles has been used. We have demonstrated the ability to tune the shower
parameters in order to reach the requested level of precision in the energy estimation. In the
real experiment the tuning of the shower model will have to be performed using the
selected samples of clean electrons and/or test beam data.

Several other algorithms for the energy estimation using the predicted or presimulated energy
deposit pattern in the crystals could be also envisaged:

The shower fit. :

Such an algorithm uses measured and predicted energy fractions to fit the electron energy.
For a successful fit the covariance matrix model has to be included and possible limitations
of this method could arise from a limited description of strong correlations between the
energy measurements in the neighboring crystals.

The neural networks.
Here, a large number of generated patterns are used to train the neural network. The
obtained network is then applied to the observed pattern to estimate the electron energy.
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Possible limitations of this method is in the huge number of different energy deposited pat-
terns which are to be generated to train the network as to be able to reach the requested pre-
cision in energy estimation.

o The shower library.

Observed patterns are interpolated between preselected patterns stored in a shower library.
Possible limitations of such method are, as in the case of the neural networks, of statistical
origin.

5.6.2 Electron momentum estimator

Finally, in this section we present a combination of the tracker and the ECAL momentum esti-
mation to obtain a final electron momentum estimator.

An optimal linear combination of two estimators is given by their weighted sum:
p=wg E+w, p. (EQ 99)

Here E stands for ECAL energy and p for tracker momentum estimators and the weights are
inverse of the variances.

To apply such combination of E and p estimators we have to look more carefully to their dis-
tributions, shown in figure 127. The ECAL energy estimator is a combination of single weight
and cluster energy sum estimators, properly normalized. For the events satisfying the condi-
tion X~ < 15, i.e. with a good agreement between expected and Monte Carlo energy values,
we take the single weight method energy estimator. Otherwise the cluster energy sum is taken.
As we can see, at 10 GeV p; the tracker has better resolution and efficiency than the ECAL
measurement. From the shapes of the distribution, with the characteristic left tail caused by
the bremsstrahlung, we see that these estimators are not unbiased and the above weighted sum
cannot be used for the complete set of events.
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FIGURE 127. Comparison of the ECAL energy and tracker momentum estimators,
normalized to the generated momentum, for 10 GeV pr electrons.
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In figure 128 the correlation between the ECAL energy and tracker momentum estimat-ors,
normalized to the generated energy, is shown. It is interesting to remark that most of the tail of
one distribution is contained in the region around the peak of the other.
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FIGURE 128. Energy versus momentum estimators, both normalized to the
generated momentum, for 10 GeV p; electrons.

Using this property we can construct a variable which will serve as a criterion for the applica-
tion of the weighted sum. This variable is the ratio E/p and its correlations with the energy and
momentum estimators are shown in figure 129. From the shape of the correlations one can
distinguish three regions: one around E/p = 1 where both estimators are unbiased and we
can combine them, one for the bigger values where the ECAL energy is a better estimator of
the particle momentum and one for smaller values where the tracker momentum is better.
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FIGURE 129. Correlations of the ECAL energy (left) and the tracker momentum
(right) estimators normalized to the generated momentum and their ratio, for 10 GeV
pPr electrons.
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5.6 Electron momentum estimation

As a combination of the electromagnetic calorimeter and the tracker measurements we there-
fore take:

p = E itEs1420 (EQ 95)
’ p E/p
. E

The o /p is the variance of the E/p ratio where G, and G, are parametrized by their
expected resolutlons The results for 10 GeV p electrons are shown in figure 130. Compar-
ing them with the previous distributions the improvement is clear.
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FIGURE 130. Combined electron momentum estimator normalized to the generated
energy versus E/p ratio (left) and the distribution of the combined estimator (right).

The same results for 30 GeV p; are shown in figures 131, 132, 133 and 134. Although at this
energy the ECAL energy estimator dominates, there are still improvements with combining
ECAL and tracker measurements.

The summary of the results is shown in table 9, expressed through o, effective RMS and effi-
ciency in #2¢ and *£30 regions around the mean. The combined estimator has the energy
resolution of the tracker momentum estimator at the smaller energy and the ECAL energy
estimator resolution at the higher energy. The effective RMS and efficiencies are improved
with respect to both single estimators. +26 (£36) efficiencies are 78% (87%) for 10 GeV p
and 66% (76%) for 30 GeV p, electrons.
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5.6 Electron momentum estimation
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FIGURE 131. Comparison of the ECAL energy and tracker momentum estimators,
normalized to the generated momentum, for 30 GeV py electrons.

S N
<) -
E 1.1 =
- .
1 E :
09 |
-
0.8 } :
0.7 |
06 - -
- . .
O.SIILJ|1|I|J[L|;|
0.6 0.8 1 1.2
P/E,,,

FIGURE 132. Energy versus momentum estimators, both normalized to the
generated momentum, for 30 GeV p; electrons.
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5.6 Electron momentum estimation
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FIGURE 133. Correlations of the ECAL energy and tracker momentum estimators
normalized to the generated momentum and their ratio, for 30 GeV p; electrons.
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FIGURE 134. Combined estimator normalized to the generated momentum versus
E/p (left) and distribution of the normalized combined estimator (right).
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5.7 Results and discussion

RMS ¢ o £(£20) (%) | £(£30) (%)
E 0.029 0.0164 71.5 78.5
pr = 10Gev | p 0.025 0.0120 67.1 74.2
B 0.017 0.0127 79.1 86.5
E 0.020 0.0080 62.3 69.9
pr = 30Gev [P 0.045 0.0175 59.7 68.1
P 0.016 0.0084 694 75.5

TABLE 9. Summary of the results (p ) combining the ECAL energy (E) and
tracker momentum (p) estimators.

5.7 Results and discussion

In this section the developed+electron reconstruction algorithms are applied on the reconstruc-
tion of the H — ZZ* — 4~ events. Representative samples are taken for Higgs masses of
130, 150 and 170 GeV, covering the Higgs mass region explorable with this channel. The
events with at least 2 ¢ and 2 e with pr>6.5GeV and in the barrel acceptance
(Inl < 1.48) are preselected. In addition to the stochastic term of 2.3% and noise of 30 MeV
per crystal already present in the simulations, the reconstructed electron energy in the electro-
magnetic calorimeter has been smeared by a gaussian fluctuation of 0.55% - E in order to
account for the constant term in the energy resolution. Therefore, the ECAL energy resolution
now corresponds to the one introduced in the particle level analysis, studied in the previous
chapter.

The reconstructed 2-electrons invariant mass closest to the Z boson nominal mass (referred
from hereafter as Z boson) and the 4-electrons invariant mass (referred as Higgs boson) are
presented in figures 135, 136 and 137, for 130, 150 and 170 GeV Higgs respectively. For the Z
boson reconstruction, the charge constrain and the p, electron cuts, summarized in the
section 4.9 are applied. The Z* and the Z mass constraints are imposed in addition for the
Higgs mass reconstruction. The Z mass resolution varies from 1.8 GeV for 130 GeV Higgs
mass to about 2.2 GeV for a Higgs of 170 GeV. The resolution of the Higgs boson are 1.3, 1.6
and 1.8 for 130, 150 and 170 GeV Higgs masses respectively. We can also notice an increase
of the lower mass tail on the Z reconstructed mass as going toward lower Higgs masses, which
is mainly due to the increasing fraction of Z*Z* events in the Higgs decay.

The reconstruction results are summarized in table 10, and compared with those from particle
level analysis. Comparing the acceptances in the table, we conclude that the most important
contribution comes from the initial electron reconstruction acceptance, which reflects a rather
low track finding efficiency. We have to recall here that the tracker performances are still not
completely optimized, opening the possibility to increase the signal acceptance. The accep-
tance for the p; electrons cuts are slightly lower comparing with the particle level results,
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5.7 Results and discussion

while the acceptance for the Z* and the Z mass constraints remains at the same level. The
widths of the reconstructed mass distributions are about twice larger than those from the parti-
cle level analysis, where the energy resolution was optimistically introduced as a smearing of
‘the electron energy. The reason of such resolution degradation is in electron bremsstrahlung in
the tracker material. Although the electron reconstruction algorithms, presented in the previ- \
ous sections, threat correctly the bremsstrahlung effect for a large fraction of electron configu-
rations, the presence of 4 electrons in the signal final state makes this effects still the
doininating one. The +20,, and £36,, efficiency are about 10-15% lower than the particle
level ones. The overall efﬁcf{:nmcs in the”+20' mass window are 26%, 31% and 37% for the

Higgs masses of 130 GeV, 150 GeV and 170 éeV respectively, which is about half of those
obtained with the particle level analysis.
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FIGURE 135. 2-electrons reconstructed invariant mass closes to the nominal Z \
boson mass (left) and 4-electrons reconstructed invariant mass (right), for 130 GeV

Higgs mass.
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FIGURE 136. 2-electrons reconstructed invariant mass closes to the nominal Z

Higgs mass.

boson mass (left) and 4-electrons reconstructed invariant mass (right), for 150 GeV \
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FIGURE 137. 2-electrons reconstructed invariant mass closes to the nominal Z
boson mass (left) and 4-electrons reconstructed invariant mass (right), for 170 GeV
Higgs mass.

my = 130 GeV | my = 150 GeV || my, = 170 GeV
full particle full particle full particle
reconst. level reconst. level reconst. level
oF reconstruction acc. 0.64 1.00 0.65 1.00 0.67 1.00
pr €& cuts 0.89 0.96 0.91 0.99 0.94 1.00
Z* mass cuts 0.90 0.90 0.94 0.95 0.95 0.96
Z mass cut 0.77 0.82 0.86 0.90 0.92 0.94
O, (GeV) 129 | 066 | 1.58 [ 072 |[ 178 | 0.87
26 efficiency 0.68 0.81 0.67 0.80 0.67 0.74
30 efficiency 0.77 0.87 0.77 0.85 0.76 0.81
total acceptance 0.26 0.56 0.31 0.68 0.37 0.67

TABLE 10. Summary of the results on the Higgs reconstruction using the
detailed detector simulation and from the particle level analysis. For the total
acceptance calculation the 26 efficiency is taken.

Studies of the Higgs reconstruction through the H — ZZ* — 4¢* channel have been already
performed in the CMS collaboration. The early study of the detector induced effects,
described in reference [82], used a detector description which was actual on that time. It had a
tracker material budget of about 0.2 X, in the central region |n| < 1, increasing to about 0.4
X, around 1 = 1.6, which is about 50% less than in the tracker design used in our study. The
second major difference concerns the energy resolution of 5%/ JE +0.5% with a noise of 50
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5.7 Results and discussion

MeV per crystal, which is about twice the value for the resolution we have used in the ECAL
barrel. The main results obtained with this study are Higgs mass resolutions of 1.5, 1.7 and 2.4
GeV and Z mass resolutions of 2.1, 2.1 and 2.2 GeV for Higgs of 130, 150 and 170 GeV
respectively. Comparing these values with those in table 10, we conclude that the improve-
ment in the reconstructed Higgs mass resolution expected from a better electron energy reso-
lution, are compromized by a significant increase of the tracker material budget. By looking at
the distributions we found that the sophisticated electron recontruction algorithms employed
in our analysis significantly improve the signal acceptance.

To conclude this section with the signal visibility we will include the endcap part of the detec-
tor by using the assumptions that the overall electron finding efficiency remains at the same
level, i.e. about 66% and that the Higgs mass resolution increases for about 15%, with the
i'ZGmH efficiency remaining the same. These assumption are based on combining our recon-
struction results with the particle level analysis.

For the ZZ* background we use acceptances results obtained also with full detector simula-
tions: 0.63 for the initial electron reconstruction efficiency, 0.85 for electrons p; cuts, 0.78
for the Z* mass constraint and 0.89 for the Z mass constraint. For the ¢ and Zbb back-
grounds, as for the Higgs masses other than 130, 150 and 170 GeV, the full reconstruction
results have been combined with the particle level analysis results.

The final number of signal and background events expected in the H — ZZ* — 4¢* channel
are given in figure 138 for one year of LHC running at high luminosity. As we can see from
figure one could expect about 15, 30 and 10 signal events for 130, 150 and 170 GeV respec-
tively, while the total number of bacground events remains below 8.
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FIGURE 138. Number of expected signal and background events in the mass
window my + 26, ~after one year of LHC running at high luminosity. The numbers
are obtained combiging the full detector simulation and results from the particle level
analysis.
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5.7 Results and discussion

The statistical significance of the signal is shown in figure 139. Comparing these results with
those obtained after the particle level analysis only (figure 87) one can notice an important
reduction of the signal significance, when considering the detector effects. This reduction is a
consequence of a rather low electron finding efficiency (about 0.9 per electron), and about two
times larger Higgs mass resolution. Further optimization of the tracker electron finding algo-
rithms is expected to improve this efficiency. For an electron finding efficiency of 0.95 the sig-
nal significance would increase by about 11%. Another possible improvement could be
expected from developing an internal bremsstrahlung recovery algorithm, as it was proposed
in reference [87]. A precise evaluation of such algorithm request more detailed study includ-
ing the pile-up effects.

In conclusion, we have found that the Higgs boson can be discovered through the
H — ZZ* — 4~ decay channel for one year of the LHC running at high luminosity if its
mass is in the region between 127 GeV and 168 GeV, and above 172 GeV to the kinematically
allowed limit 2m . In the vicinity of 150 GeV the Higgs could be found after the first year of
LHC running at low luminosity.

By combining this channel with the Z muonic decay, the signal and background number of
events would increase by about factor 4, while the signal significance would increase by a faJcr:-
tor 2. It means that the Higgs boson could be discovered through the H — ZZ* — 4"

(I = 5e, p.)l channel from about 120 GeV all the way up to 2m, , for the integrated luminosity
of 10° pb™".
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FIGURE 139. N The signal significance for the Higgs search through the
H — ZZ* — 4e™ channel, for one year of LHC running at high and low luminosity.
The results are obtained combining the full detector simulation with the particle level
analysis.
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Conclusion

The work presented in this thesis cj?nsists of the study of the CMS potential for the Higgs
search through the H — ZZ* — 4¢~ channel. To make this search possible it is necessary to
have a high performance electromagnetic calorimeter. Our contribution to the construction of
the electromagnetic calorimeter was in developing the alveolar structures production qualigy
control process. To estimate the potential for Higgs discovery through H — ZZ* — 4e”
decay channel, a particle level analysis, followed by a detailed reconstruction study have been
performed.

After several years of research and developments, the CMS electromagnetic calorimeter has
entered into a mass production phase for most of its components. The alveolar containers,
designed to hold the crystals, have been developed in the laboratory and their production was
entirely given to a factory. The two most important design characteristics of the alveolar con-
tainers are the precise mechanical structure and the optical quality of the inner reflective mate-
rial. In order to assure these properties to be at the level requested by the physics we have
developed a quality control procedure consisting of the production process monitoring, pre-
cise geometrical and detailed optical measurements. For the optical control we have devel-
oped an instrument allowing to measure the reflexivity and the diffusivity of the alveolar
container inner material, a specially developed aluminum foil. The optical control procedure
consists of measuring the aluminum sample before production and the alveolar structure after
the full production process. The most important criteria requests the reflexivity of the alveolar
container inner material to be bigger than 85% of the raw material reflexivity. The proposed
procedure has been tested on the alveolar containers made in the preproduction phase in the
laboratory. It has confirmed that all the alveolar containers produced conform to the estab-
lished criteria. The entire quality control process has been transmitted to the producer and is
currently in use.

Although the Higgs mass is a free parameter in the Standard Model and therefore can not be
predicted, theoretical arguments and experimental data from the electroweak precision mea-
surements tend to prefer an intermediate mass Higgs boson. In the mass range from about 120
GeV to 2m, one of the main Higgs search channel is H — ZZ* — 41~ , where the leptons
are electrons or muons. In this thesis we have studied the channel with the four electrons final
state. The signal cross section and branching ratios have been calculated with the programs
implementing the most recent theoretical calculations, including the QCD and QED next-to-
leading order corrections. The final state particles have been generated using the PYTHIA
Monte Carlo program, with the cross section calculated at the leading order. The normaliza-
tion of the Monte Carlo obtained cross section to the one calculated with more rigorous theo-
retical models requires an agreement between the kinematical variables. We have studied the
distribution of the Higgs transverse momentum comparing the predictions from two models:
one based on the parton shower formalism implemented in the Monte Carlo particle genera-
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tors and the other based on the soft gluon resummation. We conclude that both methods agree
in the region of small and intermediate p;, which dominates the total distribution. In the high
pr region, the resummation calculation matches the exact matrix elements, while the parton
shower moedl can be either adjusted by allowing more parton shower activity or the merging
with exact matrix elgrments calculations should be implemented. Another important aspect in
the H — ZZ* — 4¢™ channel study was the evaluation of the Zbb background. For the cross
sections calculations and the event generation the CompHEP Monte Carlo program has been
used, which treats correctly the phase space generation in this process. We have studied both
the gluon fusion and the quark annihilation production processes and found that later contrib-
utes to about 16% of the total cross section. From the about 20% variation of the leading order
cross section with changes of the QCD scale, the size of the higher orders corrections have
been estimated as important. For the other two background processes, t7 and ZZ*, the recent
theoretical calculation have been reviewed and accordingly the Monte Carlo generator cross
sections have been normalized. We have then studied the optimization of the analysis cuts.
The cuts on the p; of the first two electrons have been chosen as 20 GeV and 15 GeV in order
to obtain more than 99% signal acceptance. Because of the very small total number of events
in this channel, particularly at the lower reachable masses, we conclude that p; cuts as low as
10 GeV and 7 GeV on third and fourth electrons respectively, are optimal. The irreducible
backgrounds, t# and Zbb can be effectively suppressed by the isolation cut, requiring the
absence of the charged tracks with p;>2.5 GeV in a cone R = 0.2 around all four elec-
trons.

The results of the particle level analysis of the H —» ZZ* — 4¢* channel leads to very strin-
gent requirements on the electron reconstruction. The signal significance is roughly propor-
tional to the electron reconstruction efficiency squared and inversely proportional to the
squared root of the reconstruction Higgs mass width. In addition, the small number of
expected signal events, the low transverse momentum of two lightest electrons and the detec-
tor resolution dominance in the reconstructed Higgs width require to have good electron
reconstruction efficiency and precision. This has been studied using a detailed detector
description. For the tracks reconstruction, the kalman filter based track finding algorithm has
been used. For the clusters reconstruction in the electromagnetic calorimeter, a dynamical
clustering algorithm has been used, specially developed follow the event by event fluctuations
of the particle impact point and direction. The biggest problem in the electron reconstruction
in the CMS comes from the bremsstrahlung in the tracker material. In this work we have stud-
ied a bremsstrahlung photon recovery algorithm. The photons clusters are searched for in a
region determined from the measured electron transverse energy and then associated to the
electron cluster. The intrinsic properties of this method, when using the Monte Carlo informa-
tions for the electron track identification, shows about 30% better reconstruction efficiency for
10 GeV p; electrons, with respect to the electron cluster only. For 30 GeV p; electrons the
gain with the recovery method is about 15%. The recovery algorithm is also used to improve
the electron identification efficiency. Instead of using a single cluster barycenter to match with
the extrapolated track, the set of all possible electron-photons cluster combinations is firstly
determined, and their barycenter matched with the electron track. This algorithm gives about
10% better efficiency for 10 GeV p; electrons and about 5% for 30 GeV p; electrons. Fur-
thermore, we have studied an optimization of the electron momentum estimator. Using expec-
tations of the electron energy deposit pattern in the electromagnetic calorimeter the energy
resolution can be improved by more than 15% for 10 GeV p; electrons, for about 50% of
events. The improvement increases with increasing the noise value per channel as well as with
increasing the electron transverse momentum. For the final electron momentum estimation we
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have combined the momentum estimator from the tracker and the ECAL energy estimator.
Significant improvements in the efficiency have been obtained, with the resolution given by
the tracker resolution at the smaller energies and by the ECAL resolutioB at the higher ener-
gies. The developed algorithms have been applied to the H — ZZ* — 4¢™ events reconstruc-
tion. The obtained results for the reconstructed Higgs mass width are 1.3 GeV, 1.6 GeV and
1.8 GeV for 130 GeV, 150 GeV and 170 GeV Higgs masses respectively, with the my + 20,
efficiency of 67%. Combining the reconstruction results with those from the particle Levgl
analysis, we conclude that the Higgs boson could be found through the H — ZZ* — 4™ in
the mass range from 127 GeV to 168 GeV and from 172 GeV to 2m,, for one year of LHC
running at nominal luminosity. In the vicinity of 150 GeV the Higgs could be found through
this channel after the first year of LHC running at low luminosity.
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Abstract

The subject of this thesis is the study of CMS potential for the Higgs boson search through the
H — ZZ* — 4e¢~ channel. The theoretical arguments and the experimental data from the elec-
troweak precision measurements, combined with the direct search results, tend to prefer the intermedi-
ate mass Higgs boson where this channel is expected to be used for the Higgs boson search at the LHC.
The short introduction to the Standard Model, emphasizing the Higgs sector is given and the main
Higgs production processes at the LHC are reviewed, as well as the main decay channels.

After indicating an importance of the electromagnetic calorimeter in the electron reconstruction pro-
cess, the mechanical structure and the optical properties of alveolar containers are described. The sys-
tem for the quality control of the alveolar structures is developed, consisting of the production process
monitoring system, the precise geometrical measurements and the optical quality control. For the opti-
cal quality control, the apparatus is constructed for measuring the reflexivity and the diffusivity of the
raw material before the production and the alveolar structure after the complete production process.
The developed quality control system ensures that the alveolar containers properties remain on the
level not deteriorating the properties of the electromagnetic calorimeter.

The evaluation of the CMS potential for the Higgs search through its four electrons decay consists of
the signal and background studies at the particle level and the reconstruction studies including the pre-
cise detector description. To combine the Monte Carlo generated events with the recent theoretical cal-
culations, the distributions of the Higgs transverse momentum predicted by the parton shower model
and the soft gluon resummation calculations are compared. The agreement is found for the low trans-
verse momentum, while for the agreement at higher values the parton shower model can be adjusted.
The evaluation of the Zbb background is done with properly modeling the phase space generation and
the up to date theoretical results and Monte Carlo simulations are used for two other important back-
grounds, ZZ*/y* and tt. The kinematical and topological cuts are studied and optimized in order to
maximize the signal visibility.

The precise detector description is used for the H — ZZ* — 4e* reconstruction in the CMS. The
electron reconstruction algorithms are developed. The dynamical clustering algorithm is used for elec-
tromagnetic calorimeter clusters reconstruction, and the bremsstrahlung photons recovery method is
implemented. The algorithm using the predicted energy deposit in the electromagnetic calorimeter is
developed in order to improve the energy estimator precision and efficiency. The electron energy esti-
mation from the electromagnetic calorimeter and the electron momentum estimation from the tracker
detector are combined to construct the final electron momentum estimator. The developed electron
reconstruction algorithms are applied to the H — ZZ* — 4™ reconstruction, giving the Higgs mass
resolution of 1.3, 1.6 and 1.8 GeV for 130, 150 and 170 GeV Higgs respectively. By combining the
reconstruction results with those from the particle level analysis the signal significance is evaluated.
The results show that the Higgs could be found through H — ZZ* — 4™ channel in the region of
about 127 GeV to 168 GeV and from 172 GeV to the kinematically allowed limit 2m, for one year
of the LHC running at nominal luminosity. In the vicinity of 150 GeV the Higgs could be found
through this channel after the first year of the LHC running at low luminosity.

Key words:
Higgs boson, LHC, CMS, electromagnetic calorimeter, alveolar container, Higgs transverse momentum, electron
reconstruction, bremsstrahlung
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Résumé

Le sujet de cette tq_ése est I’étude des possibilités de détection du boson de Higgs a CMS dans le canal
H — ZZ* - 4¢ . Des arguments théoriques ainsi que les données expérimentales provenant des
mesures de précision dans le secteur électrofaible et les recherches directes favorisent un Higgs dans le
domaine de masse intermédiaire, dans lequel ce canal sera utilisé pour la recherche du Higgs au LHC.
Une breéve introduction au modele standard est donnée, avec une attention particuliére au secteur de
Higgs, et les principaux modes de production du Higgs au LHC sont rappelés.

Apres avoir souligné I’importance du calorimétre électromagnétique pour la détection des électrons, sa
structure mécanique et les propriétés optiques des structures alvéolaires sont décrites. Le systéme
développé pour le contrdle de la qualité des alvéoles est présenté. Il consiste en un systeme de contrdle
du processus de production, de mesures précises des caractéristiques géométriques et du contrdle de la
qualité optique des structures. Pour ce dernier, un appareil a ét€ construit pour mesurer la réflexivité et
la diffusivité du matériau constituant les alvéoles, avant et apres le processus complet de fabrication.
Le systeme de contrdle-qualité développé permet de s’assurer que les propriétés des structures produi-
tes restent compatibles avec les spécifications permettant de conserver les performances du calorimétre
électromagnétique au niveau requis pour la physique.

L’évaluation du potentiel de CMS pour la recherche du Higgs dans le canal de désintégration en quatre
électrons consiste en une étude du signal et des bruits de fond au niveau générateur et en une étude de
reconstruction incluant une description précise du détecteur. De fagon a pouvoir combiner les événe-
ments simulés a I’aide des programmes Monte Carlo avec les calculs théoriques récents, les distribu-
tions du moment transverse du Higgs obtenus par le modéle des gerbes de partons et le calculs de
resommation des gluons mous sont comparés. Un bon accord est trouvé a petit moment transverse,
alors qu’a plus haut moment transverse le modéle de gerbes de partons doit étre ajusté. L’évaluation du
bruit de fond Zbb est effectuée en utilisant une modélisation correcte de 1’espace de phase et les résul-
tats théoriques les plus récents, des simulations Monte Carlo étant utilisées pour les deux autres bruits
de fond importants, ZZ*/y* et tt. Des coupures cinématiques et topologiques sont étudiées en vue
de maximiser la visibilité du signal.

La description piécise du détecteur est ensuite utilisée pour I’étude de la reconstruction du
H — ZZ* — 4e¢~ dans CMS. Les algorithmes spécialement développés pour la reconstruction des
électrons sont décrits. Un algorithme dynamique est utilisé pour la reconstruction des clusters électro-
magnétiques et une méthode pour la récupération des pertes dues au bremsstrahlung est mise en
oeuvre. Enfin, un algorithme utilisant les valeurs attendues pour les signaux dans le calorimétre élec-
tromagnétique et développé en vue d’améliorer I’estimation de I’énergie des électrons est présenté.
Cette estimation est ensuite combinée avec 1’estimation fournie par le trajectométre interne. ges algo-
rithmes de reconstruction sont finalement appliqués 2 la reconstruction du H — ZZ* — 4¢~ , et des
résolutions de 1.3, 1.6 et 1.8 GeV sont obtenues pour des masses de Higgs de 130, 150 et 170 GeV res-
pectivement. En combinant les résultats de reconstruction avec ceux de I’analyse au niveau générateur,
la significance du signal est évaluée. Ces résultats montrent que le Higgs pourra étre trouvé dans ce
canal si sa masse est comprise entre 127 GeV et 168 GeV ou entre 172 GeV et la limite cinématique
correspondant a 2mZ, apres un an de prise de données a la luminosité nominale du LHC. Au voisi-
nage de 150 GeV, le Higgs pourrait étre trouvé dans ce canal dés la premiére année de fonctionnement
du LHC a basse luminosité.

Mots clés:
boson de Higgs, LHC, CMS, calorimétre électromagnétique, structures alvéolaires, moment transverse du Higgs,
reconstruction des électrons, bremsstrahlung
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