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Introdu
tionThe Standard Model of ele
troweak intera
tions shows an in
redibly goodagreement between theory and experiments. However, it does not yet give ananswer to a number of fundamental questions, namely the most importantof all: the origin of parti
le mass. One of the me
hanisms proposed to justifymassive parti
les (and so to explain the breakdown of the SU(2)L � U(1)Ysymmetry group, upon whi
h the Standard Model theory is built) is basedon a s
alar �eld whi
h will manifest itself through a massive s
alar parti
le
alled Higgs boson, whi
h remains to be found. Extensive dire
t and indire
tsear
hes for this parti
les have been 
arried out at the LEP2 experiment andhave �xed a lower bound (mH > 114:4 GeV=
2 at 95% C.L.) and an upperbound (mH < 237 GeV=
2) to the mass of the Higgs boson, indi
ating avalue of 114 GeV=
2 at 95% C.L. as the best �t to the experimental values.The work presented in this thesis has been 
arried out in the 
ontest ofthe Compa
t Muon Solenoid (CMS) 
ollaboration. CMS is one of the twogeneral purpose experiments (in 
onjun
tion with ATLAS) whi
h are beinginstalled at the Large Hadron Collider (LHC) at CERN, along with twoexperiments dedi
ated to the physi
s of the b quark (LHCb) and to heavyions (ALICE). LHC is a proton-proton 
ollider with a nominal energy of14 TeV=
2 in the 
enter of mass and a nominal luminosity of 1034 
m�2 s�1and will allow to sear
h for the Higgs boson in the full range of the allowedmasses. The golden 
hannel for the dete
tion of what is favoured to be a\light" Higgs boson is via its de
ay into two photons, whi
h will providefor the signal a 
lean experimental signature over the hadroni
 ba
kground.However, a de
ay 
hannel that is remarkably important not only for the pos-sibility to dete
t this parti
le but also for the determination of its properties(e.g. spin, CP , 
ouplings to gauge fermions et
.) is the one in whi
h theHiggs boson de
ays into a pair of ele
trons and positrons via an intermediatestate of two Z bosons (H ! ZZ(�) ! 4e). In this 
ontext, the ele
tromag-neti
 
alorimetry of the dete
tor is parti
ularly important and must o�er



2 Introdu
tionex
ellent energy and angular resolutions.This thesis has fo
used on the 
hara
terization of the CMS ele
tromagneti

alorimeter, both with test beam data and with simulation, and on the studyof the expe
ted performan
e of the CMS dete
tor for the dis
overy of theHiggs boson in the 
hannel H ! ZZ(�) ! 4e.After a theoreti
al overview of the Standard Model (
hapter 1) the LHC
ollider and the CMS dete
tor will be presented (
hapter 2).Chapter 3 illustrates the results of test beam studies devoted to the analysisof the ele
troni
 noise and of the signal amplitude re
onstru
tion from thereadout of the ele
tromagneti
 
alorimeter.The detailed simulation of the CMS dete
tor allows for the study of theele
tron re
onstru
tion inside CMS, whi
h has to fa
e the strong solenoidalmagneti
 �eld (4 T) inside CMS and the tra
ker material in front of the
alorimeter. The results are presented in 
hapter 4.Chapter 5 shows the analysis of the expe
ted CMS performan
e for the se-quential dete
tion te
hnique of the Higgs boson in the 
hannelH ! ZZ(�) !4e, using both a standard sele
tion and a Neural Network approa
h to ana-lyze the data.



Chapter 1Standard Model Physi
s(and Beyond)The theoreti
al path towards a uni�ed theory of weak and ele
tromagneti
intera
tions began in 1933 when Fermi proposed his theory of the � de
ay.It took more than four de
ades to rea
h what is now 
alled the StandardModel of ele
troweak intera
tions whi
h, together with the Quantum Cromo-Dynami
s, provides at present the most a

urate des
ription of three of theknown intera
tion of Nature with elementary parti
les and �elds.The aim in this 
hapter is not to give a 
omplete and exhaustive des
rip-tion of the theory, but rather to illustrate its basi
 prin
iples, their 
onse-quen
es and the fundamental questions that are still not fully answered.1.1 General Con
eptsThe Feynman{Gell-Man Lagrangian des
ribing weak V �A intera
tion pro-
esses at low energy is manifestly non-renormalizable, sin
e it 
ontains op-erators with mass dimension of 6 (while a ne
essary 
ondition for the renor-malizability is the presen
e of operators with mass dimension less than orequal to 4). For example the Lagrangian des
ribing the nu
leon � de
ay andthe muon de
ay is given byL = � G�p2p
�(1� a
5)ne
�(1� 
5)�e� G�p2��
�(1� 
5)�e
�(1� 
5)�e; (1.1)



4 Standard Model Physi
s (and Beyond)where 
�, 
5 are Dira
 matri
es, a ' 1:23 is a 
onstant determined ex-perimentally. Remarkably, the 
oupling 
onstants for the two pro
esses, G�and G�, are equal and usually denoted by GF , 
alled Fermi 
onstant androughly estimated by ((~
)3=300 GeV)2.A possible remedy to the non-renormalizability is the introdu
tion of a me-diator for the point-like weak intera
tion providing a term in the matrixelements to �x the quadrati
 divergen
es in higher order perturbative 
al
u-lations. This mediator must be a massive ve
tor (to explain the short rangeof the weak for
e) and exist in nature in two 
harged states (to explain the
harge-
hanging manifestations of the weak intera
tions). For a 
omplete
an
ellation of all the divergen
es at all orders, a neutral ve
tor boson isalso required.To satisfy all the requirements in a 
oherent and 
onsistent way, three ofwhat Weinberg 
alls \good ideas"('t Hooft, 2005) are needed: the quarkmodel, the idea of gauge (or lo
al) symmetry and that of spontaneouslybroken symmetry. In what follows, the attention will be fo
used on the lasttwo aspe
ts.1.1.1 Lo
al Invarian
eSin
e its �rst formulation in Maxwells equations whi
h unify ele
tri
 andmagneti
 intera
tions (1864), the 
on
ept of gauge invarian
e has held anin
reasingly important role in the des
ription of Nature and its fundamentalintera
tions. The freedom of 
hoosing many potentials to des
ribe the samephysi
s 
an in fa
t be reformulated in terms of a gauge symmetry in theLagrangian. Su
h a reformulation leads to 
onserved 
harges (via Noetherstheorem) and to other important 
onsequen
es su
h as the introdu
tion ofnew �elds and intera
tions into the theory.In ele
trodynami
s, for example, requiring the fermion free-parti
le La-grangian Lfree =  (i
��� �m) (1.2)to be invariant under a lo
al U(1) symmetry  ! eiq�(x) suggests a redef-inition of the derivative �� (so 
alled 
ovariant derivative) asD� � �� + iqA�(x); (1.3)where A� is a new ve
tor gauge �eld. Provided that the gauge �eld A�transforms as A�(x)! A�(x)� ���(x); (1.4)



x1.1 General Con
epts 5the obje
t D behaves in fa
t as the �eld  under a U(1) phase rotation:D ! eiq�(x)D : (1.5)The new invariant Lagrangian L be
omes thenL = Lfree � q 
� A�; (1.6)where the last term 
ouples the �eld A� to  : a new �eld (identi�ed withthe photon) has appeared in the theory.To obtain the 
omplete QED Lagrangian it suÆ
es to introdu
e a kineti
term for the �eld A�, that is a lo
ally invariant term depending on the �eldand its derivatives but not on  . It 
an be shown (see for example (Peskinand S
hroeder, 1995)) that out of the four possible 
ombinations only oneful�ls the ne
essary requirements of renormalizability of the theory and goodbehaviour under dis
rete symmetries:F�� = ��A� � ��A�: (1.7)It will be useful in the following to noti
e that F�� 
an be rewritten as the
ommutator between two 
ovariant derivatives:[D�;D� ℄ = [��; �� ℄ + iq([��A� ℄� [��A�℄)� q2[A�; A� ℄= iq(��A� � ��A�); (1.8)that is [D�;D� ℄ = iqF�� : (1.9)The 
omplete QED Lagrangian is thenLQED = Lfree � q 
� A� � 14F��F �� : (1.10)It must be stressed that A� is a massless �eld: a mass term would be in fa
tproportional to A�A�, thus violating the gauge invarian
e:A�A� ! (A� � ���) (A� � ���) 6= A�A�: (1.11)Yang and Mills proved that when when the symmetry group is non-Abelian, the 
onstru
tion of the theory follows the same prin
iples (Yangand Mills, 1954). The physi
al 
onsequen
es are however di�erent and are
ru
ial for the des
ription of the weak intera
tions. As an example, it 
an be
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s (and Beyond)
onsidered the invarian
e under a lo
al transformation of the SU(2) group(whi
h in the original Yang-Mills paper was supposed to be the isotopi
 spinfor a doublets of Dira
 �elds, the proton and the neutron). If the �eld  transforms as  (x)! G(x) (x) � ei�i(x)�i2  (x); (1.12)where �i are the group generators, then the 
ovariant derivative takes theform D� � �� � igB�; B� � bi��i2 ; (1.13)bi� being three ve
tor �elds, one for ea
h generator of the gauge symmetrygroup.To assure the lo
al invarian
e, B� must transform a

ording toB�(x)! G(x)�B�(x) + ig ���Gy(x): (1.14)Following by analogy the Abelian 
ase, the kineti
 term for bi� 
an be foundand the Lagrangian 
ompleted. Indeed, 
onsidering a �eld-strength tensorbuilt up with the 
ommutator between two 
ovariant derivatives one �nds[D�;D� ℄ = �igF i�� �i2 ; (1.15)with F i�� = ��bi� � ��bi� � ig �bi�; bj�� : (1.16)Using the Pauli's matrix identity to simplify the kineti
 term (F��)2 andexpanding the 
ovariant derivative, the Yang-Mills Lagrangian be
omesLYM = Lfree � g2 
�bi��i � 12trF��F �� : (1.17)As for the Abelian 
ase, the symmetry 
ompletely di
tates the form ofthe intera
tion, thereby leading to a ri
her s
enario.In addition to the gauge boson propagator and to the 
oupling of the gauge�elds to the fermions, the theory has three- and four-gauge-bosons verti
es(�g. 1.1), as a 
onsequen
e of the non linear term in F�� . These new self-intera
tions for the (massless) gauge bosons exist even without fermions,while Abelian gauge theories without fermioni
 �elds are free (i.e. non-intera
ting) theories.The prin
iple of lo
al invarian
e is a 
onsistent way to have massless ve
torbosons 
andidates into the theory: in order to be used to des
ribe the weakintera
tions, however, they must a
quire a mass, hen
e requiring a sponta-neous breaking of the symmetry. The me
hanism by whi
h this symmetrybreaking o

urs therefore needs to be identi�ed.



x1.1 General Con
epts 7U(1)(QED) ! Photon Propagator
SU(2) ! Gauge Field Propagator3 Gauge Boson Vertex

4 Gauge Boson VertexFigure 1.1: Examples of 
ouplings pres
ribed by an Abelian gaugesymmetry (U(1)) and a non-Abelian one (SU(2)).1.1.2 Spontaneously broken symmetriesIf a theory is des
ribed by a Lagrangian invariant under a given symmetrybut its physi
al va
uum is not, then the symmetry is said to be spontaneouslybroken.There are in Nature several o

urren
es of spontaneous symmetry break-ing. A ferromagneti
 system is a 
anoni
al example. Above the Curie tem-perature the magneti
 dipole moments show a rotational SO(3) symmetrywith all the dipoles randomly oriented in a three dimensional spa
e (para-magneti
 phase). The introdu
tion of an external magneti
 �eld expli
itlybreaks this SO(3) symmetry down to SO(2) by for
ing the spins to bealigned along a privileged dire
tion (parallel to the �eld itself). Turning the�eld o� restores the original symmetry.The system behaves di�erently when its temperature is below the Curie tem-perature. The lowest energy 
on�guration 
orresponds to a parallel align-ment of the magneti
 dipoles: there is a non-zero magnetization along apreferred dire
tion even in absen
e of external �elds (i.e. of expli
it termsin the Lagrangian breaking its symmetry). The SO(3) symmetry is thenspontaneously broken down to SO(2) by the system's ground state, whi
h\
hooses" one parti
ular 
on�guration among in�nite possibilities (the va
-uum is in�nitely degenerate). However, on
e a ground state 
on�guration
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(a) (b)Figure 1.2: Form for the potential V (���) of equation 1.19 dependingon the sign of �2: negative (a) and positive (b).has been 
hosen, it 
an not be 
hanged unless an amount of energy is intro-du
ed into the system for ea
h of the dipoles, in order to reorient them in adi�erent dire
tion.The simplest example of spontaneous symmetry breaking in �eld theoryis realized with dis
rete symmetries (namely parity). It shall be howeverdis
ussed the slightly more advan
ed example of a 
omplex s
alar theoryinvariant under a global U(1) symmetry.The starting Lagrangian is of the formL = ���(���)� � V (���); (1.18)where the e�e
tive potential V (���) is 
hosen asV (���) = ��2���+ �2 (���)2; � > 0: (1.19)Two 
ases, depending on the sign of �2, are 
onsidered (�g. 1.2).If �2 < 0, the symmetry is exa
t and there exists a unique va
uum state forthe theory, at h�i = 0.On the other hand, if �2 > 0 (whi
h also means that � 
an no longer beinterpreted as a mass for the �eld �) the va
uum state is in�nitely degeneratefor all the 
on�gurations satisfyingj�j = ��2� �1=2 � v: (1.20)Choosing one of them spontaneously breaks the U(1) symmetry. The La-grangian is still invariant under U(1) so all the properties 
onne
ted with



x1.1 General Con
epts 9the original symmetry are preserved.By expli
itly 
hoosing a va
uum 
on�guration with only a real parth�i0 = v; (1.21)it is possible to expand about this ground state by de�ning�(x) = v + 1p2 (�1(x) + i�2(x)) ; (1.22)with �1 and �2 real s
alar �elds.The potential then be
omesV (���) = ��42� + 12�2�21 +O(�3i ) (1.23)and, omitting the 
onstant terms, the Lagrangian 
an therefore be expressedas L = 12(���)(���) + 12(���)(���) + �2�21: (1.24)The �eld �1 has a
quired a mass m1 = p2� while �2 is massless.It is possible to get the 
avour of this e�e
t by looking at the form of thepotential (�g. 1.2): the mass term for �1 is a 
onsequen
e of the restoringfor
e against radial os
illations, while the symmetry under U(1) rotationsthat the Lagrangian still exhibits means that no restoring for
es againstangular os
illations exist, thereby allowing a massless �2 �eld.The appearan
e of massless s
alars when a global 
ontinuous symme-try is spontaneously broken is a 
onsequen
e of a general theorem knownas Goldstone's theorem. The number of new massless parti
les (so 
alledGoldstone bosons) in the theory is related to the degrees of freedom of thesymmetry group: a rotation in N dimensions is des
ribed by N(N � 1)=2parameters, ea
h of them 
orresponding to a 
ontinuous symmetry. Af-ter a spontaneous breakdown of the O(N) symmetry to an O(N � 1),there are still (N � 1)(N � 2)=2 unbroken symmetries. The number ofmassless Goldstone bosons 
orresponding to the broken symmetries is thenN(N � 1)=2 � (N � 1)(N � 2)=2 = N � 1. It is trivial to verify that in theprevious example this leads to exa
tly one Goldstone boson.One 
an now asks what happens requiring U(1) to be a lo
al symmetryin the previous example. The derivation of the potential (1.19) is still valid,but plugging the � expansion (1.22) into the Lagrangian gives rise to a
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ause of the di�erent kineti
 term due to the 
ovariantderivative1. One in fa
t obtains that(D��)(D��)� = 12(���1)2 + 12(���2)2 +p2qv �A����2+ q2v2A�A� +O((A�; �1; �2)3): (1.25)The last term is simply a mass term for the gauge boson A� whi
h is pro-portional to the va
uum expe
tation value v of the �eld � (m = p2qv).This (mira
ulous!) interplay between lo
al invarian
e and spontaneous sym-metry breaking, �rst noti
ed by Higgs (Higgs, 1964), allows to re
on
ile theproblems asso
iated with the des
ription of the weak intera
tions. The needof massive gauge bosons is satis�ed by requiring the theory to ful�ll (veryelegant) lo
al symmetry prin
iples at the pri
e of introdu
ing new �eldssubje
ted to appropriate e�e
tive potentials (whi
h is less elegant, indeed).In a 
ertain way the massless gauge bosons \eat" the Goldstone s
alars toget one more degree of freedom, the transversely polarized state proper ofmassless parti
les.1.2 The SU(2)L � U(1)Y ModelThe Standard Model of ele
troweak intera
tions uni�es weak and ele
tro-magneti
 intera
tions. It is a gauge theory with exa
t symmetries whi
h arespontaneously broken. Proposed independently by Weinberg, Glashow andSalam ((Weinberg, 1967), (Glashow, 1961)), the Standard Model was for-mulated on the basis of the largest possible symmetry group asso
iating theleptons (SU(2) � U(1)) as inferred by experimental results at that time. Itled to the uni�
ation of weak and ele
tromagneti
 intera
tions, respe
tivelythe SU(2) and U(1) sub-groups.Summarized below are the main experimental fa
ts explained by thetheory, as outlined by (Renton, 1990):� leptons and quarks are half-spin parti
les;� when weak 
harged 
urrent intera
tions o

ur (mediated by W� ex-
hange) leptons and quarks 
ome in weak isospin doublets;� 
harged 
urrent intera
tions appear to be purely left-handed (V � Ais a 
hiral theory) and to violate C and P maximally, while (almost)
onserving CP ;1The 
ovariant derivative is de�ned as D� � �� + iqA� (eq. 1.3).



x1.2 The SU(2)L � U(1)Y Model 11� leptons and quarks 
ome in three generations;� 
harged lepton and quark masses substantially in
rease from one gen-eration to the next, while neutrinos are very light parti
les;� in addition to 
harged 
urrents, there are two kinds of neutral 
urrents:one 
oupling to all quarks and leptons (mediated by Z ex
hange) andthe other 
oupling only to ele
tromagneti
 
harged parti
les (mediatedby 
 ex
hange);� short-range weak intera
tions are mediated by three massive parti
les(W�; Z, with mass m � O(100 GeV=
2)) while in�nite-range ele
tro-magneti
 intera
tions are mediated by one massless boson (
).Not all of these fa
ts were known when the �rst papers byWeinberg, Glashowand Salam were published. The presen
e of a weak neutral 
urrent, for ex-ample, was one of the most su

essful predi
tion of the theory.1.2.1 The Gauge Se
torImposing the lo
al invarian
e of the theory under a SU(2)� U(1) transfor-mation gives four (massless) gauge �elds, three 
orresponding to the SU(2)symmetry (W i�, i = 1; 2; 3) and one to the U(1) (B�). They appear in thede�nition of the 
ovariant derivativeD� = �� � igW i�� i � ig0 Y2 B�; (1.26)where g and g0 are the 
oupling 
onstants of the SU(2) and U(1) groupsrespe
tively2, � i � �i=2 are the generator of SU(2) and Y is a quantumnumber usually 
alled weak hyper
harge.Following the formalism outlined in the previous se
tion, a s
alar Higgs �eld� is introdu
ed into the theory in order to give a mass to the weak gauge�elds. The U(1) symmetry, whi
h 
orresponds to the massless photon, musthowever not be broken.The simplest 
hoi
e for � is a doublet representation of SU(2):� �  �0�+! : (1.27)2Sin
e SU(2) and U(1) 
ommute, they 
an have di�erent 
oupling 
onstants
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s (and Beyond)Giving to � a 
harge 1=2 under U(1), its 
omplete SU(2) � U(1) transfor-mation be
omes � ! ei�i� i ei�=2�: (1.28)If � a
quires a va
uum expe
tation value of the formh�i = 1p2  0v! ; (1.29)where � and � are real numbers. then h�i is not invariant under any of theoriginal four generators. It is invariant, however, under the transformation
orresponding to �1 = �2 = 0 and �3 = �, i.e. the linear 
ombinationQ = (�3 + Y=2) 
orresponding to the ele
tri
 
harge. Three massive bosonsa
quire therefore a mass via the Goldstone s
alars asso
iated with the threebroken symmetries, but the photon remains massless.By evaluating the kineti
 term for (D��)�D��, it is possible to �gure outfrom the mass terms the W� bosons as the linear 
ombinationW�� = 1p2 �W 1� � iW 2�� ; (1.30)and the neutral ve
tor boson Z and the ele
tromagneti
 ve
tor potential A�as Z� = 1pg2 + g02 �gW 3� � g0B��A� = 1pg2 + g02 �g0W 3� + gB�� : (1.31)The masses for the weak gauge bosons aremW� = gv2 ; mZ =pg2 + g02 v2 (1.32)By de�ning the Weinberg angle as the mixing angle between (W 3; B) thatgives (Z;A), the following relations are obtained: ZA!� =  
os#W � sin#Wsin#W 
os#W ! W 3B !� ; (1.33)with 
os#W = gpg2 + g02 ; sin#W = g0pg2 + g02 (1.34)Rewriting D� as a fun
tion of the gauge bosons mass eigenstates wouldallow us to identify the ele
tromagneti
 
urrent term. This would in turn



x1.2 The SU(2)L � U(1)Y Model 13lead to the important relation between the ele
tri
 
harge e and the 
oupling
onstants g, g0: e = g sin#W : (1.35)Moreover the masses of Z and W are not independent:mW = mZ 
os#W : (1.36)Three free parameters of the gauge se
tor hen
e exist: the two 
oupling
onstants g and g0 and the va
uum expe
tation value v of the Higgs �eld.These parameters are usually expressed using the ele
tromagneti
 
oupling
onstant �e.m., the Fermi 
onstant GF and the mass of the Z boson, whi
hare measured with a very high a

ura
y (Eidelman et al., 2004). The 
ou-pling 
onstant �e.m. = gg04�pg2 + g02 = 1137:03599911(46) (1.37)is determined from the anomalous magneti
 moment of ele
trons and positrons,GF(~
)3 = 1p2 v2 = 1:16637(1) � 10�5 GeV�2 (1.38)from the muon de
ay, andmZ = v2pg2 + g02 = (91:1876 � 0:0021) GeV=
2 (1.39)from the Z-lineshape s
an at LEP1.1.2.2 FermionsIf just one family of quarks and leptons is 
onsidered (e.g. (e; �e), (u; d))3inthe des
ription of the ele
troweak pro
esses, the representations of SU(2)L�U(1)Y assigned to the fermions must preserve the 
hiral nature of the weak
harged 
urrent intera
tions and the 
oupling of ele
tromagnetism to left-and right-handed fermions. These requirements lead to3The generalization to the other two families of fermions (�; ��), (�; ��), (
; s), (b; t) isstraightforward.
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s (and Beyond)LL =  �eLeL ! = PL  �ee !  (2;�1)eR = PR e  (1;�2)QL =  uLd0L! = PL  ud0!  �2; 13�uR = PR u  (1; 43)d0R = PR d0  (1;�23 ) (1.40)
where PL = 1�
52 and PR = 1+
52 are the proje
tion operators on orthogonaleli
ity states, and the last 
olumn represents the quantum numbers 
orre-sponding to the representations of SU(2)L � U(1)Y .From the Gell-Mann{Nishijima relation Q = �3+Y=2 it 
an be noti
ed thatan eventual right-handed neutrino �R , singlet of the gauge group, wouldhave vanishing both 
harge and weak hyper
harge. This neutrino wouldtherefore not intera
t ele
troweakly and only indire
t measurements 
ouldproof its existen
e.In the expression given above, down quarks 
ome with a \ 0 ": quark masseigenstates, in fa
t, do not 
oin
ide with weak intera
tion eigenstates. Thelatter are a linear 
ombination of the mass eigenstates through the unitarymixing matrix 0B�d0s0b01CA = 0B�Vud Vus VubV
d V
s V
bVtd Vts Vtb1CA0B�dsb1CA ; (1.41)whi
h is generally referred to as the Cabibbo-Kobayashi-Maskawa matrix.It is has been shown experimentally that fermions are massive parti
les4.However, a mass term of the generi
 form�m  = �m( L R +  R L) (1.42)would break the gauge invarian
e in the Lagrangian ( L and  R belongto di�erent representation of SU(2) and have di�erent U(1) 
harges) andis therefore not allowed. Notwithstanding this unpleasant feature of 
hiralLagrangians, it is possible to build a mass term with the help of the Higgs�eld. The mass term for the leptons isLYukawa = Xi=e;�;� ���iLiL � �eiR + h.
.� ; (1.43)4Re
ent results from neutrino os
illation experiments seem to indi
ate non-zero massesalso for neutrinos.



x1.2 The SU(2)L � U(1)Y Model 15where �i are new dimensionless parameters of the theory. Repla
ing the�eld � by its expe
tation value yieldsLYukawa = Xi=e;�;� ���i vp2e iLeiR + h.
.� : (1.44)It follows that the mass for the lepton i is proportional to its Yukawa 
ou-pling to the Higgs: mi = 1p2�iv: (1.45)Pro
eeding in the same way for the quark mass terms, one obtainsLYukawa = Xi=d;s;b���i vp2d iLd iR + h.
.�+ Xi=u;
;t���i vp2u iLu iR + h.
.� ;(1.46)and for the mass of the quark imi = 1p2�iv: (1.47)An additional 
ompli
ation for quarks, whi
h is not made expli
it here, isthat the Yukawa 
ouplings involve mass eigenstates. To have the 
orre-sponding expression in terms of the weak eigenstates base, the Cabibbo-Kobayashi-Maskawa matrix elements (1.41) must be properly introdu
ed,in order to pass from the mass eigenstates to the weak intera
tion ones.1.2.3 Anomaly Can
ellationEven if a theory is renormalizable (and non-Abelian gauge theories are, asdemonstrated by 't Hooft ('t Hooft, 1976)) there 
an be 
urrents whose
onservation (through gauge invarian
e + Noether's theorem) holds at treelevel but is violated in �rst loop diagrams. An examples of su
h a 
urrent isgiven in �gure 1.3: all the divergen
es 
oming from these loops must 
an
elout to give a �nite theory at all perturbative orders.It 
an be shown thatAab
 / tr h
5�a n� b; � 
oi = Aab
+ �Aab
� ; (1.48)where the tra
e is taken over all the fermion families and in the last equiv-alen
e the fa
tor 
5 has been expli
itly set equal to �1 for left- and right-handed fermions respe
tively.
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Figure 1.3: Example of a triangle anomaly. In this 
ase the axial-ve
tor 
urrent is represented.For a theory whi
h equally 
ouples left- and right-handed fermions, the
an
ellation 
omes automati
ally, sin
e Aab
+ = Aab
� . Indeed, the StandardModel is a 
hiral theory, and this automati
 
an
ellation does not take pla
e.It 
an be shown, however, that the only anomaly in the theory is propor-tional to tr hf�a; � bgY i = 12Æab XfermiondoubletsY: (1.49)Using the Gell-Mann{Nishijima relation, the 
ondition for the absen
e ofanomalies 
an be expressed as a fun
tion of ele
tri
 
harge:�Q = QR �QL = Xright-handeddoublets Q � Xleft-handeddoublets Q (1.50)Considering a single fermion generation in the Standard Model, one left-handed lepton doublet 
orresponds to one left-handed quark doublet, whileright-handed doublets are absent. This translates in�Q = �QL = 1 + 23 � 13 = 13 ; (1.51)whi
h means anomalies have been introdu
ed into the theory. By supposing,however that quarks 
ome with an additional three-
avoured 
harge withrespe
t to the leptons, as suggested by the strong intera
tion theory, a fa
tor3, whi
h 
orresponds to the three di�erent possible \strong 
harges" thedoublet may have, has to be taken into a

ount. The expression for �Q
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omes �Q = �QL = 1 + 3 � �23 � 13� = 0; (1.52)so the anomalies 
an
el (within ea
h single fermion generation).Given the Standard Model of ele
troweak intera
tion, an indi
ation for ades
ription of strong intera
tions has been found as a 
ondition for its renor-malizability.1.2.4 The Higgs BosonIt has been shown in the previous se
tions how the Higgs �eld give massto gauge bosons and fermions, but this is not the only 
onsequen
e of theintrodu
tion of a s
alar �eld into the theory. As demonstrated in se
tion1.1.2 a new massive s
alar parti
le is expe
ted to appear.To see how this 
an happen within the Standard Model, one 
an parametrizethe expansion of the Higgs �eld � about its ground state in the followingway (so 
alled unitary gauge):�(x) = 1p2U(x) 0v +H(x)! ; (1.53)where U(x) is a general transformation of SU(2) to produ
e the most generaldouble-
omponent spinor � and H(x) is a real �eld su
h that hh(x)i = 0.U(x) 
an always be eliminated from the Lagrangian by a gauge transforma-tion so it will not be 
onsidered in the following dis
ussion.One seeks to write expli
itly in term of the expansion 1.53 all the pie
es ofthe Standard Model Lagrangian 
ontaining the Higgs �eld �. The e�e
tiveLagrangian for � and the Yukawa 
ouplings to the fermions.The usual form of the Lagrangian for � isLH = (D��)y(D��)� V (�y�) == (D��)y(D��) + �2�y�� �(�y�)2; (1.54)where the potential rea
hes a minimum atv � ��2� �1=2 : (1.55)Plugging � in the potential yieldsLV = ��2H2 � �vH3 � 14�H4 == �12m2HH2 �r�2mHH3 � 14�H4; (1.56)
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Figure 1.4: Feynman diagrams and rules for the intera
tion of theHiggs boson and gauge bosons.
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(a)

(b)Figure 1.5: (a) Bran
hing ratio for H de
ay for a variety of 
hannelsas a fun
tion of the Higgs boson mass. (b) Total de
ay width of theHiggs boson as a fun
tion of the Higgs boson mass.
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s (and Beyond)The �eld H is therefore a massive s
alar, with a mass given bymH = p2� v; (1.57)and is 
alled Higgs boson.The kineti
 term in LH written in terms of � givesLK = 12(��H)2 +�m2WW+� W �� + 12m2ZZ�Z�� ��1 + Hv �2 : (1.58)Finally, the Yukawa Lagrangian produ
es for ea
h fermion f a term of theform Lf = �mf ff �1 + Hv � (1.59)An illustration of the Higgs boson 
ouplings to the gauge bosons and to thefermions (and the 
ubi
 and quarti
 self-intera
tion 
ouplings) is given in�gure 1.4. As the asso
iated Feynman rules show, the 
ouplings are 
om-pletely determined by the masses of the parti
les involved and by the weakintera
tion 
oupling 
onstants. In parti
ular, 
ouplings to W� and Z areproportional to mass of the gauge bosons squared, while for fermions 
ou-plings are dire
tly proportional to the fermions' mass. The 
oupling to thegluons and to the photons via fermioni
 loop is also interesting. Indeed, dueto its mass, the t quark gives the dominant 
ontribution. The �rst 
ouplingrelation is parti
ularly important for the Higgs boson produ
tion pro
essesat hadron 
olliders. On the other hand, the se
ond 
oupling relations pro-vide one of the 
leanest signatures for experimental dete
tion.A detailed view of the bran
hing ratios for the di�erent de
ays of the Higgsboson is given in �gure 1.5(a) as a fun
tion of mH . As a 
onsequen
e of thelinear Higgs 
oupling to the fermion masses, for mH < 2mW the dominant
hannel is H ! bb, whi
h 
orresponds to the de
ay in the heaviest fermionkinemati
ally a

essible. Beyond the threshold for the produ
tion of twogauge boson H ! WW (�) and H ! ZZ(�) be
ome dominant be
ause of afa
tor m3H=m2W�;Z in the partial width. The total de
ay width of the Higgsboson as a fun
tion of the Higgs mass is given in �gure 1.5(b): the asymp-toti
 behaviour is proportional to m3H .Existing Constraints on mHAlthough the Higgs mass is a free parameter of the Standard Model, thereare theoreti
al arguments of internal 
onsisten
y of the theory giving indi
a-tions and limits on it. On the experimental side, dire
t and indire
t sear
hes
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Figure 1.6: Theoreti
al limits on the Higgs boson mass assuming thevalidity of the Standard Model up to a s
ale �.have been 
arried out.By assuming the Standard Model to be valid at least up to a 
ertain energys
ale �, a lower bound for mH 
omes from the requirement for the sym-metry breaking to a
tually o

ur. This transposes into the 
ondition forthe potential V (h�i) < V (0), that is equivalent to � > 0 at all s
ales. Onthe other hand, sin
e perturbative 
orre
tions to the Higgs self intera
tionterms make � in
reasing with energy, requiring � to keep �nite up to thes
ale � translates in an upper bound for mH . These two theoreti
al limitsare shown in �gure 1.6. From what 
on
erns the experimental 
onstraints,results of dire
t sear
hes at LEPII are shown in �gure 1.7: values for mH upto 114:4 GeV=
2 are ex
luded. Indire
t 
onstraints based on the require-ment that all the measurements of ele
troweak observables (e.g. asymmetrymeasurements, mass for W�, top quark mass et
.) be 
onsistent allow toex
lude a Higgs mass greater than 237 GeV=
2 at 95% C.L.. The best �t forall these measurements gives the value mH = 114+69�45 GeV=
2 at 95% C.L.(�gure 1.7) assuming mtop = 178� 4 GeV=
2.However, indire
t 
onstraints on Higgs boson mass have a limited sensitiv-ity, sin
e se
ond order 
orre
tions to Standard Model observables depend
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Figure 1.7: Experimental limits on the Higgs boson mass 
oming fromdire
t sear
hes at LEP (the ex
luded region is shadowed) and ��2 resultof a �t on ele
troweak observables assumingmH the only free parameter.
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Figure 1.8: One-standard-deviation (39.35%) un
ertainties in mH as afun
tion of mt for various inputs, and the 90% CL region (��2 = 4:605)allowed by all data. �s(mZ) = 0:120 is assumed ex
ept for the �tsin
luding the Z-lineshape data. The 95% dire
t lower limit from LEP2 is also shown.only logarithmi
ally on mH , while fermions give 
ontributions quadrati
allydependent on mf . It turns out that, be
ause of the large mass for the topquark (
omparable to the predi
ted Higgs mass), un
ertainty on the topmass 
an sensibly shift the 
onstraints on mH , as illustrated in �gure 1.8,in whi
h the dependen
e of ele
troweak observables on mH and mt is madeexpli
it.1.2.5 Standard Model Higgs Produ
tion in p� p 
ollisionsThe des
ription of the intera
tion of two protons is based, within the QCDframework, on the parton model approximation. This 
onsists in 
onsid-ering the in
oming beam of hadrons equivalent to a beam of 
onstituents(
alled partons and identi�ed with quarks and gluons) whose momentumdistributions inside the hadron is 
hara
terized by parton density fun
tions(pdf) fi(x; �). The probability to �nd the parton i 
arrying a fra
tion be-tween x and x + dx of the initial momentum p of the hadron is given bydx fi(x; �), where � is the typi
al energy s
ale of the pro
ess. The pdf'sdo not depend on the parti
ular pro
ess 
onsidered are and are thereforeuniversal fun
tions. They exhibit a moderate and 
omputable dependen
e
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Figure 1.9: Representation of the improved parton model formula (eq.1.60).upon the energy s
ale of the intera
tion.
The general expression for the produ
tion 
ross se
tion of some �nal statewith high invariant mass from the intera
tion of two protons beams withmomenta p1 and p2 (�gure 1.9) 
an then be expressed by the so 
alledimproved parton model formula:�(p1; p2) =Xi;j Z dx1dx2 fi(x1; �)fj(x2; �)�ij(x1p1; x2p2; �s(�); �): (1.60)The 
ross-se
tion for the most important pro
esses at LHC is shown in �gure1.10.In p-p 
ollisions, the dominant Higgs produ
tion me
hanism over theentire mass range a

essible at LHC (see 
hapter 2) is via gluon fusion(gg ! H), where the Higgs 
ouples to the gluons through a heavy quarkloop (�gure 1.11).The leading 
ontribution to the loop 
omes from the top quark. Theother quarks 
ontribute to the loop by a fa
tor at least smaller byO(M2b =M2t )be
ause of the form of the Higgs boson 
oupling to the fermions.As summarized in (Del Du
a, 2003) QCD 
orre
tions at the Next toLeading Order (NLO) have been 
omputed and show an in
rease of the LO
ross se
tion by 10-80%, thereby leading to a signi�
ant 
hange of the the-oreti
al predi
tions. NNLO 
al
ulations have re
ently be
ome available inthe heavy top quark limit, thereby repla
ing the 
oupling of the Higgs to
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Figure 1.10: Cross-se
tion for the most important pro
ess at LHC as afun
tion of the 
enter of mass energy. The rate of events per year is alsoreported on the right s
ale, assuming for LHC an integrated luminosityof 100 fb�1 (High Luminosity phase).

Figure 1.11: Gluon fusion pro
ess for the Higgs boson produ
tion inhadroni
 
ollisions.
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Figure 1.12: Higgs produ
tion via gluon fusion in pp 
ollisions at a
enter of mass energy of 14 TeV=
2 as a fun
tion of the Higgs mass.The produ
tion rate has been 
omputed in the large mtop limit, toleading order, NLO and NNLO a

ura
y. The shaded bands displaythe renormalisation �R and fa
torisation �F s
ale variations. The lower
ontours 
orrespond to �R = 2mH and �F = mH=2, while the upper
ontours to �R = mH=2 and �F = 2mH .
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Figure 1.13: Weak boson fusion (WBF) pro
ess for the Higgs produ
-tion in hadroni
 
ollisions.the gluons by an e�e
tive 
oupling (valid if the Higgs mass is smaller thanthe threshold for the 
reation of a top quark pair). It is expe
ted to approx-imate the full massive res
aling fa
tor within 10% up to 1 TeV=
2, 
overingthe entire Higgs mass range a

essible at LHC. NNLO 
orre
tions displayan in
rease of about 15% at mH = 120 GeV=
2 with respe
t to the NLOevaluation. Figure 1.12 shows the e�e
t of the higher order 
orre
tions tothe Higgs total 
ross se
tion via gluon fusion.The se
ond largest produ
tion me
hanism for the Higgs boson is via weakboson fusion (WBF, qq ! qqH), where the Higgs is radiated o� the weakboson ex
hanged in the t-
hannel between the two in
oming quarks (�gure1.13). Sin
e the distribution fun
tions of the in
oming valen
e quarks peakat values of the momentum fra
tions x � 0:1-0:2, the two outgoing quarksare naturally highly energeti
. They therefore hadronize into two jets with alarge rapidity interval between them, typi
ally at forward-ba
kward rapidi-ties. Another interesting property is the absen
e of hadroni
 produ
tion inthe rapidity interval between the two jets, sin
e the 
olourless weak intera
-tion boson ex
hanged between the in
oming quarks 
auses gluon radiationto o

urs only as bremsstrahlung o� the quark legs. This features 
an beused to distinguish WBF Higgs produ
tion from gluon gluon fusion. NLO
orre
tions in �s to the WBF produ
tion pro
ess have been 
omputed andfound to be modest (on the order of 5-10%) (Puljak, 2000).The 
ross-se
tions for the two produ
tion pro
esses illustrated above alongwith minor pro
esses su
h as Higgsstrahlung or tt asso
iated produ
tion areshown in �gure 1.14.
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Figure 1.14: Cross-se
tion for the Standard Model Higgs produ
tionat LHC.1.3 Going BeyondDespite the in
redibly good agreement between Standard Model predi
tionsand experiments (for an example of some observables see the �gure 1.15),there are both 
on
eptual problems and phenomenologi
al indi
ations ofnew physi
s beyond it.Parti
le mass and quantum numbers su
h as the ele
tri
 
harge, weak isospin,hyper
harge and 
olours are not explained by the Standard Model. Further-more, there is no reason why leptons and quarks 
ome in di�erent 
avoursand why their ele
troweak intera
tion mix in su
h a pe
uliar way. Is this anindi
ation towards more elementary 
onstituents of matter than quarks andleptons?After the extension of the Standard Model, based on experiments, to thegroup SU(3) � SU(2) � U(1) in order to in
lude the strong intera
tions(SU(3) group), one is also tempted to in
lude gravity in the same way.However, typi
al energy s
ales for quantum gravity are of the order ofMP � 1=pGN � 1019 GeV=
2, seventeen orders of magnitude higher thanthe typi
al ele
troweak intera
tions. Can the Standard Model without newphysi
s be valid up to su
h large energies? This appears unlikely, sin
e thereare no indi
ations in the Standard Model of why the typi
al weak s
ale ofmasses is so small relatively to the Plan
k mass MP (hierar
hy problem).The Higgs se
tor of the Standard Model, whi
h re
e
ts the most a

epted
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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4965

σhad [nb]σ0 41.540 ± 0.037 41.481

RlRl 20.767 ± 0.025 20.739

AfbA0,l 0.01714 ± 0.00095 0.01642

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480

RbRb 0.21629 ± 0.00066 0.21562

RcRc 0.1721 ± 0.0030 0.1723

AfbA0,b 0.0992 ± 0.0016 0.1037

AfbA0,c 0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.425 ± 0.034 80.389

ΓW [GeV]ΓW [GeV] 2.133 ± 0.069 2.093

mt [GeV]mt [GeV] 178.0 ± 4.3 178.5

Figure 1.15: Comparison of the measurements with the expe
tationof the SM 
al
ulated for the �ve SM input parameter values in the min-imum of the global �2 of the �t (The ALEPH, DELPHI, L3, OPAL,SLD Collaborations, the LEP Ele
troweak Working Group, the SLDEle
troweak and Heavy Flavour Groups, 2005). The pull of ea
h mea-surement is reported as well. The dire
ted measurements of mW and�W used here are still preliminary.
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hanism for the ele
troweak symmetry breaking, is not satisfa
tory aswell. Loop 
orre
tions to the Higgs mass are quadrati
ally divergent, givingrise to the so-
alled naturality problem.If the Standard Model is not the fundamental theory, it will be valid upto a 
ertain energy s
ale �. This limit 
an be viewed as a 
ut o� whi
hparametrizes our ignoran
e on the new physi
s that will modify the theoryat large energy s
ales. It is then interesting to look at the relevant quantitiesof the Standard Model upon the 
ut o� s
ale �, requiring that no \unnat-ural" dependen
e on � arise. For what 
on
erns the Higgs mass, in ordernot to ex
eed the limits indi
ated by dire
t and indire
t sear
hes � mustbe small, of the order of O(1 TeV=
2), but 
annot be too small sin
e newphysi
s has not been dete
ted at the present experiments.Moreover, another unsatisfa
tory theoreti
al aspe
t of the Standard Modelis the number of arbitrary parameters. These in
lude three independentgauge 
ouplings, a possible CP -violating strong-intera
tion parameter, twoindependent masses for weak bosons, six quark and three 
harged-leptonsmasses, three generalized Cabibbo weak-mixing angles and the CP -violatingKobayashi-Maskawa phase.On the other hand, from the experimental side there is a strong eviden
eof neutrino os
illations, implying massive neutrinos and the violation ofthe family lepton number (and at least nine more arbitrary parameters inthe Standard Model to a

ommodate these e�e
ts). Dire
t measurementsof neutrino masses, mainly from �-de
ay experiments, have imposed upperlimits from O(1 eV=
2) for the ele
tron neutrino to O(102 eV=
2) for the tauneutrino, whi
h are roughly ten order of magnitudes less than the heaviestfermion mass (mt � O(102 GeV=
2)). Although there are no symmetries inthe theory prote
ting neutrinos from having a mass (e.g. a massless photonis imposed by the U(1) gauge symmetry, related to the ele
tri
 
harge 
on-servation), the me
hanism to give su
h a mass is not trivial. If a Yukawa
oupling via Higgs boson is invoked, a right-handed neutrino must be in-trodu
ed into the Standard Model, unless the un
on�rmed hypothesis thatneutrinos are Majorana parti
les is true. A right-handed neutrino in theStandard Model, however, should be neutral both to ele
tromagneti
 andweak 
harge, from the 
onstraints imposed by LEP on the number of neu-trino families ((LEP Ele
troweak Working Group, 1999)). Thus it will bea singlet of SU(2) � U(1), with the right of an additional Dira
 mass termin the Lagrangian that will be totally un
onstrained. So more 
ompli
atedme
hanism for the generation of the neutrino masses within the Standard
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Figure 1.16: One-loop 
orre
tions to the Higgs boson mass due tofermioni
 (a) or bosoni
 (b) degrees of freedom.Model should be introdu
ed. The so 
alled \see-saw" me
hanism is themost popular alternative, whi
h 
ombines left- and right-handed neutrinosin Dira
 and Majorana mass terms, in order to justify su
h small masses forthe neutrinos.Two are the possible extensions of the Standard Model that will be brie
y
onsidered in the following: supersymmetry and extra-dimensions.1.3.1 SupersymmetryMainly motivated to stabilize the Higgs mass quadrati
 divergen
es, super-symmetry 
onsists in assuming the existen
e of a symmetry Q that trans-forming fermions to bosons and vi
e versa. For ea
h fermion in the theory isthen introdu
ed a new boson and, by analogy, to ea
h bosons is asso
iated afermion. This has an immediate 
onsequen
e on the one-loop 
orre
tions tothe Higgs mass (�gure 1.16). In fa
t, term due to fermioni
 degrees of free-dom enters with an opposite sign with respe
t to 
orre
tions due to bosoni
degrees of freedom. If �f and �s are the Higgs 
ouplings to fermions andbosons respe
tively, the one-loop 
orre
tion �m2H to the Higgs mass be
omesproportional to �m2H / (�s � �f )�2 +O(�4): (1.61)For suitable values of the 
oupling 
onstants the quadrati
 divergen
es dis-appear, leaving only logarithmi
 divergen
es.In a supersymmetri
 Standard Model ea
h fermion is then 
oupled to a bo-son in a supersymmetri
 multiplet, 
alled \supermultiplet": to ea
h leptonis asso
iated a so 
alled \slepton", a \squark" to ea
h quark. In the sameway, ea
h gauge boson has a supersymmetri
 partner (\gaugino") to form a
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spin 0 spin 1/2 spin 1 SU(3)C SU(2)L U(1)Y~uL; ~dL uL; dL 3 2 + 13~uR uR 3 1 + 43~dR dR 3 1 � 23~�; ~eL �; eL 1 2 �1~eR eR 1 1 �2H+u ; H0u ~h+u ; ~h0u 1 2 +1H0d ; H�d ~h0d; ~h�d 1 2 �1~g g 8 1 0~w�; ~w0 W�;W 0 1 3 0~b0 B0 1 1 0Table 1.1: Parti
le 
ontent of a supersymmetri
 Standard Model.gauge supermultiplet.In the simplest extension of the Standard Model (
alled Minimal Super-symmetri
 Standard Model) the Higgs se
tor is 
omposed by two s
alardoublets, with their fermioni
 partners. In table 1.1 the list of the StandardModel parti
les and their supersymmetri
 partners (\superpartners") withthe quantum numbers of ea
h supermultiplet is given as a referen
e.In order to implement the baryon (B) and lepton (L) number 
onservation,a new 
onserved quantum number 
alled R-parity is de�ned asPR = (�)3(B�L)+2S ; (1.62)where B = 1=3 for quarks and squarks and 0 otherwise, L = 1 for leptonsand sleptons, 0 otherwise, and S is the parti
le spin. PR is equal to +1 forstandard parti
les while it takes the value �1 for superpartners.Some 
onsequen
es of the R-parity 
onservation are:� the lightest supersymmetri
 parti
le (LSP) with PR = �1 is stable;� supersymmetri
 parti
les de
ay into states with an odd number ofsuperpartners;� supersymmetri
 parti
les are always produ
ed in even numbers.
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(a) (b)Figure 1.17: Evolution of the ele
troweak, strong, and gravitational
oupling 
onstants with the energy s
ale of the intera
tions for (a) theStandard Model alone and (b) the Minimal Supersymmetri
 extensionof the Standard Model (MSSM).The �rst thing to be noti
ed is that superpartners of standard parti
les (e.g.a s
alar ele
tron) with the same mass would have already been dete
ted inexperiments. Sin
e none of them has been observed so far, despite exten-sive sear
hes at 
ollider ma
hines, the supersymmetry must be broken ina realisti
 theory. However, the feature of having �f = �s to all orders inperturbation theory, that 
an
el the divergen
es of the Higgs mass, must bepreserved in the broken theory.The me
hanism by whi
h the supersymmetry is broken is the main diÆ
ultyin building a supersymmetri
 extension of the Standard Model. Two are themain solutions proposed.The �rst one 
onsists in introdu
ing a so-
alled soft breaking term in theStandard Model Lagrangian, that is the most general supersymmetri
 break-ing term preserving �f = �s. This parametrize our ignoran
e of the breakingme
hanism with the introdu
tion of 105 free parameters into the theory that
an be redu
ed by further assumptions based on experimental 
onstraints(e.g. absen
e of Flavour Changing Neutral Current pro
esses, CP violationet
.).The se
ond me
hanism involves gravity and is generally referred to as thegravity-indu
ed supersymmetry breaking (mSUGRA). It is the results ofsome underlying me
hanism that breaks the symmetry at a very large s
ale,presumably 
ompatible with the Plan
k mass s
ale.An en
ouraging indire
t eviden
e of supersymmetry is that the uni�
ationof the 
oupling 
onstant at high energies works better than in the Standard
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ourt, as it is shown in �gure 1.17. Moreover, supersymme-try is predi
ted as a natural 
onsequen
e by most of the attempt to buildgrand-uni�ed theories (e.g. string theories).1.3.2 Extra-dimensionsA se
ond possible extension of the Standard Model is based on phenomeno-logi
al theories involving the gravitational intera
tion. The general ideabehind these theory is to solve the hierar
hy problem bringing the gravitydown to the weak intera
tion s
ale, obtaining the observed Plan
k masss
ale as a results of a (4+n)-dimensional world. In our 4-dimensional spa
egravity would appear weak, as for
e lines would es
ape in extra dimensions.The starting point is the observation that ele
troweak intera
tions have beenprobed at distan
es � ��1E.W. = m�1W while gravitational for
es have been in-vestigated only to distan
es of the order of � 1 
m, whi
h is 33 orders ofmagnitude greater than the intrinsi
 energy s
ale of gravity, given by � m�1P .The assumption that gravity at � 1 
m would be the same at � m�1P is thennot 
ompletely justi�ed. Changes 
ould happen in between.The proposed theories 
an be mainly divided into two 
lasses, a

ording tothe kind of extra dimension proposed:� 
at 
ompa
ti�ed extra dimensions;� warped extra dimensions.Ea
h of the two previous 
ategories 
an be divided in two groups:� gravitational extra dimensions: only the gravitational �elds 
an prop-agate in extra dimensions;� universal extra dimension: Standard Model �elds and gravitational�elds 
an propagate in extra dimensions.In the following the prin
ipal ideas behind 
at 
ompa
ti�ed and warpedgravitational extra dimensions will be brie
y illustrated.A s
enario proposed by Arkani-Hamed, Dimopoulos, Dvali (Arkani-Hamedet al., 1998) is that in addition to the spa
e-time dimensions we live in, thereare n 
ompa
t spatial dimensions of radius � R a

essible to the gravity butnot to the other three fundamental for
es. Standard Model parti
les 
annotfreely propagate in 4 + n dimensions but would be lo
alized on the four-dimensional subspa
e (submanifold). The only �elds propagating in the
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onsequen
e is that in our world gravity manifests itself as an extremelyweak for
e, with typi
al intera
tion energies of the order of the Plan
k s
ale,despite in the full (4+n) dimensions they are suppress at the weak intera
-tion s
ale.At distan
es r� R the gravitational potential between two masses m1 andm2 is modi�ed a

ording to the Gauss's law in (4 + n) dimensions:V (r) � m1 m2mn+2P (4+n) � 1rn+1 ; r � R: (1.63)On the other hand, when the distan
e between the two masses is mu
hgreater than R, then their gravitational 
ux lines 
an no longer penetrateinside the extra dimensions, and the usual 1=r potential is obtained:V (r) � m1 m2mn+2P (4+n) � 1r ; r � R: (1.64)The e�e
tive 4-dimensional mP is then given bym2P � mn+2P (4+n)Rn: (1.65)By assuming that mP (4+n) is of the order of mW and by demanding R tobe su
h that the observed mP is reprodu
ed, the following value for R isobtained: R � 10 30n �17 ��TeV=
2mW �1+ 2n : (1.66)For n = 1 this will imply R � 1013 
m, so deviation from Newton's lawshould appear at solar system distan
es. However, if n � 2 su
h deviationwould appear only below 1 mm, that is distan
es not yet probed by experi-ments.A

ording to this model, the phenomenology of the Standard Model is en-ri
hed with a graviton and all its Kaluza-Klein ex
itations re
urring on
eevery 1=R, per extra dimension n.A di�erent model (Randall and Sundrum, 1999) is based on the hypoth-esis of the existen
e of at least one extra dimension a

essible to gravity andthat the metri
 of the spa
e-time dis
riminates between the traditional four
oordinates and the additional ones.In parti
ular, 
onsidering the 
ase of one extra dimension, the four-dimensional
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s (and Beyond)spa
e has the usual \
at" metri
 multiplied by a \warp" fa
tor rapidly
hanging as a fun
tion of the additional 
oordinate:ds2 = e�2kr
����dx�dx� + r2
d�2 (1.67)where k is a s
ale of the order of the Plan
k s
ale, r
 is the 
ompa
ti�
ationradius, � is the 
oordinate of the extra dimension (0 < � < �) and � is theusual Minkowski's metri
 tensor.The gravity s
ale, whi
h is at the ele
troweak s
ale, is given by�� = mP e�kr
� (1.68)where � � 1 TeV=
2 
an be obtained with kr
 � 11; 12. Massive Kaluza-Klein ex
itations of gravitons appear with a mass given bymn = kxn e�kr
� = xn� kmP ���; (1.69)where xn is the nth root of the Bessel fun
tion of order 1 (xn = 3:8317;7:0156; 10:1735 for n = 1; 2; 3).The 
oupling of the graviton to the Standard Model parti
le is proportionalto 1=��. The graviton mass is determined by the ratio k=��. These are theonly two parameters of the Randall-Sundrum model.
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Chapter 2The CMS Dete
tor at LHCIn spite of the remarkable a

ura
y in the des
ription of elementary parti
lesintera
tions, the Standard Model does not yet give an answer to a numberof fundamental questions (see 
hapter 1). Building upon its past strengthof understanding open problems, the physi
s 
ommunity has fo
used its at-tention to hadron 
olliders, whi
h are parti
ularly suitable for the dis
overyof new physi
s. The Large Hadron Collider (LHC) at CERN, presently un-der 
onstru
tion, represents the new generation of hadron 
olliders and willundoubtedly help to �ll gaps in our knowledge.After a brief des
ription of the ma
hine, the 
hapter will fo
us on CMS, oneof the two general purpose dete
tors (ATLAS and CMS) whi
h will be in-stalled at LHC along with two experiments spe
i�
ally oriented to b physi
s(LHCb) and heavy ions physi
s (ALICE). Parti
ular emphasis will be givento the main fo
us of this thesis, the te
hni
al aspe
ts and expe
ted perfor-man
es of the ele
tromagneti
 
alorimeter of the CMS dete
tor.2.1 The Large Hadron ColliderThe LHC will provide proton-proton 
ollision at a 
enter of mass energy of14 TeV=
2 (7 + 7). The available energy for the intera
tions of the protonelementary 
onstituents will then rea
h the TeV range, whi
h is about oneorder of magnitude greater than the typi
al LEP and Tevatron intera
tionenergies.The LHC will be pla
ed in the already existent 26:7 km long LEP tunneland is supposed to start its a
tivity in 2007. Sin
e 
ollisions will o

ur be-tween parti
les of the same 
harge, two separate a

eleration 
avities with
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Figure 2.1: Layout of the Large Hadron Collider with the four exper-iments that will be lo
ated at ea
h intera
tion point.two di�erent magneti
 �eld 
on�gurations are required. Super
ondu
tingdipoles operating at 1:9 K will provide a � 8:4 T magneti
 �eld. Boostswill be given by 400 MHz super
ondu
ting radiofrequen
y 
avities with avoltage ranging between 8 and 16 MV. The 
hannels for the two beamsa

eleration will be inserted in a single 
ryostat.Protons will be delivered to LHC by an upgrade of the CERN existingfa
ility. This fa
ility will bring the protons to the inje
tion energy into LHCof 450 GeV in four steps (�gure 2.1): the LINAC will bring them to 50 MeV,the Booster will further a

elerate them up to 1:4 GeV, the PS to 25 GeVand the SPS will inje
t them into the LHC at their initial energy of 450 GeVafter a �nal a

eleration step..The bun
hes, with a nominal number of 1011 protons ea
h, will have a verysmall transverse spread (�x � �y � 15 �m) and will be 7:5 
m long in thebeam dire
tions at the 
ollision points. A summary of the main te
hni
alparameters of LHC is given in table 2.1.The luminosity of an a

elerator that 
ollides bun
hes of n1 and n2 parti
lesat a frequen
y f is given by L = f n1n24��x�y ; (2.1)



x2.1 The Large Hadron Collider 41Parameter ValueCir
umferen
e [km℄ 27Number of magnet dipoles 1232Dipolar magneti
 �eld [T℄ 8:386Magnet Temperature [K℄ 1:9Beam energy [TeV=
2℄ 7Nominal luminosity [
m�2s�1℄ 1034Protons per bun
h 1:05 � 1011Bun
h spa
ing [m℄ 7:48Bun
h time separation [ns℄ 24:95Transverse beam size � I.P. [�m℄ 200rms bun
h length [
m℄ 7:5Crossing angle [rad℄ 2 � 10�4Beam lifetime [h℄ 7Luminosity lifetime [h℄ 10Table 2.1: Main te
hni
al parameters of the Large Hadron Collider.where �x and �y represent the Gaussian beam pro�le in the plain transverseto the beam axis.The nominal LHC luminosity is L = 1034 
m�2s�1 and 
orresponds to anintegrated luminosity over one year of LHC running of 100 fb�1. This willvalue be rea
hed after an initial phase at � 1033 
m�2s�1 (so 
alled \lowluminosity" phase) whi
h will be mainly dedi
ated to tune the dete
tor per-forman
es, to sear
h for new parti
les and to study the quark b physi
s.The requirements on the Large Hadron Collider 
reate several 
hallengesfrom the experimental point of view. The need of high statisti
s to dete
trare pro
ess requires very high luminosity, with the 
onsequen
es of a highevent rate due to 
ommon QCD pro
esses and an extremely dense parti
leenvironment.Indeed, the total p-p 
ross se
tion at the LHC energy is estimated to be� 100 mb (Eidelman et al., 2004), whi
h, given the ma
hine parameters,implies an average of about 20 p-p intera
tion per bun
h 
rossing, 109 in-tera
tions per se
ond. A strong online event sele
tion is therefore neededin order to redu
e the event rate at around 102 Hz, 7 orders of magnitudeless, whi
h 
orresponds to the maximum data storage rate rea
hable withthe existing devi
e te
hnology. An ex
ellent time resolution is also needed
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tor at LHCto distinguish events belonging to di�erent bun
h 
rossings, whi
h are sep-arated only by 25 ns.Regarding the 
hallenge given by the parti
le density, a typi
al minimumbias 
ollision at LHC will produ
e on average 5:5 
harged parti
les withmean transverse momentum around 0:5 GeV=
 and 8 primary photons perunit of pseudorapidity. An interesting event, whi
h typi
ally 
ontains highpT leptons, high ET hadron jets, b-jets, large missing transverse momentum,will always be superimposed on this pile-up. Dete
tors must hen
e have �negranularity in order to separate parti
les very 
lose in spa
e by means ofsophisti
ated re
onstru
tion algorithms.Moreover, to extra
t as mu
h information as possible from an interesting sig-nal, multi-purpose dete
tors should also ful�ll the following requirements:� full hermeti
ity to allow for an a

urate measure of the missing trans-verse energy and momentum (
oming from almost non-intera
ting par-ti
les, like neutrinos or supersymmetri
 neutralinos);� 
apability to re
onstru
t leptons in a wide range of transverse momentaand rapidity (to re
onstru
t gauge bosons, tag b-jets et
.);� 
apability to re
onstru
t 
harged tra
ks with a good pre
ision on theirtransverse momentum and impa
t point position (to eÆ
iently re
on-stru
t and tag B parti
les and �);� 
apability to re
onstru
t hadron jets from QCD pro
ess and heavyparti
les de
ays.A very high parti
le 
ux traversing ea
h 
omponent of the dete
tor alsoimpose restri
tive requirements on the material that 
an be used for thedete
tor 
onstru
tion: the best results will be obtained with the optimal
ompromise between dete
tor performan
e and parti
le radiation resistan
e.
2.2 The Compa
t Muon SolenoidIn order to satisfy the previous basi
 requirements, CMS has opted for a
ompa
t dete
tor in a solenoidal magneti
 �eld 
oaxial with the beam-line.The philosophy adopted for the dete
tor design has been:i) a redundant eÆ
ient muon dete
tion system;
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Figure 2.2: Three dimensional representation of the CMS dete
tor.ii) the best 
alorimetry 
ompatible with i);iii) a high quality 
entral tra
king to a
hieve both i) and ii);iv) a hadron 
alorimetry with a 4� solid angle 
overage;v) a �nan
ially a�ordable dete
tor.The apparatus exhibits a 
ylindri
al symmetry around the beam dire
tionand dete
tors are installed following an onion-like stru
ture of 
onse
utivelayers in the 
entral region (barrel) and several disks in the forward region(end
aps). A s
hemati
 view of the CMS dete
tor is given in �gure 2.2 anda longitudinal view of one quarter of the dete
tor in �gure 2.3. The fulllength is 21:6 m, the diameter is 15 m, for a total weight of � 12500 t andan average density of � 3:3 g 
m�3.Tra
king and 
alorimetry sub-dete
tors are pla
ed inside the super
ondu
t-ing solenoid while the muon system is integrated in the return yoke of themagneti
 �eld.In the following dis
ussion, the di�erent dete
tor 
omponents will be de-s
ribed in detail, with parti
ular emphasis for the ele
tromagneti
 
alorime-
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t Muon Solenoid 45ter whi
h will be the fo
us of the following 
hapters of this thesis.2.2.1 MagnetThe 
hoi
e of a 
ompa
t design for the CMS dete
tor imposes a strongsolenoidal magneti
 �eld in order to a
hieve the needed resolution on themuon momentum measure.The magnet system (CMS Collaboration, 1997d) provides a uniform mag-neti
 �eld of 4 T using a 13 m long super
ondu
ting 
oil with a diameter of5:9 m. The magneti
 
ux is returned via a 1:8 m thi
k saturated iron yoke.The solenoid is 
omposed by the winding (divided in four parts) with itsstru
tural support, the thermal radiation shields and the va
uum tank.The 
ondu
tor 
onsists of three 
on
entri
 parts: the 
entral 
at super
on-du
ting 
able (Rutherford type, NbTi) with high purity aluminum stabilizerand two external aluminum-alloy reinfor
ing slabs.The 
ooling system was 
hosen to be extremely reliable to prote
t againstsudden power failure, sin
e a 
omplete re-
ooling from a non-super
ondu
tingstate needs twelve days.Being the largest element of the CMS dete
tor, the magnet is also provid-ing the prin
ipal support stru
ture for all the barrel dete
tor 
omponents(tra
king and 
alorimetry inside the 
oil, muons stations outside).The magnet system in
ludes the 
ryogeni
 system, power supply, quen
hprote
tion va
uum pumping and 
ontrol system.2.2.2 Tra
kerThe tra
ker is the CMS sub-dete
tor 
losest to the intera
tion point and isdevoted to the re
onstru
tion of 
harged tra
ks and verti
es ((CMS Collab-oration, 1998), (CMS Collaboration, 2000a)).The design goal of the 
entral tra
king system is the re
onstru
tion of iso-lated pT leptons with an eÆ
ien
y better than 95% and of high pT tra
kswithin jets with an eÆ
ien
y better than 90% over the pseudorapidity rangej�j < 2:5. A momentum resolution of �pT =pT � 0:1pT (pT in TeV=
) isneeded to allow the measurement of the lepton 
harge up to transverse mo-menta of 2 TeV=
.Moreover, the a

urate vertex identi�
ation and measurement will be 
ru-
ial for many physi
al purposes, from the Higgs dis
overy to physi
s of the
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(a)

(b)Figure 2.4: S
hemati
 longitudinal (a) and transverse (b) view of aquarter of the tra
ker layout. Red lines represent single modules, bluelines double modules.
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Figure 2.5: Three dimensional view of the sili
on pixel dete
tor of theCMS tra
ker.b quark and of new massive (supersymmetri
?) parti
les.A high granularity is needed to redu
e the dete
tor o

upan
y and so todistinguish tra
ks and provide a good pre
ision in the extrapolation of theprimary vertex in the 
onditions of LHC. The tra
ker is entirely based onsemi
ondu
tor devi
es and is 
omposed of three parts (�gure 2.4).The innermost part is made of three layers of sili
on pixel dete
tors (�g.2.5), 
overing a pseudorapidity range up to j�j = 2:4. It is surrounded by anintermediate and outer part made of sili
on mi
rostrips of di�erent designand thi
kness whi
h provide an eÆ
ient pattern re
ognition together witha pre
ise momentum measurement and a good mat
hing with the outer de-te
tors.One of the major 
onstraints on the design of a tra
king system is to redu
eas mu
h as possible the amount of material distribution in front of thesubsequent 
alorimeters. For the CMS tra
king the material budget is shownin �gure 2.6 and 
onstitutes the main sour
e of error in a

urate 
alorimetri
measurements of photons (whi
h 
onvert into ele
tron-positron 
ouples) and
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trons (whi
h emit a large fra
tion of their energy by bremsstrahlung).Su
h errors are for example dire
tly a�e
ting the dete
tor resolution in thesear
h for the Higgs in the golden 
hannel H ! 

 and are a�e
ting also allthe 
hannels with ele
trons in the �nal state, in parti
ularH ! ZZ(�) ! 4e.Detailed studies on ele
trons to evaluate all these e�e
ts are presented inthe following 
hapters.The general tra
king performan
e is here summarized (�gure 2.7):� the pT resolution is better than �pT=pT � (15pT�0:5)% (pT in TeV=
)in the pseudorapidity range j�j < 0:7, slightly worse in the forwardregion (�gure 2.7(a));� the eÆ
ien
y for single muons re
onstru
tion is greater than 98% overthe whole � 
overage (�gure 2.7(b)) and for single ele
trons re
onstru
-tion around 95% in the 
entral region;� the eÆ
ien
y for the re
onstru
tion of hadrons inside jets is around80% for pT > 1 GeV=
 and around 95% for pT > 10 GeV=
;� the resolution in the transverse impa
t parameter for the re
onstru
tedtra
ks is about 20 �m for 10 GeV=
 parti
les.Furthermore, the possibility to read a single region of the tra
ker allowsboth to lower the time needed to perform the re
onstru
tion and the use ofthe tra
ker dete
tor in a very early stage of the trigger system.2.2.3 Ele
tromagneti
 CalorimetryThe CMS Ele
tromagneti
 Calorimeter (ECAL) (CMS Collaboration, 1997a)is the fundamental subdete
tor of CMS to sear
h for the Higgs boson in the
hannel H ! 

, whi
h is 
onsidered the golden 
hannel for low Higgsmasses. Moreover, the dete
tion of �nal states 
ontaining ele
trons andphotons plays a fundamental role in the investigation of the s
enario be-yond the Standard Model. In the absen
e of the Higgs boson parti
le, su
ha dete
tion will allow the inferen
e of symmetry breaking hypothesis fromthe a

urate study of WW , WZ and ZZ �nal states, whi
h should revealnew physi
s at energies around the TeV=
2 s
ale.Thus the physi
s ben
hmark against whi
h the ele
tromagneti
 
alorime-ter performan
e is measured is the di-photon mass resolution, whi
h is de-
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tor at LHCpendent on both energy and angular resolution:�MM = 12  �E1E1 � �E2E2 � �#tan #2 ! ; (2.2)where E1;2 are the energies (measured in GeV) of the two photons, # is thephoton angular separation and � denotes a quadrati
 sum.The energy resolution �E=E is usually parametrized as�EE = apE � bE � 
; (2.3)where a, b, 
 are respe
tively the sto
hasti
, noise and 
onstant term andwill be dis
ussed in details later in this se
tion.In order to maximize the performan
e, high granularity and good energymeasurement need to be a
hieved at the same time. CMS has opted foran homogeneous 
alorimeter of PbWO4 s
intillating 
rystals slightly o�-pointing with respe
t to the nominal intera
tion vertex. This 
hoi
e o�ersthe best performan
e for energy resolution, sin
e most of the energy is de-posited within the homogeneous 
rystal volume. The PbWO4 material hashigh density (X0 = 0:89 
m) and small Moli�ere radius (%M = 2:2 
m), thusallowing a �ne granularity for the 
alorimeter, with the additional advantageof redu
ing the pileup by minimizing the spread area of the energy. Further-more, PbWO4 has a short s
intillation de
ay time 
onstant (80% of the lightis emitted within 20 ns), resists well to the hard radiation environment ofLHC and is relatively easy to produ
e from readily available raw material.The main drawba
k of a low light yield with respe
t to other s
intillatormaterials is well over
ome by appropriate readout devi
es, as des
ribed inthe following se
tion.PbWO4 
rystalsSome of the properties of this s
intillating material have already been men-tioned. A summary of the main 
hara
teristi
s of the PbWO4 
omparedto other 
rystals typi
ally used for ele
tromagneti
 
alorimetry is shown intable 2.2.The optimization of the s
intillation light spe
trum has led to a Gaussian-shaped distribution with 140 nm of FWHM peaking at about 420 nm witha range from 360 nm to 570 nm at 10% of the maximum.
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PBWO4 NaI(Tl) BGODensity [g 
m�3℄ 8.28 3.67 7.13Radiation length [
m℄ 0.89 2.59 1.12Moli�ere radius [
m℄ 2.2 4.5 2.4Emission peak [nm℄ 440 410 4801=LY � dLY=dT � T = 20 ÆC [%/ÆC℄ -2 � 0 -1.6LY relative to NaI(Tl) 1:3 � 10�2 1 0.15S
intillation light de
ay time [ns℄ 5-15 250 300Table 2.2: Main properties of the PBWO4 
ompared to other 
rystaltypi
ally used for ele
tromagneti
 
alorimetry.
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tor at LHCThe s
intillation de
ay time is � 10 ns. The unusual fast s
intillation timewith respe
t to the 
rystals of the tungstate family 
an be explained to alarge extent by the high-temperature 
harge transfer pro
ess and thermalde
omposition of ex
ited state. This thermal quen
hing of the s
intilla-tion pro
ess leads to a rather strong temperature dependen
e of the lightemission, with typi
al variations of �2%=ÆC at room temperature. Thetemperature dependen
e of the light yield is shown in �gure 2.8. It is thenfundamental the dete
tor 
ooling system, whi
h must stabilize the 
rystalstemperature to 0:05 ÆC.Lead tungstate is intrinsi
ally radiation hard. Non ideal 
rystals nev-ertheless su�er from radiation damage. It has been established during theR&D phase that the damage 
an be attributed solely to ele
tromagneti
intera
tion, sin
e no spe
i�
 neutron damage has been observed. The 
rys-tal irradiation does not a�e
t the s
intillation me
hanism (at least in thedose rate estimated for LHC). Only the lead tungstate transparen
y is al-tered within a few per
ent by 
rystal irradiation, through the formation of
olour 
enters related to defe
ts in the 
rystals introdu
ed by mismat
hedstoi
hiometry and 
reation of oxygen va
an
ies. The loss in the transmissioneÆ
ien
y 
an thus be monitored by a light inje
tion system in the 
alorime-ter, as brie
y des
ribed later.The irradiation does not 
hange the uniformity of the light 
olle
tion alongthe 
rystal, provided an initial light attenuation length long enough and asmall damage. The loss in the light yield, stabilizes at a level dependingon the radiation dose rate, as expe
ted from the 
olour 
enter model. Thedamage re
overy in the LHC environment is not expe
ted to be less than afew hours.
Me
hani
al DesignThe CMS ele
tromagneti
 
alorimeter 
onsists of a barrel part and of twoend
aps (�g. 2.9). The main design 
onsiderations are strongly related tothe requirements imposed by physi
s of a

urate measurements on ele
tron,photons and missing energy. The engineering design should in parti
ularminimize the material in front of the 
alorimeter, optimize the interfa
e withthe tra
king system, ensure the best possible hermeti
ity by minimizing thegaps between 
rystals and the barrel/end
aps transition region, minimizethe spa
e and the material in front of the Hadron Calorimeter to ensure the
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Figure 2.9: Three dimensional representation of the CMS ele
tromag-neti
 
alorimeter. The barrel part and the two end
aps are visible.

Figure 2.10: Left : 
rystal tilt in �. Right : 
rystal tilt in �.best possible measurements for jets and missing transverse energy, stabilizethe 
rystal temperature within a tenth of a degree.
The barrel region 
overs a pseudorapidity range up to j�j < 1:479 (�g.2.11). One half-barrel is 
omposed of 18 supermodules subtending ea
h 20Æin �. Ea
h supermodule 
ontains four modules along the beam axis, group-ing the 500 
rystals from the �rst module and the 400 
rystals from ea
hof the remaining three for a total of 85 
rystals in � times 20 
rystals in�. The trun
ated pyramid-shaped 
rystals have a front fa
e 
overing an
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ECAL (EE)Figure 2.11: Pseudorapidity 
overage of a quarter of the CMS ele
-tromagneti
 
alorimeter.area of about 2:2 � 2:2 
m2 and a length of 23 
m, 
orresponding to � 26radiation length. The barrel granularity is of �� ��� = 0:0175 � 0:0175.Seventeen types of 
rystals are mounted in a geometry whi
h is o�-pointingwith respe
t to the nominal position of the intera
tion point, with a 3Æ tiltin both � and � (�g. 2.10).All supermodules are equipped with a 
ooling system providing a stabilityof the 
rystal array and readout devi
es within a tight spread of 0:05 ÆC.The end
aps of the 
alorimeter provides a

urate energy measurementin the pseudorapidity range from j�j > 1:48 to j�j < 2:6 (�g. 2.11). In or-der to in
rease the information for energy-
ow measurements, 
rystals willbe installed up to j�j < 3. The end
aps realize an o�-pointing pseudo-proje
tive geometry grouping 
rystals of the same shape and dimension(2:6 � 2:6 � 22 
m3) in 5 � 5 arrays 
alled super
rystals. The shorter sizeof the 
rystals is due to the presen
e of a 3X0 thi
k preshower dete
tor infront of the 
alorimeter.Readout SystemDue the relatively low light yield of lead tungstate, the readout devi
es usedto extra
t the 
rystal signal be
ome very important. They in parti
ular needto provide a �rst ampli�
ation stage for the signal before the inje
tion inthe ele
troni
 readout 
hain. The requirement of radiation hardness and thepresen
e of a strong magneti
 �eld lead to the 
hoi
e of Avalan
he Photo-
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Figure 2.12: Left : prin
iple of operation of an Avalan
he PhotoDiode.Right : pair of APD dete
tor to be installed on a 
rystal rear fa
e.Diodes (APDs) for the barrel region and of Va
uum PhotoTriodes (VPTs)in the end
aps.Avalan
he PhotoDiodes (APDs)The use of avalan
he photodiodes for the 
rystal readout presents severaladvantages: they are fast dete
tors (� 2 ns of rise time), they have a verygood quantum eÆ
ien
y of 70-80% around � = 420 nm and they are highlyinsensitive to magneti
 �elds. Furthermore, they present good 
ompa
tness(overall thi
kness of 2 mm) and 
an be manufa
tured in large quantities witha small spread in the performan
e parameters. Sin
e their area of 25 mm2is small 
ompared to the 
rystal rear fa
e, two of them are used to dete
tthe s
intillation light from ea
h 
rystal.Optimized for the dete
tion of the lead tungstate light spe
trum, their basi
stru
ture is shown in �gure 2.12: the light enters via the p+ layer and isabsorbed in the p layer behind, where ele
tron-hole pairs are generated. Adrift in the p-n transition region is followed by an ampli�
ation stage in then volume (gain tunable between 50 and more than 103) and by an intrinsi
drift region before the 
harge is 
olle
ted by the 
athode. In the APDs withthis reverse stru
ture, the response to ionizing radiation is to the �rst orderproportional to the thi
kness of the p+ layer, whi
h is only 4-5 �m: thisresults in a response typi
ally between 2-4% 
ompared to a standard PINphotodiode.Radiation damage to whi
h APDs are exposed o

urs through two me
h-anisms: surfa
e damage, that 
auses defe
ts in the front layers, and bulkdamage, due to the displa
ement of atoms from their latti
e sites. Whilethe �rst has the e�e
ts of in
reasing the surfa
e 
urrent and redu
es the
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Figure 2.13: Left : prin
iple of operation of a Va
uum PhotoTriode.Right : pi
ture of a VPT dete
tor.quantum eÆ
ien
y, the latter 
an 
hange the bulk 
urrent and 
onsequentlythe gain. Results on dedi
ated tests have shown no e�e
ts of gain 
hangewhile an in
rease in the dark 
urrent of a fa
tor 2 is expe
ted after 10 yearsof running of LHC.For operating the APD with the CMS front-end ele
troni
s, the optimumgain sits in a broad minimum between 50 and 100 and is has been de
ided tooperate at gain 50. As for all APDs, the gain is temperature dependent: forthe CMS APD the variation is �2:2%=ÆC, whi
h is of the same magnitudeand of the same sign as the variation of the light transmission of the 
rystal:the temperature stability of the dete
tor will be 
ru
ial.Va
uum PhotoTriodes (VPTs)Although the APDs used in the barrel have a very good performan
e,they are insuÆ
iently radiation-hard to be used over the whole rapidityrange of the 
alorimeter: in the end
ap regions va
uum phototriodes will beemployed.A s
hema of the VPT as well as a pi
ture of a prototype is given in �gure2.13. Photoele
trons are produ
ed by the lead tungstate s
intillation lightimpinging on a planar semitransparent photo
athode made of radiation-hardglass. They are then a

elerated by an ultra �ne mesh (100 wires=mm) andimpa
t on a dynode, produ
ing se
ondary ele
trons with an emission fa
torup to 20. The se
ondary ele
trons are attra
ted ba
k to the anode meshwhere a substantial fra
tion is 
aptured, leading a total e�e
tive gain forthe VPT greater than 8 in a magneti
 �eld of 4 T.
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Figure 2.14: S
hemati
 representation of the ele
troni
 readout for agroup of 5� 5 
rystals of the CMS ele
tromagneti
 
alorimeter.The lower quantum eÆ
ien
y with respe
t to the APD is 
ompensated inthe CMS ECAL design by a larger a
tive area (� 280 mm2), so that thetotal dete
tor response is almost the same for barrel and end
ap regions.The radiation hardness for the VPT's is su
h that the loss in the windowtransmission is kept below 4% after ten years of LHC running, provided thatUV glass is used for the window.The temperature dependen
e on the photo
athode response is expe
ted tobe well below 1%= ÆC.Readout Ele
troni
sThe ele
troni
s readout of the CMS Ele
tromagneti
 Calorimeter need tobe very fast, in order to mat
h the bun
h 
rossing time of 25 ns, and toprovide very pre
ise energy measurements over a wide dynami
 range, from30 MeV=
2 up to 1:5 TeV=
2. Considering the additional requirement of ra-diation hardness and large amount of 
hannels, this led to a 
ustom-designed
hoi
e of the ele
troni
 
ir
uits.As it is s
hemati
ally represented in �gure 2.14, the readout ele
troni
s onthe dete
tor is 
omposed of group of eight Printed Cir
uit Boards (PCB)reading an array of 5�5 
rystals. This 
orresponds to reading a trigger towerin the barrel region and a super
rystal in the end
ap regions. Ea
h groupis 
omposed of �ve Very Front-End ele
troni
s 
ards (VFE) and one Front-End ele
troni
s 
ard (FE). One Low Voltage Regulator 
ard (LVR) is alsoused to distribute regulated voltage to the VFE 
ards and a mother-board
ard �lters and distributes high voltage to the photodete
tors.
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Figure 2.15: S
hema of the ECAL readout 
hain.As shown in �gure 2.15, the signals from the two APD's are pre-ampli�edand shaped by a trans-impedan
e ampli�er with internal shaping, followedby a three-range ampli�
ation stage where a Multi-Gain Pre-Ampli�er (MGPA)provides three analogue output signals at three di�erent gains (1, 6, 12).These three signals are digitized in parallel by a four-
hannel, 12-bit, 40 MHzADC with an integrated digital gain swit
hing logi
. Both the MGPA andthe four-
hannel ADC 
hips are realized using a radiation-hard 0:25 �mCMOS te
hnology.The VFE board has �ve su
h readout 
hannels and feeds the digitized out-puts to a FE board, whi
h stores and pro
ess the data during the Level-1trigger laten
y of � 3 �s. The trigger data are transmitted to the o�-dete
tor ele
troni
s through a serial digital data opti
al link operating at800 Mbyte=s. On re
eipt of a L1-trigger, the data stored on the FE 
ard
orresponding to the triggered event are transmitted through a se
ond opti-
al link to the o�-dete
tor ele
troni
s, for further trigger analysis (High-LevelTrigger).Energy ResolutionAs already mentioned in the introdu
tory se
tion, the energy resolution ofan homogeneous ele
tromagneti
 
alorimeter 
an be parametrized as:�EE = apE � bE � 
; (2.4)where a, b, 
 are respe
tively the sto
hasti
, noise and 
onstant term. Inthis se
tion the di�erent 
ontributions to ea
h term will be analyzed in detail.
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hasti
 termThe sto
hasti
 term a is a dire
t 
onsequen
e of the statisti
s asso
iatedwith the ele
tromagneti
 shower development in the 
alorimeter and thesu

essive s
intillation light re
olle
tion.This term represents the intrinsi
 resolution of an ideal 
alorimeter, thatis a 
alorimeter with in�nite size and no response deterioration due to in-strumental e�e
ts. The original energy E0 of a parti
le impinging on the
alorimeter is dire
tly proportional to the total tra
k length T0, de�ned asthe sum of all ionization tra
ks due to all 
harged parti
les in the ele
tromag-neti
 
as
ade. Sin
e T0 is proportional to the number of tra
k segments inthe shower and the shower development is a sto
hasti
 pro
ess, the intrinsi
resolution from purely statisti
al arguments is given by�(E)E / pT0T0 / 1pE0 : (2.5)For a realisti
 
alorimeter, this term also absorbs the e�e
ts related to theshower 
ontainment and to statisti
al 
u
tuations in the s
intillation lightre
olle
tion due to geometry e�e
ts, quantum eÆ
ien
y of the photodete
-tors and ele
tron multipli
ation pro
esses inside the photodete
tor.For the CMS ECAL 
alorimeter, 
u
tuations on the lateral 
ontainment ofthe shower give a 
ontribution of 1:5% if the energy deposited in a 
luster of5� 5 
rystals is 
onsidered. All the 
ontribution due to the photostatisti
sare kept below 2:3% if more than 4000 photoele
trons per GeV are pro-du
ed by the photodete
tors. In the end
ap regions, where a preshower isinstalled in front of the 
alorimeter, an additional 
ontribution of about 5%related to the 
u
tuations on the energy deposited in the absorber needs tobe 
onsidered: this is the dominant 
ontribution to the sto
hasti
 term forthe energy resolution in the end
aps.Noise termThe noise term is strongly related to the dete
tor te
hnique and to thefeatures of the readout 
ir
uit (dete
tor 
apa
itan
e, 
ables, devi
es et
.).In the CMS ele
tromagneti
 
alorimeter, photodete
tors 
ontribute via theirintrinsi
 
apa
itan
e and via leakage 
urrents. In the latter 
ase, the 
on-tribution is proportional to the radiation absorbed and, in the barrel, isexpe
ted to be 8 MeV per 
hannel after one year of operation at low lumi-nosity and 30 MeV at the end of the �rst year of operation at high luminosity.The noise introdu
ed by the pre-ampli�er stage of the ele
troni
 readout is
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ted to be around 30-40 MeV in the barrel and 150 MeV in the end
aps.The noise introdu
ed in the digitization step is negligible with respe
t to theother 
ontributions.A �nal 
ontribution to the noise term 
omes from pileup events: in a 
lusterof 5� 5 
rystals and during the low luminosity phase of LHC, the 
ontribu-tion is expe
ted to be of � 30 MeV in the barrel region and of � 175 MeVin the end
aps, thus 
ompatible with total ele
troni
 noise.Constant termThe 
onstant term 
 is parti
ularly important, being the asymptoti
value of the energy resolution at high energies.All the systemati
s defe
ts 
onne
ted to the dete
tor 
onstru
tion and as-sembly enters in this term as well as all the instability of temperature, volt-age et
. during its operation. Here is a summary of the main 
ontributions.� Non-uniformity of the longitudinal light 
olle
tion: be
ause of thetrun
ated pyramid-shape of the 
rystal and the high refra
tive index(n = 2:16), a strong fo
using e�e
ts on the s
intillation light 
ausenon-uniformity in the light-yield. In order to avoid this e�e
t, one ofthe lateral fa
es of the 
rystals is depolished during the produ
tionpro
ess. An appropriate depolishing pro
edure allows to keep this
ontribution below 0:3%.� Longitudinal shower 
ontainment and un
orre
ted or imperfe
tly 
or-re
ted geometri
al e�e
ts: test beam studies and an a

urate simu-lation have shown that the 
onstant term 
ontribution due to thesee�e
ts is lower than 0:2%.� Crystal-to-
rystal inter
alibration errors. Sin
e a typi
al ele
tromag-neti
 shower is not entirely 
ontained inside a single 
rystal, the rela-tive 
rystal 
alibration 
an introdu
e systemati
 errors on the energymeasurement.� Temperature stability. As we have seen, both the emission of s
intilla-tion light and the APD gain are temperature dependent. To keep the
ontribution to the 
onstant term below 0:1%, a temperature stabil-ity within 0:05 ÆC need to be a
hieved over the full dete
tor volume.Temperature measurements during test beams have shown that thislimit 
an be rea
hed.
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t Muon Solenoid 61Contribution Barrel (� = 0) End
ap (� = 2)Sto
hasti
 term 2:7%=pE 5:7%=pEShower 
ontainment 1:5%=pE 1:5%=pEPhotostatisti
s 2:3%=pE 2:3%=pEPreshower sampling - 5%=pEEle
troni
 noise low (high) L 155(210) MeV 770(915) MeVPreampli�er low (high) L 150(150) MeV 750(750) MeVLeakage 
urrent low (high) L 30(110) MeV �Pileup low (high) L 30(95) MeV 175(525) MeVConstant term 0:55% 0:55%Shower 
ontainment < 0:2% < 0:2%Longitudinal non-uniformity 0:3% 0:3%Calibration 0:4% 0:4%Table 2.3: Contribution to the energy resolution in barrel and end
apfor an array of 5� 5 
rystals. The values reported are the design goalfor the 
alorimeter.� High voltage stability. The APD gain strongly depends on the biasvoltage: in order to keep the 
onstant term 
ontribution below 0:1%the stability on the high voltage has to be better than 30 mV. Testbeam studies have shown that the high voltage system ful�ll the re-quirements.In table 2.3 the di�erent 
ontributions are reported, assuming the energymeasured in a 5�5 
rystals array during a the low luminosity phase of LHC.CalibrationIn order to rea
h a 
onstant term 
ontribution of 0:5% in the energy resolu-tion, a major e�ort has to be made to a
hieve the best possible 
alibration ofthe 
alorimeter. In the following we will make the distin
tion between inter-
alibration and absolute 
alibration of the 
rystals, whi
h involve di�erentproblemati
s and strategies.The inter
alibration pro
edure relies on several steps, having the goal toa
hieve a �nal pre
ision of 0:5%. A summary of the di�erent inter
alibrationstrategies before the installation of the 
alorimeter in CMS is given in thefollowing.
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tor at LHC� Laboratory measurements of the 
rystal light yield: they allow the apre
ision of 4:5% on the whole 
alorimeter;� Ele
tron beam inter
alibration: performed at CERN on the H4 beamline it will allow pre
ision below 0:5% on a restri
ted number of su-permodules (due to time 
onstraints). The 
alibration 
onstant de-termined with this method are expe
ted to be valid in the �nal CMSsetup within 2%.� Cosmi
 rays inter
alibration: it will be performed on all supermodulesand will rea
h a pre
ision of about 3%.The �nal pre
ision below 0:5% will be rea
hed in situ using physi
sevents. In parti
ular, the most important strategies already studied are thefollowing.� Inter
alibration of ring of 
rystals in �. It assumes that the 
rystala
tivity will have an azimuthal symmetry and will be possible veryqui
kly after the start-up.� Inter
alibration using Z ! e+e� events. The relatively high rate of Zprodu
tion and the 
lear signature of the de
ay in an ele
tron-positron
ouple will assure suÆ
ient data for a nearly 
ontinuous inter
alibra-tion whi
h will not depend on any other CMS sub-dete
tor. The strong
orrelation between the two ele
trons will allow to inter
alibrate smallregions in �-� as well as � rings of 
rystals already 
alibrated in theprevious point. A 
ross-
alibration of the end
aps with respe
t to thebarrel events will be possible using events with one ele
tron in thebarrel and the other in the end
aps.� Inter
alibration of regions of 
rystals using the tra
ker momentum.The use of isolated ele
trons from W and Z de
ays to 
alibrate the
alorimeter using the ratio E=p where the tra
ker gives the measureof the momentum has been extensively studied.In addition to these methods, it will be 
ru
ial to �x the absolute energys
ale of the 
alorimeter. This 
an be done using physi
s events in whi
ha parti
le (namely a Z boson) de
ays into an ele
tron-positron 
ouple (butalso the de
ay of �0, �0 et
. into two photons 
an be used). The kinemati
al
onstraint given by the invariant mass of the parti
le will give the absolute
alibration of the 
alorimeter.
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Control SystemFigure 2.16: S
hema of the light sour
e and distribution system forthe CMS ECAL monitoring.It has to be mentioned here that the absolute 
alibration as well as someinter
alibration methods involving the tra
ker rely on the assumption thatthe used ele
trons did not loose energy by bremsstrahlung in the tra
ker ma-terial. However, this is true only for a small fra
tion of the events. Mu
h 
areis needed in order to understand the goodness of an ele
tron measurementand to exploit from the di�erent CMS sub-dete
tor as mu
h informationas possible to identify the topology of an ele
tron event. It will be 
ru
ial,then, to 
lassify the ele
trons in order to take into a

ount all the systemati
e�e
ts related to the propagation in the tra
ker material.This problem will be largely dis
ussed in the 
hapter 4 where a detailedanalysis on the ele
tron re
onstru
tion inside CMS will be presented.MonitoringAlthough the lead tungstate s
intillationme
hanism is not a�e
ted by 
hargedparti
les irradiation, the 
rystal transparen
y is expe
ted to de
rease withthe amount of radiation absorbed in the time unit. It is then fundamentalto 
ontinuously monitor the light transmission of ea
h 
rystal during theLHC operation.A laser-based monitoring system, shown s
hemati
ally in �gure 2.16, is de-signed to inje
t pulses into ea
h individual 
rystal to measure the lighttransmission near the s
intillation spe
trum peak (� � 440 nm) and, as
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Figure 2.17: Longitudinal representation of the CMS Hadron
alorimeter. Dashed lines 
orrespond to a �xed interval of 0:1 in pseu-dorapidity.a 
ross
he
k, at a longer wavelength (� � 800 nm). The intensity of theinje
ted light is monitored by referen
e PN sili
on photodiodes.Under irradiation, the loss in transparen
y for the laser light (R) and forthe s
intillation light (S) are related by a power law (Bonamy, 1998):SS0 = � RR0�� ; (2.6)where R0 and S0 are the signal intensity before the irradiation respe
tivelyfor laser light and s
intillation light. It has been shown by spe
i�
 test beamstudies that the 
oeÆ
ient � for the di�erent 
rystals has the same valuewithin 5%. Sin
e the irradiation damage is small (< 6%) for 
rystals in thebarrel, it is possible to use one single value of � for all the 
rystals in orderto 
orre
t the 
rystal response for the transparen
y loss. This keeps the
ontribution to the 
onstant term in the resolution < 0:3%, thus within thedesign spe
i�
ation.2.2.4 Hadron CalorimetryThe goal of the hadron 
alorimeter is to measure the energy and the di-re
tion of hadroni
 jets as well as the missing transverse momentum (CMSCollaboration, 1997b). The dete
tor must therefore fully 
ontain the hadron
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t Muon Solenoid 65shower, have a good transverse granularity and be 
ompletely hermeti
.Together with the ele
tromagneti
 
alorimeter, the hadroni
 
alorimeter alsoprovides help in the identi�
ations of ele
trons and, being able to dete
t thepassage of a single muon, also assists the muon identi�
ation.The CMS Hadron Calorimeter is a sampling 
alorimeter with 3:7 mm thi
ka
tive layers of plasti
 s
intillators alternated with 5 
m thi
k brass plateabsorbers. It 
onsists of two systems (�gure 2.17): a 
entral 
alorimeter(for j�j < 3), divided into a barrel and two end
aps, and a very forward
alorimeter, pla
ed outside the magnet to extend the pseudorapidity 
over-age to j�j < 5. The overall thi
kness varies from 8:9 intera
tion length inthe barrel region up to 10 in the end
aps. A tail 
at
her 
omposed of s
in-tillators tiles is pla
ed in the barrel region outside the magnet to improvethe shower 
ontainment.A lateral granularity of ����� = 0:087�0:087 for j�j < 2 has been 
hosenin order to mat
h that of the ele
tromagneti
 
alorimeter and of the muon
hambers, guaranteeing a good di-jet separation and mass resolution.A

ording to test beam data, the expe
ted energy resolution for single pionsintera
ting in the 
alorimeter is�EE = 94%pE � 4:5%; (2.7)and for pions intera
ting in ECAL and HCAL is�EE = 83%pE � 4:5%: (2.8)where the energy is measured in GeV. A sizeable degradation of the reso-lution is expe
ted at j�j = 1:4, where the presen
e of servi
es and 
ablesmakes higher the ina
tive material.The performan
e of the very forward 
alorimeter is expe
ted to be�EEhadr = 172%pEhadr � 9% �EEem = 100%pEem � 5%; (2.9)for hadrons and ele
trons respe
tively (the energy is measured in GeV).After the energy 
alibration, the energy resolution for jets 
an be parametrizedas �EET = 1:18(1:56)pET + 0:07(0:05); (2.10)where the numbers refer to the high (low) luminosity phase.The angular resolution on the jet dire
tion is expe
ted to be less than 0:04for jets with transverse energy greater than 50 GeV.
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Figure 2.18: Longitudinal representation of a quarter of the CMSmuon system. Drift tubes, resistive plate 
hambers and 
athode strip
hambers are visible.2.2.5 Muons SystemThe muon system at LHC plays a fundamental role, sin
e most of the physi
sof the Higgs boson, ele
troweak and top physi
s, B-physi
s as well as mostof the extensions of the Standard Model present muons in their �nal statetopology.The muon system is devoted to mainly three tasks: muon identi�
ation,trigger and momentum measurement (CMS Collaboration, 1997
).Divided into barrel and end
aps dete
tors 
overing the pseudorapidity rangej�j < 2:4 (�g. 2.18), is lo
ated outside the solenoidal magnet integrated withthe return yoke of the magnet. Four a
tive dete
tors layers using di�erentte
hnologies are interleaved with the iron plates of the yoke, whi
h have atotal thi
kness before the last muon station of about 16 intera
tion lengths.Ea
h dete
tion unit of the barrel region (j�j < 1:3), where the parti
lerate is expe
ted to be < 10 Hz 
m�2, 
onsists in 12 layers of drift tubes (DT)providing a pre
ise tra
k measurement in the bending plane. Their maxi-mum drift time is about 400 ns, with a time resolution of 5 ns. The overallspatial resolution in the R-� plane is expe
ted to be of 100 �m (250 �m onthe single layer) and of 150 �m in the beam axis dire
tion.
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Figure 2.19: Data 
ow in the CMS trigger and data a
quisition sys-tem. The time axis goes from upside down.For the end
aps (0:9 < j�j < 2:4), 
athode strip 
hambers (CSC) havebeen adopted, be
ause they 
an sustain higher parti
le 
uxes (� 100 kHz 
m�2)and stronger and non uniform magneti
 �eld (variations from 1 T to 3 T areexpe
ted). With the ex
eption of the �rst layer, whi
h has three dete
torsrings, the other layers are made out of an inner disk of 18 dete
tors and anouter disk of 36 dete
tors, 
overing 20Æ and 10Æ in � respe
tively.In addition, single gap Resistive Plate Chambers (RPC) are used both inthe barrel and end
ap regions to 
omplement the pre
ision tra
king o�eredby DT's and CSC's with fast dete
tors with an ex
ellent time resolution(� 1 ns). They are used both for triggering purposes and for an unambigu-ous identi�
ation of the bun
h 
rossing.The muon tra
k re
onstru
tion eÆ
ien
y provided by the stand-alonemuon system is higher than 90% for 10 GeV=
 muons in the entire pseudo-rapidity range.The performan
e for momentum measurements strongly depends on thepseudorapidity, sin
e for j�j > 1:5 the tra
ks exit the solenoid and are hen
eless bent. For 10 GeV=
 muons the resolution varies from 7% in the bar-rel to 24% at j�j = 2:4. For very high tranverse momenta (� 1 TeV=
)this range shifts to 20%-40%. Combining the muon system measurementwith the tra
ker information, the global momentum resolution improves to1%-1:5% for 10 GeV=
 muons and to 6%-17% for 1 TeV=
 tra
ks.
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tor at LHCTrigger Threshold [GeV℄ Rate [Hz℄ Cumul. Rate [Hz℄1e, 2e 26, 14.5 34 341
, 2
 80, 40� 25 9 431�, 2� 19, 7 29 721� , 2� 86, 59 4 76jet � EmissT 180 � 123 5 811-, 3-, 4-jets 657, 247, 113 9 90`� jet 19� 52 1 90in
l. b-jet 237 5 95Calibration/other - 10 105Table 2.4: Example of a HLT trigger table assuming low luminosityrunning 
onditions for LHC. The total output rate is � 100 Hz.2.2.6 The Trigger and Data A
quisition SystemAt the LHC nominal luminosity of 1034 
m�2 s�1, an average number of � 20intera
tions per bun
h 
rossing is expe
ted every 25 ns, leading to a totalevent rate of 109 Hz. The full data streaming of the CMS dete
tor (O(108)
hannels) is estimated to be 1 Mbyte per zero-suppressed event, resultingin 100 Tbyte of data per se
ond. The 
hallenge of the CMS trigger system((CMS Collaboration, 2000b), (CMS Collaboration, 2002)) is to preservethe most interesting physi
s signals while redu
ing the event rate down to� 100 Hz equivalent to � 100 Mbyte=s, or the maximum a

eptable limit ofthe Data A
quisition System (DAQ). This redu
tion of 7 order of magnitudeis a
hieved in two steps (�gure 2.19).A First Level trigger (or Level-1 trigger, L1) is a

omplished with a
ustom-designed ele
troni
 system whi
h redu
es the event rate to 100 kHzby means of a pipelined system with laten
y time of 3:2 �s. It is 
omposedof a Calorimeter Trigger, 
olle
ting information from ECAL and HCAL, anda Muon Trigger, 
olle
ting information from the Muon System, 
ombinedin a Global Trigger. The Level-1 trigger tables are fo
used on the dete
tionof high energy leptons as well as high transverse energy jets and of largemissing energy in the event.The L1-a

epted events are transferred to a 
omputer farm based on 
om-mer
ial pro
essors and performing as High-Level-Trigger (HLT). The HLT
omplete several steps of �ltering in a fully software way, by running fast
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t Muon Solenoid 69versions of the o�-line re
onstru
tion algorithms whi
h impose progressivelymore severe requirements on the re
onstru
ted obje
ts. The total HLT la-ten
y time of 1 s is a
hieved using a single pro
essor farm with standardCPU's (about 1000). The redu
tion rate of three order of magnitude by theHLT is foreseen.Table 2.4 shows the applied thresholds for the L1 and HLT trigger assuminga low luminosity s
enario for LHC.
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Chapter 3ECAL: Test Beam StudiesDuring the last three years some modules and one 
omplete supermodule ofthe CMS ECAL barrel 
alorimeter have been exposed to a test beam in theNorth Area of the SPS at CERN. The main motivations were in parti
ular:� the validation of both physi
s performan
e and te
hni
al aspe
ts (e.g.
ooling system, high and low voltage system) of the largest \self-
onsistent" unit of the dete
tor, the supermodule;� the test of the inter
alibration pro
edure over a large amount of 
rys-tals;� the test of the dete
tor radiation damage and re
overing when sub-je
ted to LHC-like environmental 
onditions;� the optimization of the energy resolution through the pulse shape re-
onstru
tion and the study of the ele
troni
 noise;� the 
olle
tion of a reliable set of data to �ne-tune the ECAL responsein the CMS full Monte Carlo simulation.In order to investigate all the aspe
ts, the ECAL supermodules have beenexposed to ele
trons and pions of di�erent energies (from O(1 GeV) toO(102 GeV)), 
onstantly monitoring the dete
tor response with a laser mon-itoring system.In the following the emphasis will be put on the major aspe
ts where apersonal 
ontribution has been brought.
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(a)

(b)Figure 3.1: H4 extra
tion line 
on�guration. Photons from neutralpions de
ay in the target are taken at a produ
tion angle of �4:52 mrand 
onverted to ele
trons or positrons in a lead 
onverter pla
ed inbetween the TAX and B1 of the beam line. In (a) the basi
 
on�gurationto obtain ele
trons in H4 is shown while in (b) a variant to obtain high
uxes and ele
trons at high energies (280� 300 GeV) is displayed.
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Figure 3.2: ECAL test beam rotating table.3.1 Experimental SetupThe test beam area is lo
ated along the H4 extra
tion line of the SPS a
-
elerator. A primary proton beam with maximum energy of 450 GeV andintensity of 1012 parti
les per bun
h is used to produ
e se
ondary and ter-tiary beams via intera
tions on �xed targets. Di�erent 
on�gurations ofthe intera
tion region (�gure 3.1) allow to produ
e and sele
t ele
trons with�xed momentum between 20 and � 300 GeV=
, with a momentum bite de-�ned by the 
ollimator slits of 0:02% (0:24%) for ele
trons with momentumof 100 GeV=
 (280 GeV=
).The ECAL supermodules are mounted on a rotating table that 
an be dis-pla
ed along both the � and � dire
tions, to pla
e ea
h of the 
rystals onthe beam line reprodu
ing the �nal CMS geometry with respe
t to the in-tera
tion point (�g. 3.2).Sin
e the 2003 test beam, the beam position is measured by mean of a ho-dos
ope system with a resolution of 150 �m in the x-y 
oordinates of theplain perpendi
ular to the beam axis. This allows the extrapolation of thebeam impa
t point to the 
rystals surfa
e.The trigger to the data a
quisition is provided by six s
intillator platespla
ed along the beam line. Sin
e the trigger is asyn
hronous with respe
tto the 
lo
k distributed to the ele
troni
s readout, the time shift betweenthe trigger and the ele
troni
 
lo
k is also re
orded, using TDC with around1 ns of pre
ision.



74 ECAL: Test Beam StudiesThe supermodules are equipped with the �nal designed 
ooling system,whi
h stabilizes the 
rystals temperature within 0:05 ÆC, and are pla
edin a 18 ÆC termalized environment reprodu
ing the �nal CMS thermal 
on-ditions.In order to 
onstantly monitor the light transmission of the 
rystals, whi
his dependent on the radiation dose rate absorbed by a 
rystal and on its tem-perature, an opti
al monitoring system is used. In its �nal setup it 
onsistsof two laser sour
es operating at four di�erent wavelengths (440, 495, 706,796 nm) and of an opti
al �bre distribution system whi
h inje
ts the lightinto all 
rystals. Flu
tuations in the laser light intensity are monitored bygroups of 200 
rystals with PN diodes, ea
h of them guaranteeing a stabilitywithin 0:15% in the normalization of the laser pulse.Four di�erent typologies of runs are taken by the Data A
quisition (DAQ)system:� ele
tron beam runs: around 40 burst of 2 � 103 events triggered inside20 � 20 mm2 
entered on the 
rystal;� pedestal runs: 500 events randomly triggered for ea
h ADC gain ofthe readout 
hips;� laser runs: 1500 events taken with di�erent laser wavelength;� temperature runs: 200 events from the temperature probes pla
ed onthe rear fa
e of the 
rystals, one ea
h 10 
rystalsIn addition, in order to study the 
rystal behaviour after irradiation, 10 hwith dose rates from 0:2 to 0:4 Gy=h (larger than the upper limit expe
ted inthe barrel at high luminosity) are taken followed by a 
omparable re
overyperiod. Regarding to the test beam, it should be noti
ed that the �nal CMSsetup will be di�erent in the following points:� presen
e of the 4 T magneti
 �eld;� presen
e of the tra
king material in front of the 
alorimeter;� syn
hronous trigger (given by the beam 
rossing) for the ele
troni
readout with respe
t to the signal development.In the �nal CMS setup, therefore, the ele
tron re
onstru
tion will be more
ompli
ated. Firstly non negligible e�e
ts (su
h as bremsstrahlung radia-tion) due to the material in front of the 
alorimeter will take pla
e. Thenthe strong magneti
 �eld will imply additional diÆ
ulties in the 
omplete
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olle
tion of the ele
tron energy. On the other hand, the trigger stabilitywill avoid ele
troni
 e�e
ts related to the jitter of the signal sampling startwith respe
t to the signal shape.3.2 Test Beam ResultsThe results obtained by the test beams and not dis
ussed in the rest of the
hapter 
an be shortly summarized as follows (see for example (CMS ECALCollaboration, 2005)).Cooling SystemThe behaviour of the 
rystals has been studied while the temperature ofthe setup was 
hanging from 18 to 19 ÆC. The relative variation of the re-sponse of the 
rystals (due to variation both in the light yield 
olle
tion andin the gain of the APD) has been measured to be (�3:82�0:08)%=ÆC, wherethe error represents the systemati
 un
ertainty, while the spread among the
hannels has been found to be 0:4%=ÆC.By monitoring the 
rystal response to the laser light it is possible to mea-sure the variation of the APD gain only, sin
e the temperature do not a�e
tthe transparen
y of the 
rystals. The relative variation have been measuredto be (�2:06� 0:04)%=ÆC, where the error represents the systemati
 un
er-tainty, while the spread among the 
hannels has been found to be 0:07%=ÆC.Additional tests have been performed to measure the temperature variationof the setup due to the ele
troni
s power dissipation. It has been possible toput an upper limit of 0:056 ÆC on the in
rease of the temperature expe
tedwhen the ele
troni
s is on.On the basis of this 
onservative upper limit and on the measured e�e
tsof temperature variation on the response it is possible to 
on
lude that the
ontribution to the 
onstant term of the energy resolution of the 
alorimeterdue to thermal 
u
tuations is negligible (below 0:2%) even without temper-ature 
orre
tions.High Voltage Stability and Low Voltage RegulationThe gain M of the APD shows a dependen
e on the bias voltage of1=MdM=dV = 3:2%=V at the nominal APD gain (M = 50). This impliesthat a stability in the power supply system better than 30 mV has to bea
hieved in order to give a 
onstant term to the resolution of the 
alorimetersmaller than 0:1%. The test beam setup was su
h to permanently monitor



76 ECAL: Test Beam Studiesthe high voltage supply of the 200 APDs. The stability of the voltage biashas been measured to be within 20 mV, ful�lling the requirements.The supply voltage of the readout ele
troni
s is 2:5 V and is providedby a 
ustom-made ele
troni
 
ard. Due to the 
hange in the ele
troni
s toadopt the 0:25 �m CMOS rad-hard te
hnology, the 
ard developed for theprevious version of the ele
troni
s was modi�ed and su

essfully employedto power the new readout ele
troni
s.Monitoring SystemThe variation of light transmission of the 
rystals due to the 
rystals ir-radiation has been monitored with a laser monitoring system. The relationbetween the variation of the response to the laser light (R=R0) and to ele
-trons (S=S0) 
an be modeled by the power law S=S0 = (R=R0)� (see se
tion2.2.3). All the 
rystals exposed to radiation tests (O(50)) have shown avalue for � 
onsistent with 1:6. The dispersion of the values is about 6:1%.This means that a single � value 
ould be used for all the 
rystals, allowingto 
orre
t the 
alibration 
oeÆ
ients with a pre
ision of 0:4%.Inter
alibrationIn order to inter
alibrate the 
alorimeter in situ to obtain the designedenergy resolution, a preliminary set of inter
alibration 
oeÆ
ient for the
rystals must be determined. The optimal way to inter
alibrate the 
rys-tals is measuring their response to an ele
tron beam: the inter
alibration
onstant is given by the peak of the energy distribution normalized to areferen
e 
rystal (pre
ision < 1%). Due to time 
onstraints on the dete
-tor 
ommissioning, this method 
annot be applied to all the 
rystals of the
alorimeter. However, a di�erent set of inter
alibration 
onstants 
an bedetermined from laboratory measurements of the 
rystal light yields with a60Co sour
e. In this 
ase the 
oeÆ
ients are obtained normalizing the lightyield of ea
h 
rystal to a referen
e one (pre
ision < 4%).During the test beams, the inter
alibration pro
edure with ele
trons hasbeen made robust and 
he
ked against possible bias and systemati
 un
er-tainties. Moreover, the 
omparison between the ele
tron and light yieldmethods has shown that the last one 
an provide a set of inter
alibration
onstants whi
h have a suÆ
ient pre
ision to be used as a starting point forinter
alibration in situ.
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onstru
tion 773.3 Studies on the Amplitude Re
onstru
tion3.3.1 Noise MonitoringIn order for the 
alorimeter to have the energy resolution required by theH ! 

 physi
s ben
hmark 
hannel, the noise 
ontribution must be keptbelow 180 MeV. A

urate noise studies of the full ele
troni
 readout 
hainare thus needed.During the 2003 test beam the old designed Floating Point Pre-Ampli�er(FPPA) 
hip in the ele
troni
 
hain was repla
ed with a new 
on
eivedMulti-Gain Pre-Ampli�er (MGPA) 0:25 �m CMOS 
hip, o�ering a betterperforman
e with a large redu
tion of the power 
onsumption and produ
-tion 
osts. Data taken with the two di�erent ele
troni
 
hips have beenanalyzed.The studies have been performed mainly with the aim of developing a toolable to identify and promptly point out possible noise problems during thedata taking. For the �rst time in 2003 the test beam online monitoring hasbeen enri
hed with a Data Validation ar
hite
ture ((Organtini et al., 2005))
apable of pro
essing the raw data just after their a
quisition, identify po-tential problems and immediately notify run 
oordinators and shifters. The
exibility of this ar
hite
ture is guaranteed by separating the data valida-tion in di�erent tasks a

ordingly to the so 
alled Mediator-Observer Patternprovided by an obje
t oriented programming language: a Mediator is ableto dete
t Events 
oming from di�erent Sensors (ea
h of them is a validationtask) and to dispat
h them to Solutions in order to take the appropriatea
tion on
e a problem is dete
ted.The noise analysis is based on a de
omposition of the ele
troni
 signalsin the Fourier domain. The Maximum Entropy Method (MEM) has beenapplied to have the best estimate of the power spe
tral density of a signal.This approa
h is justi�ed by the Parseval's theorem, stating that the totalpower of a signal is the same whether it is 
omputed in the time domain(h � h(t)) or in the frequen
y domain (H � H(f)):P � Z +1�1 dt jh(t)j2 = Z +1�1 df jH(f)j2: (3.1)Here the interest is on the power spe
tral density of a signal, that is thepower 
ontained in the frequen
y interval between f and f + df , and it willbe evaluated 
onsidering the signal H(f) in the frequen
y domain.
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an be shown (see for example (Press et al., 1992)) that H(f) 
an beapproximate with a Laurent expansion in the 
omplex plain so that itspower spe
tral density is given byP(f) � a0�����1 + MXk=1 akzk�����2 ; z � e2�if�; (3.2)where � is the sampling interval and the 
oeÆ
ients ai 
an be determinedusing the Fast Fourier Transform (FFT) algorithm.The advantage of this te
hnique 
ompared to the estimate of P(f) dire
tlyfrom the FFT is the 
ontinuous approximation of the power spe
trum, whi
h
an be evaluated for ea
h value of f , independently of the fun
tion digitiza-tion (whi
h only determine the quality of the approximation). The form ofthe approximation 3.2 is naturally sensitive to peaks in the frequen
y spe
-trum, whi
h are well represented by poles in the denominator (from whi
hthe alternative name \all-poles" for the method).
An example of power spe
trum obtained on a pedestal run (with FPPAele
troni
s) is shown in �gure 3.3 for ea
h of the di�erent ele
troni
 gains.We 
an see a large 
ontribution to the spe
trum 
oming from noise at lowfrequen
ies. During the data taking the sour
e of this noise was found to bea non perfe
t Faraday shielding of the ele
troni
s and 
orre
ted.To have an empiri
al estimation of the sensitivity of the method a 
oherentnoise with a frequen
y of 6 MHz has been arti�
ially added to the pedestalruns, as it is shown in �gure 3.4(a). The resulting power spe
trum is shownby the left 
urve of �gure 3.4(b), where a 
lear peak is visible at the expe
tedfrequen
y.3.3.2 Amplitude Re
onstru
tion in the Time DomainThe amplitude re
onstru
tion method from the individual samples of thedigitized signals is based on a digital �ltering te
hnique whi
h is optimalin presen
e of white noise. The best estimate A of the signal amplitude
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Figure 3.3: Power spe
tral densities for the 
rystals of the tower 63
omputed from a pedestal run after baseline subtra
tion. The fourplots 
orresponds to the four gain of the FPPA 
hip. A substantial
ontribution to the total noise 
oming from low frequen
ies is present.
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(b)Figure 3.4: Example of dete
tion of arti�
ial noise using the MEMalgorithm. A noise with frequen
y of 6 MHz (left 
urve of the plot onthe left) has been added to a pedestal run: the noise is 
learly dete
tedat the 
orre
t frequen
y and with the 
orre
t power (right plot).
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Figure 3.5: Resolution obtained by the weigths method applied to thesum of the energy in an array of 5 � 5 
rystals 
entered on the beamimpa
t point.is extra
ted using a linear weighting of the individual samples, ea
h one
arrying information on the amplitude:A =Xi wiSi; (3.3)where the Si are the digitized samples. In general the single i-th sample 
anbe modeled by Si = Afi + bi + p; (3.4)where A is the true amplitude, fi the expe
ted pulse height for the sample,bi the ba
kground 
oming from the ele
troni
 noise and p a 
onstant baselineor pedestal. The requirement for A to be an unbiased estimate is ensuredimposing the 
onstraintsXi wifi = 1 ; Xi wi = 0; (3.5)where in parti
ular the latter automati
ally subtra
t the baseline from thesamples event-by-event.



x3.3 Studies on the Amplitude Re
onstru
tion 81The set of optimal weights is obtained by minimizing the varian
e of there
onstru
ted amplitude. Under the assumption that the time of the maxi-mum response is stable for a given 
hannel, as foreseen in CMS, one set ofweights is enough for ea
h single 
rystal. With the additional assumptionthat a set of 
hannels has similar properties, the same set of weights 
an beused for all these 
hannels.The expe
ted pulse heights fi are 
omputed using an analyti
 fun
tion todes
ribe the signal:f(t) = 8><>:� t� (tmax � trise)t �� � e�� t�tmaxtrise ; t > tmax � trise0 ; otherwise: (3.6)While other approa
hes to evaluate fi are possible, namely the use of meanreferen
e pulses empiri
ally estimated, the analyti
 fun
tion has the advan-tage of being simple and not involving a large set of histograms.The energy resolution obtained by this method is shown in �gure 3.5(Dewhirst and Bruneliere, 2004) as a fun
tion of the beam energy. Theenergy is re
onstru
ted summing up a 
luster of 3 � 3 
rystals 
entered onthe one with maximum energy. The events are triggered inside a 4� 4 mm2area 
entered on the point of maximum response in the hit 
rystal. The
alibration to 
onvert the ADC 
ounts information in GeV has already beendetermined. The resolution is obtained as a Gaussian �t between �2� ofthe mean and the momentum spread �(p)=p is subtra
ted from this value.3.3.3 Amplitude Re
onstru
tion in Case of Saturated Sig-nalsThe front-end ele
troni
s readout for ECAL uses Multiple Gain Pre-Ampli�er(MGPA) 
hip feeding a multi-
hannel ADC 
hip to extra
t the signal. TheMGPA 
onsists of a low-noise pre-ampli�er stage followed by three gainampli�ers (with nominal gains 1, 6, 12) and feeds a 
ustom designed 12-bit/40MHz ADC that sele
ts the optimal gain (i.e. the highest non-saturatedone) by integrated digital sele
tion logi
.The MGPA dynami
 range saturates for signals 
orresponding to �1:67 TeV (3:5 TeV), given the dynami
 range of the MGPA 
orrespond-ing to a 
harge of 60pC for the barrel and 16pC for the end
aps, an average
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Figure 3.6: Example of signal digitization (on the left) and knownshape of the MGPA (on the right). The ratio s(t)=u(t) gives an estima-tion of the signal amplitude.
rystal light-yield of 4.5 photo-ele
trons/MeV and the nominal APD (VPT)gain.This e�e
t 
on
erns for example physi
s beyond the Standard Model,where resonant states 
an de
ay into very high energeti
 photons or ele
-trons whi
h deposit in a single 
rystal of the 
alorimeter an amount of energygreater than the saturation threshold.
In analogy with the standard amplitude re
onstru
tion method that usesa weighted sum to estimate the signal amplitude, it is possible to use onesample s(t) on the signal rise before the saturation o

urs to estimate theamplitude, thus using only one single weight w.To determine w it is not re
ommended to use the analyti
 des
ription of thepulse shape, as it is done in the standard re
onstru
tion 
ase, sin
e it givesonly an approximate des
ription of the signal rise. An empiri
al approa
hhas been adopted, estimating a normalized mean pulse shape u(t) fromunsaturated signals: w is then given by the re
ipro
al of u(t) evaluated atthe time t at whi
h the sample s(t) was taken. It follows that the amplitudeA is obtained as A = w � s(t) = s(t)u(t) : (3.7)If the sample s(t) falls in proximity of an ele
tron gain swit
h, problemsrelated to instability or non linearity in the ele
troni
s 
an arise. In orderto avoid this, it is enough to �x the phase between trigger and data a
qui-sition in su
h a way that the signal is always sampled just above 1=6 of its
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onstru
tion 83amplitude. Using this saga
ity, in 
ase of saturation the used sample 
ouldnot be taken at any gain di�erent from 1, thus never falling in a gain swit
hregion.The pre
ision of this method is mainly a�e
ted by the systemati
 un
ertain-ties related to the estimation of u(t) and by the jitter Æt on the samplingstart time, whi
h dire
tly 
auses an indetermination on the sampling time t.The latter, in parti
ular, is expe
ted to give a 
ontribution �j to the methodpre
ision proportional to the derivative of the signal shape:�j = ����A�s(t)�t ���� Æt = ��Au0(t)�� Æt: (3.8)Taking the analyti
 form of the signal shape asf(t) = A�t� (tmax � tpeak)tpeak �� � e�� t�tmaxtpeak ; (3.9)where tmax is the time at whi
h f(t) is maximum and tpeak is the signal risetime (�gure 3.6), one obtains�j(t)A = � �tpeakt� (tmax � tpeak) � �tpeak� Æt: (3.10)To study the performan
es of the method, unsaturated signals from 2005test beam data have been used. The signal amplitude has been assumed ex-a
tly known event-by-event from the oÆ
ial re
onstru
tion method.We remind that in the test beam setup the signal development is asyn-
hronous with respe
t to the ADC 
lo
k, the time shift for ea
h event beingre
orded with a TDC of around 1 ns pre
ision: this is the largely dominante�e
t entering in �j and a�e
ting the method pre
ision.Figure 3.7 shows the pre
ision of the method in the amplitude determinationwhen samples falling in di�erent time frames are used. The saturation energyfor the sample s(t) is shown in �gure 3.8 for di�erent time frames.A �t of the pre
ision 
urve 
onsidering the 
ontribution �j of equation3.8 and a 
onstant term �s 
orresponding to systemati
s in the referen
eshape determination gives as results for Æt a value of � 2 ns, in qualitativeagreement with what is expe
ted, and a value for �s of � 1%.Further 
he
ks have been 
arried out to investigate the existen
e of a bias inthe amplitude estimation or a dependen
e from the beam energy: as shownin �gures 3.9 and 3.10, systemati
 e�e
ts on the amplitude estimation arewithin the method pre
ision and no energy dependen
e is visible.
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Figure 3.11: Left : Average pulse shape as de�ned in the text. Thesampler at small tTDC shift are marked with a red dot. Right : Esti-mated spe
tral power density with MGPA ele
troni
s (
ontinuous line).The spe
tral power density of the average signal normalized to i = 0is shown for 
omparison (dashed line). The index i labels the dis
retefrequen
ies de�ned as fi = 2f
i=N , where f
 is the Nyquist frequen
yand N the total number of samples.3.3.4 Amplitude Re
onstru
tion in the Frequen
y DomainAn alternative approa
h to the amplitude re
onstru
tion was attemptedin the analysis of 2003 test beam data, motivated by the observation of asubstantial non white noise in the data. The noise problem was later 
uredwith a more 
areful grounding and shielding of the new ele
troni
s 
ardsbased on the 0:25 �m CMOS te
hnology (MGPA 
hip). An a

ount of themethod is given here just for the re
ord.Using the theory of mat
hed �lters (Papoulis, 1962) in presen
e of a noisespe
tral power density N (!), an optimal estimate of the signal amplitude
an be obtained as: A =Xi u�(!i)S(!i)N (!i) e�i!itTDC ; (3.11)where the sum is over the frequen
y bins, u(!i) represents the Dis
reteFourier Transform (DFT) of an average pulse of unit amplitude, S(!i) isthe DFT of the signal re
orded. The last term a

ounts for the phase shiftbetween u(!i), whi
h has been de�ned with a null o�set with respe
t to theADC 
lo
k and S(!i) whi
h is sampled with an o�set tTDC , measuring thedelay between the ADC 
lo
k and the a
tual trigger signal. Here both thesignal and the referen
e pulse are always intended after pedestal subtra
tion.
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onstru
tion 87An empiri
al approa
h has been adopted to estimate the weights u�(!i)=N (!i).The spe
tral power density of the noise has been obtained from a pedestalrun. For the sake of simpli
ity, in the amplitude estimates the spe
tralpower density has been assumed to be independent of the 
hannel and ofthe 
hannel gain. Both these assumptions are only approximately true. Theaverage signal u(t) has been obtained using 100 GeV ele
tron events in onereferen
e 
rystal and sele
ting only events in a small a

eptan
e window of2 mm in x and y around the point where the maximum deposition of energyin that 
rystal was observed. Only the events with tTDC < 2:5 ns, i.e. withlittle shift with respe
t to the ADC 
lo
k, have been sele
ted, thus giving agood estimate of the average pulse shape for tTDC = 0. The results of thesetwo operations are summarized in �gure 3.11.At a somewhat more te
hni
al level, the method has been implementedby adopting a Fast Fourier Transform (FFT) algorithm, whi
h requires 2nsamples, where n is a positive integer. The total number of samples hasbeen in
reased to 16 by numeri
al extension of the exponential tail of thesignal a

ording tos(ti) = s2(ti�2)s(ti�4) i = 15; 16: (3.12)Notwithstanding this saga
ity, the baseline level is never fully restored atthe end of the sixteenth sample. This brings spurious (high) frequen
iesinto the game, whi
h have been trimmed by multiplying ea
h sample i byan analyti
 fun
tion gently vanishing at the edges of the sampling window:f(i) = exp (�� i� 75:5 �10): (3.13)Pedestal and ele
tron beam run analysisFor the re
onstru
tion of the total energy deposited by high energy ele
tronsin the 
alorimeter, a matrix of at least 3x3 
rystals need to be 
onsidered.Indeed, for an ele
tron impinging upon the 
enter of one 
rystal only about75% on average of its energy is dissipated whithin the same 
rystal. In thisanalysis, the following de�nition has been adopted:E3�3 = i=+1Xi=�1 j=+1Xj=�1 aijAij (3.14)where i, j give the relative position of the 
rystal with referen
e to the
entral one, Aij are the signal amplitudes re
onstru
ted in ea
h individual
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Figure 3.12: ADC 
hannel to energy 
onversion for a 3x3 matrix of
rystals in the ECAL barrel equipped with MGPA ele
troni
s.
rystal and aij are inter
alibration 
oeÆ
ients whi
h a

ount for the di�erentresponse of the 
hannels. The latter 
oeÆ
ients have been taken from thestudy reported in (Franzoni et al., 2004) based on standard methods for pulseheight re
onstru
tion. Events have been retained in the analysis only if theestimated impa
t point of the ele
tron on the 
rystal was within �5 mmaround the point where the maximum response from the 
entral 
rystal isobservedFigure 3.12 shows the ADC to energy 
onversion 
urve for a 3x3 matrix of
rystals in the ECAL barrel, in
luding a pedestal run where a null amplitudeis 
orre
tly re
onstru
ted by the method. The slope of the 
urve gives a
onversion fa
tor of 35.6 MeV/
hannel.By applying this 
hannel to energy 
onversion, the noise level in ea
h sin-gle 
hannel 
an be estimated from the RMS of the amplitude re
onstru
tedin pedestal runs (�g. 3.13-left). This is on average about 50 MeV. In thesame �gure, the 
ontributions to the amplitude 
u
tuations of the lowestfrequen
y bin (!i = 0) and of all the other bins are also shown separately.Noteworthily, the lowest frequen
y bin a

ounts for most of the amplitude
u
tuations, its importan
e being enhan
ed by the weights of the mat
hed�lter. Possible residual baseline 
u
tuations 
ontribute to this bin. Figure3.13-right shows the signal amplitude obtained after summation over a 3x3matrix of 
rystals. We observe a noise of around 170 MeV, not in
onsistentwith sto
hasti
 noise in the di�erent 
hannels and well in agreement withthe target resolution of the ECAL 
alorimeter.
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Figure 3.13: Left: Single 
hannel RMS of the amplitude re
onstru
tedin a pedestal run for all the 
rystals of two towers. The total RMS andthe separate 
ontributions of the lowest frequen
y bin (!i = 0) and ofall the other frequen
y bins are also displayed. Right: Signal amplitudeafter summation over a 3x3 matrix of 
rystals in a pedestal run.

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 30  40  50  60  70  80  90  100

σ E
/E

beam energy [GeV]

Noise = 207 MeV
Noise = 149 MeV

Figure 3.14: Energy resolution �E=E as a fun
tion of the beam en-ergy for a 3x3 matrix of 
rystals. The results obtained with the methodworking in the frequen
y domain (blue dots) and with the standardamplitude re
onstru
tion method in the time domain (red dots) imple-mented in the H4ANA pa
kage (h4a, 2003) are shown. A predi
tive
urve for the energy resolution dependen
e on the beam energy (seetext) is also displayed.



90 ECAL: Test Beam StudiesFinally, �gure 3.14 shows the energy resolution �E=E as a fun
tion of thebeam energy for a 3x3 matrix of 
rystals. A �t to the data point was per-formed assuming three 
ontributions to the energy resolution: a sto
hasti
term (�xed to 2.5% at 1 GeV), a 
onstant term and a noise term. The latteris found to be 
onsistent with the noise estimate from the pedestal runs. Inthe same �gure, the resolution obtained from the standard amplitude re
on-stru
tion method in the time domain (implemented in the H4ANA pa
kage(Paganini and van Vulpen, 2004)) is also shown. The 
omparison betweenthe two 
urves shows a slightly better performan
e for the amplitude re
on-stru
tion in the frequen
y domain.3.4 Con
lusionsAfter an overview of the results a
hieved with test beam analysis, studiesof the ele
troni
 noise in the 
alorimeter readout and of the amplitude re-
onstru
tion of the signal a
quired from the 
alorimeter were presented indetail.For the �rst aspe
t, a pro
edure to evaluate the spe
tral power density ofthe signals has been determined using the Maximum Entropy method. Thismethod has the advantage of approximating 
ontinuously the noise spe
tralpower density, with respe
t to other 
onventional te
hniques that give onlydis
rete information related to the number of samples of the digitized signal.The amplitude re
onstru
tion studies have been 
on
entrated on 
ases wherethe ele
troni
 signals are saturated. The method developed is based on theuse of the non-saturated samples on the signal rise, and has shown the pos-sibility to rea
h pre
ision at the per
ent level for energies up to several TeV.An additional method of amplitude re
onstru
tion in 
ase of non-white noisein the ele
troni
 readout has also been proposed. The method operates inthe frequen
y domain of the signal and performs 
omparably to the am-plitude re
onstru
tion method by optimal weighting in the time domain.In the limit of white noise the two methods are expe
ted to give the sameperforman
e, but the latter enables for dynami
al pedestal subtra
tion in amore natural way and is thus to be preferred.
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Chapter 4Ele
tron Re
onstru
tion inCMSThe study of the ele
tron re
onstru
tion inside the CMS dete
tor is mo-tivated by the analysis of the Higgs de
ay 
hannel H ! ZZ(�) ! 4e,the golden 
hannel for the dis
overy of a light Higgs boson in addition toH ! 

. The ele
trons from the two Z de
ay have a pT spe
trum whi
hvaries from O(1 GeV=
) up to O(102 GeV=
), depending on the Higgs mass(see 
hapter 5 for a detailed dis
ussion). In parti
ular, in the low mass re-gion one of the Z is produ
ed o� mass shell and the re
onstru
tion eÆ
ien
yof its two soft ele
trons be
omes 
ru
ial. Furthermore, the optimization ofthe dete
tor resolution exploiting at best tra
king and 
alorimetry measure-ments is fundamental not only for the Higgs mass peak observation but alsofor the determination of the Higgs boson properties (e.g. mass, width, CPquantum numbers, 
ouplings to weak bosons and to leptons), whi
h relieson the study of its �nal de
ay produ
ts. The study and the understanding ofthe ele
tron behaviour inside the 
alorimeter is therefore essential to rea
hthe CMS physi
s goals and obtain the best performan
e from the dete
tor.The studies presented here are performed using the full simulation of theCMS dete
tor (ORCA, 2004). They make use of Monte Carlo quantities aswell as physi
al observables, in order to fully address the issue of ele
tronsre
onstru
tion and measurement and identifying the strategies that 
an beadopted to extra
t the best measurement for ele
trons. Motivated by thestudy of the Higgs de
ay 
hannel H ! ZZ(�) ! 4e, the fo
us will be onele
trons in the low pT range.Dealing with bremsstrahlung is the hardest 
hallenge to fa
e in CMS. A
lassi�
ation of the ele
tron's \quality", from the \golden" 
ase to the most



94 Ele
tron Re
onstru
tion in CMSproblemati
 one is proposed and 
lass-spe
i�
 pro
edures to �x the s
ale ofthe ele
tron energy measurement are outlined.The 
ombination of tra
king and 
alorimetry information is then analyzedto de�ne the best estimator for the ele
tron quadri-momentum at the inter-a
tion point.The 
omplete dete
tor des
ription takes into a

ount a
tive volumes aswell as me
hani
al support stru
tures, ele
troni
s (readout and 
ables) and
ooling systems. Te
hni
al details related to the CMS dete
tor simulationand re
onstru
tion framework 
an be found in (ORCA, 2004).Ba
k-to-ba
k ele
trons of di�erent energies (between 5 and 100 GeV) with
at distribution in � 2 (�2:7; 2:7) and ' 2 (0; 2�) have been simulated with-out additional pile-up events.The 
ollision point is simulated by adding a Gaussian smearing to the idealvertex position with a sigma of �z = 53 mm along the z 
oordinate, 
oin
i-dent with the beam axis, and �x = �y = 15 �m in the transverse x-y plane,as expe
ted from the LHC beam stability.4.1 Ele
tron Propagation towards the CalorimeterThe 
onsiderable amount of material budget in front of the ele
tromagneti

alorimeter makes the bremsstrahlung the most important e�e
t by whi
hpropagating ele
trons are a�e
ted.As shown in �gures 4.1, the probability for an ele
tron to loose all of itsenergy by bremsstrahlung emission is almost equal to the probability ofrea
hing integrally the 
alorimeter (negle
ting losses below the Monte Carlothreshold of 30 MeV for bremsstrahlung emission). The 
umulative distri-butions show that � 25% of ele
trons have already lost more than 70% oftheir energy at the half way point of their path towards ECAL. This fra
tiongrows to 35% at the end of their traje
tories. From the point of view of there
onstru
tion algorithms, the re
olle
tion of this energy is a key issue.As a 
ross
he
k, the X=X0 traversed by the ele
trons is estimated byassuming that all the energy loss is due to bremsstrahlung emission andthat the tra
ker is a uniform medium. From the formulaE(x) = E0e�x=X0 ; (4.1)
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Figure 4.1: Fra
tion of energy emitted by bremsstrahlung as a fun
-tion of PEbrem=Ekine of their initial energy Ekine. The emission in-side a transverse radius equal to the 
alorimeter radius is 
onsidered.The 
urve is 
omputed for ele
trons with di�erent �xed momentum.The probability of no bremsstrahlung emission above the Monte Carlothreshold (30 MeV) is the same as the probability of emission of all theinitial energy.where E0 is the initial energy, for a given x it is possible to 
ompute x=X0by evaluating xX0 � � log hE(x)iE0 ; (4.2)where hE(x)i is the mean energy after a length x is traversed.The results are shown in �gure 4.2 and follow the material budget distribu-tion, as expe
ted.In order to better investigate the energy loss and to disentangle the di�erente�e
ts involved in the energy measurement (due, for example, to re
onstru
-tion problems and true energy losses), a modi�
ation has been implementedin the Monte Carlo simulation. This modi�
ation allows to keep tra
k of thetrue amount of energy rea
hing the 
alorimeter and to have the possibilityof 
omparing the ECAL measurement to what it 
an a
tually measure. Themodi�
ation 
onsists in re
ording energy, position and parti
le type of allof the parti
les impinging on the ECAL 
rystals, taking 
are to avoid dou-ble 
ounting of energy deposition (due e.g. to parti
le generation inside a
rystal, parti
le 
rossing more than one 
rystal et
.) and to 
onsider only
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Figure 4.2: Material budget distribution 
omputed usingbremsstrahlung emission as an approximation of the total energy loss.The good agreement between the estimated (left) and true (right) X=X0is remarkable.the ECAL a
tive volume. The assumption is made that a parti
le imping-ing on the 
alorimeter deposits there all its energy. This is a satisfa
toryapproximation of the parti
les behaviour in this 
ontext.
An example of the impa
t points on the barrel 
alorimeter exhibiting theshape of the front fa
e of the 
rystals as a result of the impa
t points distri-bution is shown in �gure 4.3. The modi�ed Monte Carlo is the only tool inCMS providing an information on the energy 
ux at the ECAL front fa
e.This information also provide the possibility to perform detailed studies ofthe e�e
t of dead regions between modules (\
ra
ks") in the 
alorimeterwith the full dete
tor simulation.A typi
al energy deposition for an ele
tron in the di�erent 
rystals with the
ontributions from the di�erent parti
les impinging on the 
rystals is alsoshown (�gure 4.4).By examining the true energy rea
hing ECAL for ele
trons in the barrel(�gure 4.5), it emerges that a substantial amount of energy is lost in front ofthe 
alorimeter, up to 7% in the region of high �, where the material budgetdistribution be
omes maximal.It is important at this stage to look at the energy loss by the ele
tronsalong their traje
tory towards the 
alorimeter. The pro
esses 
hara
terizing
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(a)Figure 4.3: Longitudinal view of the ele
tron impa
t points on the
rystals of the 
alorimeter (barrel and end
ap regions). The distribu-tion has been obtained with the modi�ed Monte Carlo simulation. Inthe magni�ed region, the shape of the 
rystal front fa
es emerges asthe results of the impa
t point distribution. Impa
t point of parti
lestraversing the 
rystals after being in a 
ra
k are also evident.the energy loss are, in di�erent proportions, the dE=dx in the tra
ker mate-rial, the bremsstrahlung emission and the syn
hrotron emission. However,while the energy lost in dE=dx and syn
hrotron radiation is totally lost,the bremsstrahlung radiation 
an be partly re
olle
ted if the photons rea
hECAL and the re
onstru
tion algorithms perform well. Bremsstrahlung
an 
ontribute to energy 
ompletely lost if, for example, the emitted pho-tons 
onvert in the tra
ker material and the ele
tron-positron 
ouple remaintrapped in the magneti
 �eld. Re
overing the largest possible part of theenergy loss is a 
hallenge for the ECAL re
onstru
tion algorithms, whi
hhave to extra
t all the possible information from the energy deposition inthe 
alorimeter. Indeed, the energy lost 
an be evaluated only from \indi-re
t" observables, mainly involving the tra
ker dete
tor, where all the e�e
tstake pla
e.The a priori assumption that bremsstrahlung emission 
an be asso
iatedwith a greater amount of energy lost is then not motivated, sin
e, in 
ase ofa 
omplete energy re
olle
tion, hard emitted photons 
an lead to very goodmeasurements of the initial ele
trons energy. However, due to the sto
hasti
nature of the bremsstrahlung e�e
t, large 
u
tuations in the quality of the
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(a)Figure 4.4: Example of parti
les impa
t point on the 
alorimeter in a�-' plane for a ba
k-to-ba
k pair of ele
trons of pT = 50 GeV=
. In thetop �gure the 
oloured box represents the di�erent parti
les impingingon the 
rystals and the box size is proportional to the parti
le energy.The grey box 
orresponds to the 
lusterization of the energy obtainedby the Hybrid algorithm, whi
h is des
ribed in se
tion 4.2. The bottom�gures represent respe
tively the transverse and longitudinal view of thedete
tor.
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Figure 4.5: Distribution of the true energy rea
hing the 
alorimeternormalized to the initial ele
tron energy, for di�erent ele
tron momenta.Losses up to 7% of the original momentum at vertex are observed.energy measurement are introdu
ed.This se
tion is 
on
luded by showing the 
orrelation existing between theenergy lost and the total length of 
harged tra
ks. The latter quantity hasbeen de�ned by looking at the Monte Carlo truth as the sum of the tra
klength of all the 
harged tra
ks belonging to the original ele
tron, that is thesum of the tra
k length of the 
onsidered ele
tron and of all the ele
tronsfrom the 
onversion of bremsstrahlung photons emitted along the tra
ks.The distribution of the average of this quantity versus the pseudorapidity isshown in �gure 4.6-left for ele
trons with transverse momentum between 5and 50 GeV=
 and uniformly distributed in � and '. In �gure 4.6-right thedistribution of tra
k length of the 
harged tra
ks is shown as a fun
tion ofthe di�eren
e between the energy at the 
alorimeter and the Monte Carloinitial energy. The superimposed red pro�le 
learly shows a dire
t 
orrela-tion between these two quantities. The population on the left part of thehistogram with a 
harged tra
k length less than the ECAL radius (130 
m)
orresponds to ele
trons that loose all their energy in bremsstrahlung pho-tons whi
h do not 
onvert in the tra
ker material. In this 
ase almost noenergy is lost and only a very small path is traversed by 
harged parti
les.These events will be lost as ele
tron 
andidate and 
ould be eventually re-
overed looking for photon 
andidates in the event.The 
orrelation between the energy lost and the total tra
ks length (from
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Figure 4.6: Left : mean value for the total length of 
harged tra
ks de-�ned in the text as a fun
tion of the pseudorapidity. Right : 
orrelationbetween the energy lost before rea
hing ECAL and the total length of
harged tra
ks. The red points on the histogram represent the pro�leof the distribution.the Monte Carlo truth) strongly suggests that the tra
ker 
ould bring veryuseful information about the ele
trons' \history" of the propagation towardsECAL.Sin
e the tra
ker has the typi
al X=X0 of a presampler (but unfortunatelyis a dis
rete and low density medium in a high magneti
 �eld), a digitalinformation on the energy loss by ele
trons 
an be extra
ted, by for example
ounting the number of hits in a 
one around the ele
tron tra
k. The resultobtained is shown in �gure 4.7 for ba
k-to-ba
k ele
trons with momentum of30 GeV=
. The number of hits has been 
omputed subtra
ting from the totalnumber of hits in a 
one with �r �p�'2 +��2 < 0:15 the hits re
ognizedto be part of the ele
tron tra
k, applying this way a sort of normalizationwith respe
t to the di�erent tra
ker geometry in �. While it is not possibleto apply this simple approa
h to a full physi
s event, sin
e hits in the tra
kerhave many di�erent sour
es, it should be 
onsidered as a starting point formore a

urate studies involving more advan
ed sear
hes for se
ondary tra
ksand hits. A possibility would be, for example, to look for se
ondary ele
trontra
ks 
ompatible with the hypothesis of the 
onversion of a photon emittedby the primary ele
tron tra
k.Further investigation of possible algorithms will 
larify the extent to whi
hthis unusual way of looking at the tra
ker as presampler 
ould bring to theimprovement of the ele
tron energy measurements. Great 
are should bepaid to the risk of double 
ounting.
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p = 30GeVFigure 4.7: Pro�le histogram showing the dependen
e of the ratiobetween the raw re
onstru
ted energy and the true energy from thenumber of hits in the tra
ker inside a 
one of �R = 0:15 around theele
tron tra
k dire
tion.4.2 Ele
tron CandidatesThe de�nition of an ele
tron 
andidate in CMS involve the tra
ker and theele
tromagneti
 
alorimeter at the same time and follow a step pro
eduresimilar to the strategy used for the High Level Trigger algorithm. In par-ti
ular, as represented in �gure 4.8, the 
lustering of the energy depositedin the 
alorimeter drives the sear
h for pixel hits, whi
h 
onstitute the seedfor the re
onstru
tion of an ele
tron tra
k.In the following a short overview of the di�erent algorithms for the ele
tronre
onstru
tion will be given. For a more detailed des
ription see for example(CMS Collaboration, 2002) and (Adam et al., 2005).4.2.1 Calorimetri
 Re
onstru
tionThe energy re
olle
tion in the ele
tromagneti
 
alorimeter 
an be 
onsideredas a pattern re
ognition pro
edure applied to the spa
ial array of the 
rystalenergy deposits. The starting point is the sear
h for lo
al maxima (
alledseeds) by looking at ea
h single 
rystal. The seeds are then extended toin
lude the largest possible fra
tion of the original shower energy, avoidingto 
olle
t energy deposited by nearby parti
les and noise. Two are themethod developed for su
h purpose: the Hybrid algorithm and the Island
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Figure 4.8: S
hema of the ele
tron 
andidate de�nition, as des
ribedin the text.algorithm.The Hybrid AlgorithmAs shown in �gure 4.9(a), the Hybrid algorithm starts from a seed 
rystalby subsequently adding �xed dominos of three or �ve 
rystals (a

ording toan energy threshold on the 
entral 
rystal of a domino) in �. The 
olle
tionsear
h for dominos in a window of 10 
rystal in �. If any energy depositsabove a threshold is found, it is asso
iated to the primary 
luster. In thissense the Hybrid algorithm re
olle
ts in a single step also the bremsstrahlung
lusters.The Island AlgorithmAs sket
hed in �gure 4.9(b), the Island algorithm starts by 
olle
ting 
rys-tals from the seed 
rystal, moving in both dire
tions in � until a rise inthe energy is found. The algorithm then moves a step in � and performsanother sear
h in �. The sear
h in the � dire
tion is stopped when a rise inthe energy is found. The algorithm 
omes ba
k to the original seed positionand starts a sear
h in the opposite dire
tion along �.On
e all the 
lusters have been 
olle
ted, a step to re
over 
lusters due to theemission of bremsstrahlung photons by the original ele
tron is performed.This 
onsists in asso
iating together two (or more) 
lusters with the same �and with the same � within a given window to form a so-
alled super
luster.
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(a)

(b)Figure 4.9: S
hema of the super
lustering algorithms for the ele
tro-magneti
 
alorimeter: (a) hybrid (the default in the barrel) and (b)island (the default in the end
aps).
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tron Re
onstru
tion in CMSThe Island is the default algorithm for the energy re
onstru
tion in the end-
aps.Optimization for O�-line Re
onstru
tionA re-tuning of the super
luster building parameters has been performed forthe hybrid algorithm to better re
onstru
t low pT ele
trons. The minimalET threshold for the basi
 seed 
luster of a super
luster has been loweredfrom the previous default of EseedT = 4 GeV down to EseedT = 1 GeV. Thisleads to a 
onsiderable improvement of the eÆ
ien
y for re
onstru
ting asuper
luster: integrating over the a

eptan
e in �, this eÆ
ien
y for ba
k-to-ba
k ele
trons is now greater than 99% for peT = 7 GeV=
 andEseedT = 1 GeV,
ompared to an original eÆ
ien
y for EseedT = 4 GeV varying from about65% for peT = 7 GeV=
 to about 93% for peT = 10 GeV=
.To better re
olle
t 
lusters 
orresponding to bremsstrahlung photons, thevalue of the � road for the re
overing has been in
reased from 10 to 17
rystals (BaÆoni, 2005).Default Energy S
ale Corre
tionThe energy measurement of a super
luster is obtained by simple additionof the deposits measured in the 
rystals. Even in the areas not 
overedby the preshower dete
tor, the energy 
ontainment of the 
rystals is not
omplete. A default re-s
aling of the energy is thus applied in the barrelusing a parametrization of the energy dependen
e by the number of 
rystalsin a super
luster. However, this default 
orre
tion is no longer valid, due to
hanges both in the material budget des
ription and in the ECAL readoutalgorithm, and a new method to 
orre
t the energy measurement will belargely dis
ussed in the following se
tions.4.2.2 Ele
tron GSF Tra
k Re
onstru
tionStarting from a super
luster in the 
alorimeter, a predi
tion on the regionwhere to look for hits in the tra
ker pixel dete
tor is made, propagatingan hypotheti
al ele
tron (and positron) traje
tory with the same transversemomentum as the one measured by ECAL from the super
luster positionba
k to the nominal intera
tion point. If two 
onse
utive hits in the pixeldete
tor are found, a new seed for an ele
tron (or positron) traje
tory isde�ned.
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p = 50GeVFigure 4.10: Distribution of the raw 
lusterized energy normalizedto the true energy as a fun
tion of the fra
tion of energy emitted bybremsstrahlung. The more the bremsstrahlung e�e
t is important, themore 
u
tuations in the measurement are introdu
ed. A substantialamount of well measured ele
trons is still present: the mean of thesedistributions (
ontinuous 
oloured 
urve) is not meaningful.Starting from the seed, the ele
tron tra
k is built by means of the GaussianSum Filter algorithm (GSF). For a detailed des
ription of the method see(Charlot et al., 2005).The GSF algorithm is based on the sear
h for hit in the tra
ker under thehypothesis that the tra
k 
an irradiate bremsstrahlung photons and thusthat its 
urvature radius 
an vary along the traje
tory. The basi
 prin
ipleis to model the bremsstrahlung energy loss distribution due to the parti
leintera
tion on the tra
ker sili
on layers by a Gaussian mixture rather than asingle Gaussian (as it is instead done by standard Kalman-Filter methods).This allows to follow the tra
k up to the 
alorimeter and to have a momen-tum measurement at the beginning and at the end of the ele
tron traje
tory,with the possibility of better exploiting the 
ombination of 
alorimetry andtra
king measurements. Standard methods, instead, typi
ally stop the �tof the ele
tron tra
k when a hard bremsstrahlung photon has been emittedand the ele
tron traje
tory has suddenly started to bend with a di�erent
urvature radius.
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onstru
tion in CMS4.3 Energy Measurements and Ele
tron Classi�-
ationThe previous dis
ussion on the bremsstrahlung (4.1) points out that thetopology of an ele
tron inside CMS is largely varying be
ause of the largeintrinsi
 
u
tuations of the bremsstrahlung e�e
t.The 
lassi�
ation of ele
trons a

ording to their topology would then bevery useful in understanding the quality of their measurements, in trying todistinguish 
ases in whi
h the energy measurement from the 
alorimeter isreliable and to separate the tail in the distribution of Ere
Un
orr=Etrue fromthe bulk of the a

urately measured ele
trons.The possibility of distinguishing the \goodness" of an ele
tron and to 
onse-quently asso
iate an error to its energy measurement will allow to optimally
ombine 
alorimetry and tra
king information to have the best estimator ofthe ele
tron quadri-momentum at the intera
tion point.To evaluate the quality of the ECAL energy measurement, a 
riterion basedon a 
ontinuous estimator is very diÆ
ult to �nd due to the high dis
ontinu-ity of the main pro
ess a�e
ting the ele
tron propagation, the bremsstrahlungradiation. The approa
h used here has been to divide ele
trons in a restri
tednumber of 
lasses by applying a set of 
riteria that follows a pre
ise de
isiontree. In this se
tion, after some 
onsiderations on the energy measurement,the ele
tron 
lassi�
ation will be dis
ussed in details.In the analysis of the quality of energy measurements, e�e
ts 
om-ing from bremsstrahlung photon emissions and (subsequent) energy lostplay a fundamental role. However, as already suggested above, higherbremsstrahlung emission does not imply worse energy measurements. In-deed, ele
trons loosing almost all of their energy in few bremsstrahlung pho-tons emit very hard photons whi
h 
an be 
ompletely re
olle
ted by the 
lus-tering algorithms. This is 
learly shown in �gure 4.10 where the ratio of there
onstru
ted energy over the true energy at vertex (Ere
Un
orr=Ekine) is plot-ted as a fun
tion of the true fra
tion of energy emitted by bremsstrahlung.Large 
u
tuations are introdu
ed in the measurement when the fra
tion ofenergy loss is approximately 1, nevertheless a signi�
ant population of eventsfor whi
h the ratio Ere
Un
orr=Ekine is almost 1 is still present.By examining more 
losely the energy deposited in the 
alorimeter, it ispossible to separate ele
trons whose super
luster has only the seed 
lus-ter from the 
ases where also other sub
lusters (due to bremsstrahlung
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SC: >1 cluster(b)Figure 4.11: Distribution of the normalized di�eren
e between re
on-stru
ted and initial ele
tron energy as fun
tion of the fra
tion of energyemitted by bremsstrahlung for ele
trons with momentum of 30 GeV=
.Ele
trons with only the seed 
luster in the super
luster are shown in(a), events where additional sub
luster in the super
luster are shownin (b). This sele
tion 
an be fruitfully used to dete
t bremsstrahlungemission using the 
alorimeter.photons) are present. This provides an \ECAL-driven" 
riterion to dete
tbremsstrahlung photons. The results are in good agreement with the truefra
tion of emitted energy, as shown in �gure 4.11 whi
h refers to ele
tronswith momentum of 30 GeV=
. The left �gure shows that it is possible to se-le
t ele
trons with a small fra
tion of their energy emitted by bremsstrahlung(PEbrem=Etrue ! 0) by requiring only one 
luster in the super
luster. Onthe other hand, if more than one 
luster is found in the super
luster (�gure4.11(b)) the ele
trons populate the region with higher bremsstrahlung emis-sion. It 
an also be noti
ed on �gure 4.11(a) a small fra
tion of events onthe right side of the plot. These are examples of 
ases in whi
h the ele
tronemits a very hard photon (whi
h is well 
lusterized) at the beginning ofits tra
k and either gets lost into the tra
ker or is too far from the photon
luster to be properly re
olle
ted.Ele
trons with a momentum of 10 GeV=
 exhibit the same e�e
ts, with anadditional bremsstrahlung re
overy problem, 
learly demonstrated both bythe 
orrelated region in �gure 4.12(a) and by the small number of eventsat high fra
tion of emitted energy, where the in
omplete energy re
olle
tion
auses a loss in the re
onstru
tion eÆ
ien
y.
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SC: >1 cluster(b)Figure 4.12: Same distributions as for �gure 4.11 but for ele
trons witha lower momentum (p = 10 GeV=
). The linear 
orrelation between themissing energy and the fra
tion of energy emitted by bremsstrahlung
learly indi
ates a bremsstrahlung re
overy problem.As demonstrated also by the tail on the left in �gure 4.13 this behaviouris typi
al of low pT ele
trons whose bremsstrahlung photons are not hardenough to be 
lusterized or are too far in ', due to the total binding of theele
tron in the magneti
 �eld, to be properly re
olle
ted by the algorithms.Apart from the obvious geometri
al 
riteria (barrel-end
aps separation and�du
ial volume), the 
lassi�
ation requirements give rise to the following
ategories:� \golden" ele
trons, the 
losest to the ideal 
ase (negligible bremsstrahlungand almost all the energy rea
hing ECAL);� \big brem pun
h thru", i.e. 
ases in whi
h the ele
tron radiates al-most all of its energy with the emission of typi
ally one very hardbremsstrahlung photon;� \narrow" ele
trons, that is neither \golden" nor \big brem pun
h thru"ele
trons whi
h still don't show anything but the seed 
luster in thesuper
luster;� \showering" ele
trons, the worst ones, where the energy measurementis a�e
ted by the emission of several bremsstrahlung photons thatpossibly 
onvert into ele
tron-positron 
ouples indi
ating that an earlyele
tromagneti
 shower has started in the tra
ker material.
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Figure 4.13: Distribution of the super
luster energy normalized tothe true energy at vertex for di�erent ele
tron momenta. The energy isres
aled a

ording to the default 
orre
tions des
ribed in 4.2.An example of events with ele
trons belonging to di�erent 
lasses along witha s
hemati
 representation of the dete
tor are shown in �gure 4.14.At a more te
hni
al level, the de
ision tree is outlined below. If a 
riterionis not satis�ed, the next one is tried, until every requirements is ful�lled orthe last 
lass is rea
hed.� \golden":{ a super
luster without identi�ed bremsstrahlung sub
lusters (i.e.only 
onstituted by the seed 
luster only);{ a GSF tra
k with a bremsstrahlung fra
tion lower than 0:2, wherethe bremsstrahlung fra
tion is de�ned as the di�eren
e betweenthe momentum at vertex and the momentum at last point nor-malizes to the momentum at vertex;{ a mat
hing in ' between the super
luster position and the posi-tion from the tra
k extrapolated to the 
alorimeter within 0:15 rad;{ a ratio between the energy measured with the 
alorimeter andthe momentum measured with the tra
ker greater than 0:9;� \big brem pun
h thru":{ a super
luster without identi�ed bremsstrahlung sub
lusters (i.e.
onstituted by the seed 
luster only);



110 Ele
tron Re
onstru
tion in CMS
/SE04_E25_Pall_P30_MC.root.000 - run 90600261 event 92

(a)
/SE04_E25_Pall_P30_MC.root.000 - run 90600261 event 48

(b)
/SE04_E25_Pall_P30_MC.root.000 - run 90600261 event 13

(
)
/SE04_E25_Pall_P30_MC.root.000 - run 90600261 event 13

(d)Figure 4.14: Example of events for ba
k-to-ba
k ele
trons with mo-mentum of 30 GeV=
: a \golden" 
ase with no bremsstrahlung emissionand very good 
alorimetry measurement (a), a 
ase with a very hardemitted photon and no 
luster asso
iated to the ele
trons (whi
h is lostbefore rea
hing ECAL) (b), an extreme 
ase with an ele
trons startingan early shower in the tra
ker (transverse view (
) and longitudinal view(d)).
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Figure 4.15: Distribution of the raw 
lusterized energy normalized tothe initial energy for ele
trons of momentum between 5 and 100 GeV=
.As expe
ted the distribution does not peaks at 1 be
ause no 
orre
tionon the measurement have already been applied at this level.{ a GSF tra
k with a bremsstrahlung fra
tion greater than 0:5;{ a ratio between the energy measured with the 
alorimeter andthe momentum measured with the tra
ker equal to 1 within 0:1;� \narrow":{ a super
luster without identi�ed bremsstrahlung sub
lusters (i.e.
onstituted by the seed 
luster only);{ a ratio between the energy measured with the 
alorimeter andthe momentum measured with the tra
ker equal to 1 within 0:1;� \showering":{ ele
trons that do not ful�l the previous 
riteria.The distribution of the ratio between measured energy and true energy isshown in �gure 4.15 for the di�erent 
lasses. It is 
learly visible that the�rst three 
lasses are well 
ontained in the bulk of the distribution while thetail falls almost 
ompletely in the \showering" ele
trons 
ategory, whi
h willthen have a larger error asso
iated to a less pre
ise measurement.
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Figure 4.16: Distribution along � of the fra
tion of ele
trons fallingin the di�erent 
lasses. The shape of (golden) showering ele
trons is
learly (anti-)
orrelated to the material budget in front of ECAL.The � distributions of the fra
tion of ele
trons falling in the di�erent
lasses are shown in �gure 4.16. It is 
learly visible that the fra
tion of(golden) showering ele
trons (inversely) reprodu
e the distribution of thematerial budget, having its maximum in the transition region between barreland end
aps and de
reasing at larger �. Big brem pun
h thru and narrowele
trons are nearly 
onstant over the �rst three modules, with a substantialde
rease in the fourth modules and a growth in the end
aps.To asso
iate an error to the energy measurement, the resolution as a fun
-tion of the initial ele
tron energy is presented in �gure 4.17. As expe
tedthe golden ele
trons show the best resolution, similar to the 
urve of bigbrem pun
h thru and narrow ele
trons. On the other hand, the large 
u
-tuations a�e
ting showering ele
trons give bigger 
ontributions for 
onstantand sto
hasti
 terms, resulting in a worse energy resolution with respe
t tothe other 
lasses.4.4 Energy S
ale Corre
tionThe standard strategy des
ribed in se
tion 4.2 to 
orre
t the energy measure-ments of ele
trons needs to be revisited, due to the more a

urate des
riptionof the tra
king material (whi
h dire
tly in
uen
e the amount bremsstrahlung
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Figure 4.17: Energy resolution for the di�erent ele
tron 
lasses.\Golden", \bib brem" and \narrow" ele
trons are measured almost withthe same resolution, while for \showering" ele
trons the 
onstant andsto
hasti
 terms give a bigger 
ontribution due to larger 
u
tuations inthe energy deposition and re
olle
tion.radiation) and to the 
hanges in the sele
tive readout algorithms of the
alorimeter.In parti
ular, the material budget in front of ECAL has been 
onsistentlyin
reased, making the energy measurements at large values of the pseudora-pidity mu
h more diÆ
ult. Moreover, some of the assumptions made withthe previous dete
tor des
ription are no longer valid and need to be re
on-sidered.Firstly, the present readout of the 
rystals in a super
luster takes intoa

ount all the 
hannels, while previously only the 
rystals with a goodsignal to noise ratio were sele
ted, using a threshold at twi
e the mean noiselevel.An immediate 
onsequen
e for the default re
onstru
tion algorithm in theECAL barrel is that the dependen
e of the quantity E=Etrue � 1 from thenumber of 
rystals N
ry in a super
luster is not even 
ontinuous anymore(�gure 4.18). The dis
ontinuities are due to the dis
rete nature of the Hy-brid 
lustering, whi
h in
reases the super
luster dimension either by 2 or 3
rystals at ea
h step, thereby making the energy dependen
e of N
ry mu
hless evident.
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(b)Figure 4.18: Distribution of the number of 
rystals in a super
lus-ter for ele
trons with momentum uniformly distributed between 5 and100 GeV=
. The patterns related to the 
lustering algorithm visible inthe total number of 
rystals (a) disappear if a threshold of 2� on themean noise level is applied when 
ounting the 
rystals.
Se
ondly, even after applying a 
uto� to the noise level to 
ount the num-ber of 
rystals, the relation between E=Etrue � 1 and N
ry is not universal.It indeed shows a 
lear pT dependen
e (�gure 4.19(a)) due to the di�erentbremsstrahlung photons re
olle
tion at di�erent pT of the ele
trons.However, the dependen
e of the re
onstru
ted energy on the number of 
rys-tals in the seed 
luster only is universal, sin
e the seed 
luster is not a�e
tedby bremsstrahlung re
overy e�e
ts. Figure 4.19(b) also shows this depen-den
e for di�erent ele
tron energies whi
h will give a reliable way to 
orre
tthe energy measured in the 
alorimeter.Figure 4.20 shows also that the number of 
rystals in a super
luster is notdire
tly 
orrelated to the amount of irradiated bremsstrahlung, sin
e thephoton irradiation makes the 
luster topology mu
h more 
ompli
ated. De-pending on the emission point of the photon and of its energy, ele
tron andphoton 
lusters 
an be either well separated or mostly overlapped or 
anshow intermediate 
ases. The net result on the average is a 
at dependen
eon the number of 
rystals.
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e between raw re
onstru
ted energyand true energy as a fun
tion of the number of 
rystals in the super-
luster (a) and in the seed 
luster only (b). Curves 
orresponding todi�erent ele
tron energies are showed on the same plot and demonstratea dependen
e of the number of 
rystals in a super
luster from the ele
-tron energy.
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luster as a fun
tion of theamount of the ele
tron energy loss by bremsstrahlung.
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Figure 4.21: Fun
tion used to parametrize the raw energy dependen
eon the number of 
rystals for ele
trons in the barrel with momentumbetween 5 and 100 GeV=
.These 
onsiderations suggest that the following strategy to properly s
alethe ele
tron energy measurements in the barrel 
an be adopted.For ele
trons belonging to the �rst three 
lasses (those that have just the seed
luster in the super
luster) a res
aling based on N
ry (�gure 4.21) leads to avery good 
orre
tion along � ex
ept for the fourth module, where re
olle
-tion problems and larger fra
tions of energy lost 
ause a redu
ed 
apabilityof bremsstrahlung dete
tion by the ECAL alone and imply a deteriorationin the measurement of 2% (�gure 4.22(a)). This residual � dependen
e 
anbe parametrized and 
orre
ted for.For showering ele
trons, on the 
ontrary, the 
orre
tion based on N
ry is ap-plied only on the seed 
luster energy, under the hypothesis that bremsstrahlungphotons are well measured by the 
alorimeter (if re
olle
ted). The res
alingof the ele
trons 
orresponding to regions at low pseudorapidity is very good,as demonstrated in �gure 4.22(b) by the green 
urve. On the other hand,the 
orre
tion based only on N
ry is not suÆ
ient when the underlying hy-pothesis of good bremsstrahlung re
overy is no longer valid and when thefra
tion of energy lost in front of ECAL be
omes non-negligible, as 
an beseen by 
onsidering large � values in �gure 4.22(b).An estimate of all these e�e
ts is then needed and 
an be expressed by a
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(b)Figure 4.22: E�e
ts of the energy s
ale 
orre
tions as a fun
tion ofthe pseudorapidity for ele
trons with momentum in the range from 5 to100 GeV=
. Golden, narrow and big brem 
lasses are subje
ted to thesame 
orre
tions and grouped in (a), showering are shown in (b). Thered 
urve 
orresponds to the un
orre
ted energy, the green shows thee�e
t of the f(N
ry) 
orre
tion and the blue 
urve of all the 
orre
tions.
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Figure 4.23: Distribution of the 
orre
ted energy normalized to theinitial energy for ele
trons of momentum between 5 and 100 GeV=
.



118 Ele
tron Re
onstru
tion in CMSEle
tron Class % of ele
trons Mean SigmaBarrelGolden 27.0 0.9978 1:01 � 10�2Big Brem 5.7 0.9962 8:75 � 10�3Narrow 12.0 0.9964 1:07 � 10�2Showering 55.3 1.0010 1:96 � 10�2End
apsGolden 17.5 1.0077 2:57 � 10�2Big Brem 3.3 1.0011 2:30 � 10�2Narrow 6.7 1.0078 2:34 � 10�2Showering 72.5 1.0078 3:75 � 10�2Table 4.1: Relative per
entage of ele
trons falling in the di�erent
lasses for barrel and end
ap regions. The results of a Gaussian �ton the peak of the distributions are also shown.parametrization of the observed � dependen
e. The results of applying thissubsequent 
orre
tion are represented by the blue 
urve.The distribution of the ratio between the measured energy and the true en-ergy after the appli
ation of the 
orre
tions to ele
trons in the barrel withmomentum between 5 and 100 GeV=
 is shown in �gure 4.23. Contributionsof the di�erent 
lasses are also reported. The global distribution is 
learlynarrower and more Gaussian than the un
orre
ted one (�gure 4.15). In ta-ble 4.1 the results of a Gaussian �t on the peak of the distribution is shownalong with the relative per
entage of ele
trons falling in the di�erent 
lasses.A di�erent treatment of these e�e
ts is needed for ele
trons rea
hingthe ECAL end
aps. Sin
e the standard re
onstru
tion algorithm is di�erentand the preshower is involved in the measurement, a detailed study involvingboth subdete
tors is needed but not dis
ussed here. The adopted strategyis a 
orre
tion with a parametrization of the � dependen
e shown by theenergy estimated 
ombining 
rystals and preshower information.4.5 Energy-Momentum CombinationIn order to have the best estimator of the quadri-momentum at vertex ofan ele
tron, the information 
olle
ted from tra
king and 
alorimetry need to
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(b)Figure 4.24: Correlations between the quantities Ere
Un
orr=Etrue (a)and pre
=Etrue (b) and the ratio Ere
Un
orr=pre
 (see the text for adetailed explanation).be 
ombined. While the 
alorimeter is most suited for the absolute value ofthe momentum, the tra
ker 
an provide a very a

urate measurement of theele
tron dire
tion at the intera
tion point. The standard method to obtainthe three 
omponents of the ele
tron momentum 
onsists in taking the an-gles from the tra
ker measurement and the absolute value of the momentumfrom the 
alorimeter.However, while the tra
ker and the 
alorimeter do not have 
omparable res-olutions for angular measurements (the former, not being limited by theun
ertainty on the position of the intera
tion vertex, has a mu
h betterresolution) they be
ome 
ompetitive for low energy measurements. An op-timized estimator for the ele
tron momentum at vertex would then 
ombine
alorimetry and tra
king measurements to estimate the absolute value ofthe momentum.In order to distinguish the 
ases in whi
h the 
alorimeter and the tra
ker givethe most a

urate measurement, it is interesting to look at and 
ompare the
orrelations between the quantities Ere
Un
orr=Etrue and pre
=Etrue and theratio Ere
Un
orr=pre
. Figure 4.24(a) is showing that the energy measurementis generally good, even when the ratio E=p 6= 1: this is demonstrated bythe ratio Ere
Un
orr=Etrue 
onstantly around 1 for ea
h value of the abs
issa.The lower region on the left part 
orresponds to event under-estimatingEre
Un
orr, sin
e for those events the ratio Ere
Un
orr=Etrue is lower than 1.
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tion in CMSMoreover, sin
e for those events Ere
Un
orr=Etrue � Ere
Un
orr=pre
, as it 
anbe dedu
ed from the dire
t 
orrelation between these two quantities, it fol-lows that pre
 � Etrue, thereby the momentum is well measured.Analogous 
onsiderations 
an be made for the plot 4.24(b). In parti
ular,the shape of the distribution of the events with Ere
Un
orr=pre
 is of the form1=p, demonstrating that for those events the energy is well measured andthe problems 
ome from the momentum estimate. It is interesting to lookat the left region of the plots, in whi
h the ele
trons have pre
=Etrue � 1 andhave then a good momentum measurement: sin
e Ere
Un
orr=pre
 is lowerthan one, the energy is under-estimated.It is then possible to summarize the previous 
onsiderations with the follow-ing statements:� there are no 
ases in whi
h both energy and momentum are wrong,under- or over-estimating the true ele
tron energy, sin
e when E=papproximately equal 1 both are in good agreement with the MonteCarlo truth;� 
ases with E=p > 1 are always due to a momentum underestimation,sin
e in that region the energy is always well measured;� 
ases with E=p < 1 are more 
ompli
ated and 
an be due either towrong energy measurement or to wrong momentum estimate.The adopted strategy to 
ombine energy and momentum translate these
onsiderations in a pra
ti
al pro
edure, assigning to 
alorimetry and tra
k-ing measurements proper weights to form the best estimator eE aseE = wEE + wppwE + wp : (4.3)For the energy measurements, there is an estimate of the asso
iated er-ror from the parametrization of the energy resolution, whi
h di�ers for thedi�erent kind of ele
trons (�gure 4.17): the weight for the energy is thenwE = ��2E .For tra
king measurements the tra
k �t error 
ould give the pre
ision onthe momentum determination, and being an event-by-event quantity givemore information than a simple parametrization of the tra
ker resolutionas a fun
tion of the momentum and the pseudorapidity 4.25. However, the
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Figure 4.25: Tra
ker transverse momentum resolution as a fun
tionof the pseudorapidity for ele
trons of di�erent initial pT .GSF algorithm provide error estimates only by taking the mean value of thep.d.f. asso
iated to ea
h of the �t parameters, while we are estimating themusing the mode of their p.d.f.. An empiri
al approa
h, in whi
h the error isde�ned as half of the smallest interval 
ontaining the mode value and su
hthat the p.d.f. integral over that interval is 0:68, has been adopted.A typi
al pull distribution obtained using this estimator for �p is shown in�gure 4.26(a). Figure 4.26(b) plots the result of the Gaussian �t around thepeak for pull distributions at di�erent energies: a systemati
 overestimationof the errors is a�e
ting the obtained values. In order to 
orre
t for thise�e
t, whi
h is indeed observed also for pull distributions 
omputed withthe mean GSF estimator and its standard error, an appropriate res
aling of�p has been applied. This res
aling brings the sigma of the pull distributionsba
k to 1.The results of the 
ombination are plotted in �gure 4.27(a), where theresolution of the 
ombined estimator eE is 
omputed at di�erent energies.The improvement with respe
t to single estimator from 
alorimetry or tra
k-ing is evident. The relatively small improvement in the region around25 GeV=
 where energy and momentum have 
ompatible un
ertainties isprobably due to 
ommon systemati
 e�e
ts a�e
ting both the measure-ments (namely bremsstrahlung emission). However, a big di�eren
e 
an be



122 Ele
tron Re
onstru
tion in CMS

pull
-3 -2 -1 0 1 2 3

a
.u

.

0

20

40

60

80

100

120

140

160

hpup 5
Entries  2803
Mean   0.1925
RMS     0.847

 / ndf 2χ  61.02 / 23
Constant  3.7± 114.2 
Mean      0.01196± -0.04678 
Sigma     0.0140± 0.4311 

(a)  [GeV]kineE
10 20 30 40 50

p
u

ll

0

0.2

0.4

0.6

0.8

1

1.2

1.4

(b)Figure 4.26: Left : example pull distribution for ele
trons with mo-mentum of 15 GeV=
. Right : pull values obtained for ele
trons withdi�erent initial energy.
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(b)Figure 4.27: Results of the 
ombination of energy measurement fromthe 
alorimeter and momentum measurement from the tra
ker. Theresolution (�( eE)=E) on the best estimate of the ele
tron four momen-tum at the initial vertex is shown in (a) as a fun
tion of the ele
tronenergy. In (b) the e�e
tive RMS of the distribution eE=E is shown.
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Figure 4.28: Fra
tion of ele
trons in H ! ZZ(�) events with anenergy E lower than E. The red 
urve shows the distribution beforeany sele
tion while the blue 
urve shows the same distribution afterbasi
 standard sele
tions on the ele
tron pT , on isolation, and on Z,Z(�) and four ele
trons invariant mass are applied (see 
hapter 5 formore details on the sele
tion strategies).seen looking at the e�e
tive RMS of the 
orresponding distributions 4.27(b),whi
h are mu
h narrower for the 
ombined estimator eE than either p or E.4.6 E�e
ts on the H ! ZZ(�) ! 4e physi
sDetails on ele
tron re
onstru
tion and sele
tion in a full physi
s simu-lated event will be given in 
hapter 5. The assumption made here is thatthe ele
tron 
andidates 4.2 in a H ! ZZ(�) ! 4e event have been builtand properly sele
ted. The interest is on the e�e
t of the 
orre
tions on themost important physi
al observables of the event for a typi
al Higgs mass
ase of mH = 150 GeV=
2.As a preliminary observation, the fra
tion of ele
trons with energy below25 GeV, the range in momentum with the biggest improvement from theenergy-momentum 
ombination, is around 40% for a low Higgs mass point,while it de
reases for higher masses (see as an example the distribution formH = 150 GeV=
2 in �gure 4.28). It is also interesting to noti
e the e�e
tof the HLT trigger on the ele
tron population: as expe
ted, the fra
tion of
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Figure 4.29: Fra
tion of ele
trons in H ! ZZ(�) events belonging tothe di�erent 
lasses as a fun
tion of the ele
tron pseudorapidity.
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Figure 4.30: Fra
tion of ele
trons in H ! ZZ(�) events belonging tothe di�erent 
lasses as a fun
tion of the ele
tron energy.
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Figure 4.31: E�e
ts of the 
orre
tions on the Higgs invariant mass,for a Higgs mass hypothesis of mH = 150 GeV=
2.events 
ontaining more low pT ele
trons has less probability of being trig-gered.The distribution of ele
trons in the di�erent 
lasses is shown as a fun
tionof the pseudorapidity (�gure 4.29) and of the ele
tron energy (�gure 4.30).In parti
ular, the �rst distribution follows the material budget pro�le andthe se
ond exhibit a more problemati
 behaviour for soft ele
trons, 
onsis-tently to what expe
ted. The e�e
t of the energy s
ale 
orre
tion and ofthe energy-momentum 
ombination on the Higgs invariant mass is shown in�gure 4.31. The peak is 
orre
tly shifted on the generated Higgs mass valueand the distribution is 
learly narrower.The same e�e
ts are observable on the Z mass plot, as shown if �gure4.32(a). The e�e
t of the 
orre
tions for the virtual Z mass distribution,whi
h is very important be
ause it 
an be used to dis
riminate among dif-ferent hypothesis for the Higgs spin and CP quantum numbers, is shown in�gure 4.32(b).4.7 Con
lusionsThe 
hapter presents detailed studies of the ele
tron re
onstru
tion insideCMS whi
h have been 
arried out in order to analyze the main e�e
ts whi
ha�e
t the measurements of the ele
tron energy using the ele
tromagneti
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ts of the 
orre
tions on the Z (a) and Z� (b) invari-ant mass, for a Higgs mass hypothesis of mH = 150 GeV=
2.
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alorimeter.In parti
ular the bremsstrahlung e�e
t, whi
h is due to the tra
king ma-terial in front of the 
alorimeter, is the main problem to be fa
ed, sin
e it
auses non-negligible losses of the ele
tron energy whi
h are often irre
over-able by the re
onstru
tion algorithms. In order to determine the quality ofthe ele
tron energy measurement, a 
lassi�
ation of the ele
tron based ontra
king and 
alorimetry observables has been proposed. A

ording to this
lassi�
ation, a s
aling of the measured energy has been 
omputed in orderto bring the energy of an ele
tron as 
lose as possible to its initial value.A parametrization of the energy resolution for the di�erent 
lasses has al-lowed to attribute an error to the energy measurement. This, together withthe tra
king momentum measurement and its error, 
an be used in orderto optimally 
ombine the information from the 
alorimeter and the tra
kerto have the best estimate of the ele
tron four momentum at the intera
tionpoint.Parti
ular 
are has been given to ele
trons with low transverse momentum,whi
h 
onstitute a good fra
tion of the total number of the ele
trons 
omingfrom the Higgs boson de
ay H ! ZZ(�) ! 4e. Using the �nal estimate ofthe ele
tron momentum, the Higgs mass peak is 
orre
tly found around theexpe
ted value and the resolution on the Higgs mass is 
learly improved.
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Chapter 5The H ! ZZ(�)! 4e
hannelThe Higgs me
hanism is the 
urrent best model for the ele
troweak sym-metry breaking in the Standard Model (SM) of elementary parti
le physi
s.However, the existen
e of the massive s
alar parti
le asso
iated to the sym-metry breakdown, the Higgs boson, has not yet been proven and remainsthe most important obje
tive of the LHC physi
s program.Within the possible de
ay modes of the Higgs bosons, the 
hannel H !ZZ(�) is the se
ond golden 
hannel after H ! 

 for Higgs masses belowtwi
e the Z mass (se
tion 1.2.5). Despite the fa
t that its bran
hing ratiois lower than the 
orresponding H ! WW (�) 
hannel, it provides a 
leanexperimental signature for the dete
tion of the signal events over the ba
k-ground and allows a dire
t measure of the Higgs boson mass and width.Furthermore, it is the best 
hannel for 
hara
terizing the Higgs spin and CPquantum numbers from the angular 
orrelations of the ZZ(�) de
ay produ
ts(typi
ally only the leptons are 
onsidered). Used in 
onjun
tion with theinformation from the de
ay H !WW (�), it also allows for the measurementof the Higgs 
ouplings to the weak gauge bosons.In this 
hapter, a detailed analysis of the 
hannel H ! ZZ(�) when thetwo Z bosons de
ay into two ele
tron and positron pairs1 is presented. Theexisting results ((Puljak, 2000),(Meridiani, 2003)) are thereby updated andthe way to possible new strategies to be adopted in order to improve thesigni�
an
e for the Higgs boson dis
overy is also presented.This 
hannel presents several experimental 
hallenges, whi
h are mainly re-14e in the following, where the 
harge 
onjugate states e+ and e� are referred to asele
trons, unless spe
i�
ally mentioned.
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hannellated to the extra
tion of an ele
tron signal from a very diÆ
ult environment.Indeed, the 
onsiderable amount of radiation emitted by bremsstrahlung
an a�e
t both the ele
tron re
onstru
tion eÆ
ien
y and the measurementof their energy. In order to optimally 
over the wide momentum range(from O(1 GeV=
) to O(102 GeV=
)) of the four ele
trons a 
ombination oftra
king and 
alorimetry information is needed to provide the best possibleestimate of the ele
tron quadri-momentum at the intera
tion point (
hapter4). In order to distinguish events 
oming from a Higgs de
ay from the ba
k-ground, two main strategies have been adopted.The �rst one is based on the sele
tion of the signal events a

ording to se-le
tion 
riteria on the most signi�
ant kinemati
 and topologi
al variablesof the events. A study of these 
hara
teristi
s will thus be presented belowto illustrate and motivate the 
hoi
es.The se
ond approa
h has been to use all the signi�
ant variables together to
lassify the events by means of a Neural Network. It has been long demon-strated (Prosper, 1993) that Neural Networks 
an be used to estimate thea priori probability of an event to be signal or ba
kground, thus allowingan analysis based on the standard statisti
al tools, su
h as, for example,maximum likelihood ratio tests. In se
tion 5.7.3, a demonstration of thisstatement will be provided. Furthermore, the appli
ation of Neural Net-works to the events sele
tion in some of the major physi
s analysis in thepast both for trigger and analysis te
hniques has su

essfully shown the ef-�
ien
y of this te
hnique in event sele
tion and pattern identi�
ation.A deep understanding of the event 
hara
teristi
s is however a ne
essary
ondition for the fruitful use of Neural Networks and the evaluation of thesystemati
s un
ertainties related to the 
lassi�
ation. This also 
onstitutesa solid basis for more evolved analysis.In the following se
tions, signal and ba
kgrounds for the H ! ZZ(�) !4e 
hannel will be introdu
ed, the adopted strategies to sele
t the eventswill be illustrated and the obtained results for the signi�
an
e of the Higgsboson dis
overy using the CMS dete
tor at LHC will �nally be presented.5.1 Signal and Ba
kground De�nitionThe signal 
onsidered in this analysis is 
hara
terized by the presen
e offour ele
trons in the �nal state. The ba
kground is thus 
onstituted byall the pro
esses with at least four �nal state ele
trons, either prompt or
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ation. The most important 
ontributions to theba
kground 
ome from:� ZZ(�) events, with the Z de
aying into an ele
tron-positron pair;� Zbb, where the two b quarks de
ay semileptoni
ally into ele
trons;� tt, where the top quark de
ays with bran
hing ratio � 1 into Wb andele
trons in the �nal state may 
ome from the de
ay W ! e�e andfrom semileptoni
 de
ays into ele
trons in the b de
ay 
hain (e.g. b).Having two Z in the intermediate state, the ZZ(�) ba
kground is 
alled\irredu
ible", sin
e it has many kinemati
al 
hara
teristi
s similar to thesignal. The two remaining ba
kgrounds 
onstitute the so-
alled \redu
ible"ba
kground.Before explaining in detail the analysis strategies for the event re
on-stru
tion with the full CMS dete
tor simulation, it 
an be useful to look atgeneral properties of signal and ba
kground.The most important feature of the signal is that the four ele
trons 
omefrom the de
ay 
hain of a single parti
le, the Higgs boson. This impliesthat their invariant mass peaks at the Higgs mass, while for the other ba
k-grounds a 
at distribution is anti
ipated. The Higgs boson sear
h wouldthen 
onsists in looking for the appearan
e of a peak in the four ele
troninvariant mass distribution.Signal events are also identi�able for the presen
e of two Z bosons in theintermediate state. Depending on the hypothesis for the Higgs mass, thetwo bosons 
ould be either real or o� the mass shell (virtual), the fra
tionof virtual Z de
reasing with the in
rease of the Higgs mass.Moreover, assuming that the Standard Model Higgs is a CP-even s
alarparti
le, the two Z bosons from the Higgs de
ay are mainly longitudinallypolarized. This implies that the shape of the di�erential 
ross-se
tions on theangle # between one lepton in the Z rest frame and the dire
tion of its parentin the Higgs rest frame, is of the form d�d 
os # � sin2 #. It 
an be demonstrated(Choi et al., 2003) that for the ZZ(�) ba
kground, whi
h also has two Zas intermediate state, the bosons are mainly transversely polarized. Thispolarization implies a di�erential 
ross-se
tion of the form d�d 
os # � 
os2 #,whi
h 
ould be in prin
iple exploited to enhan
e the ba
kground reje
tion.
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hannelReversing the argument, it is possible, in prin
iple, to identify the Higgsspin and CP quantum numbers from the angular distribution of its de
ayprodu
ts. The 
hannel H ! ZZ(�) ! 4e is optimal for this purpose, sin
ethe �nal state 
an be 
ompletely re
onstru
ted. Also the shape of the massspe
trum of the virtual Z boson 
ould be used to dis
riminate di�erent spin-CP hypothesis for the Higgs parti
le. For an example of these studies onthe Higgs quantum numbers determination, see (Godinovi�
, 2003).The analysis of the transverse momentum distribution of the four �nalstate ele
trons would lead to the 
onsideration that there are substantialdi�eren
es for signal and ba
kground, espe
ially for the two softest pT ele
-trons. Furthermore, the presen
e of neutrinos in the de
ay 
hain of both band t quarks imply a greater missing energy for the redu
ible ba
kgroundswith respe
t to signal events. Finally, the four ele
trons from the Higgs de-
ay are 
ompatible with a single vertex hypothesis, while, for the Zbb and ttba
kgrounds, the ele
trons from the b and t de
ay tree 
ome from se
ondaryverti
es.5.2 Signal and Ba
kground: Generation and Sim-ulationIn order to simulate the signal and ba
kground for the H ! ZZ(�) ! 4e
hannel, the CMS full simulation 
hain and the standard CMS re
onstru
-tion tools have been used in the analysis (ORCA, 2004).Leading-Order generators (mainly PYTHIA (Sjostrand et al., 2001), Com-pHEP (Pukhov et al., 1999) in one ba
kground 
ase) have been used togenerate signal and ba
kground pro
esses. As dis
ussed in se
tion 1.2.5,these are inadequate to des
ribe the produ
tion at the LHC. For this rea-son, an a posteriori normalization to Next-to-Leading-Order 
ross se
tionvalues using pT dependent s
ale fa
tors with the pT spe
trum, 
omputedusing the MC�NLO Monte Carlo tool (Frixione and Webber, 2004), hasbeen introdu
ed.To simulate �nal state QED radiation, the PHOTOS pa
kage has also beenused (Barberio and Was, 1994).In order to a

elerate the event produ
tion without biasing the sample forthe analysis, a presele
tion at the generator level has been applied. Thispermits to fully tra
e in the dete
tor only the events with four �nal stateele
trons within the CMS angular a

eptan
e for ele
trons (j�j < 2:7) and
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mH [GeV]Figure 5.1: Expe
ted number of signal events after one year of LHCrunning at an integrated luminosity of 20 fb�1.with a transverse momentum suÆ
iently high (pT > 5 GeV=
) to allow agood eÆ
ien
y in the ele
tron dete
tion.The low luminosity s
enario (L = 2 � 1033 
m�2s�1) for the LHC has been
onsidered, and 3:5 pile-up events have been added to ea
h signal and ba
k-ground event before the dete
tor digitization step of the simulation.5.2.1 SignalThe signal has been generated with PYTHIA 6.223 (using the CTEQ5L setof parton distribution fun
tions) for a wide set of Higgs masses, 104 eventsfor ea
h mass point. For mH < 2mZ , Higgs masses from 120 GeV=
2 to180 GeV=
2 have been generated, with an additional point at 115 GeV=
2,the lowest mass non ex
luded by LEP2 results. Events where the four ele
-trons in the �nal state 
ome from the de
ay Z(�) ! � with the � for
ed tode
ay into an ele
tron have been ex
luded from the analysis, sin
e, due tothe presen
e of neutrinos in the �nal state, they 
ontribute to the tail of the4e invariant mass distribution rather than to the peak.
The expe
ted number of events in one year of the LHC running at an in-tegrated luminosity L = 20 fb�1 is shown in �gure 5.1 and the relevant
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Z(�) !4e
h
annel

mH[GeV/
2℄ �(gg ! H)[pb℄ �(qq ! Hqq)[pb℄ �(qq !WH)[pb℄ �(qq ! ZH)[pb℄ �(qq; gg ! ttH)[pb℄ �tot[pb℄ B.R.(H ! ZZ(�)) "kin �tot� B.R.(H !ZZ(�) ! 4e)[fb℄ �tot� B.R.(H !ZZ(�) ! 4e)�"kin[fb℄115 39.3 4.65 1.98 1.05 0.75 47.73 0.008 0.54 0.43 0.23120 36.5 4.47 1.74 0.92 0.67 44.30 0.015 0.56 0.74 0.41130 31.7 4.14 1.35 0.72 0.53 38.44 0.039 0.61 1.70 1.04140 27.8 3.83 1.06 0.57 0.43 33.69 0.068 0.65 2.59 1.68150 24.6 3.56 0.84 0.45 0.35 29.80 0.083 0.67 2.79 1.87160 21.9 3.32 0.68 0.37 0.29 26.50 0.043 0.69 1.29 0.89170 19.7 3.09 0.55 0.30 0.24 23.88 0.023 0.71 0.62 0.44180 17.8 2.88 0.46 0.25 0.20 21.59 0.058 0.73 1.41 1.03190 16.2 2.71 0.38 0.21 0.17 19.67 0.219 0.74 4.88 3.61200 14.8 2.53 0.32 0.17 0.15 17.97 0.261 0.74 5.30 3.92Table 5.1: Cross-se
tion for the Higgs boson produ
tion, bran
hing ratio into ZZ(�) and presele
tion eÆ
ien
y for di�erentHiggs mass hypothesis. The 
ross se
tion values are obtained from (Spira, 2005), the bran
hing ratio from (Djouadi et al.,1998). A mass of 175 GeV=
2 for the top quark has been assumed.
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(a) (b)Figure 5.2: Leading order pro
esses for the s-
hannel ZZ(�) produ
-tion in hadroni
 
ollisions.
ross-se
tions, bran
hing ratios and presele
tion eÆ
ien
ies are reported intable 5.1 for the di�erent Higgs masses.5.2.2 Ba
kgroundsAs already mentioned in 5.1, the sour
es of ba
kground for theH ! ZZ(�) !4e 
hannel are events with four high-pT ele
trons in the �nal state, 
omingfrom the produ
tion of ZZ(�), Zbb, and tt. Other sour
es of ba
kgrounds
onsisting of events where jets 
an be misidenti�ed as ele
trons (namelyZ + jets events) are redu
ed to a negligible level by the adopted strategiesto enhan
e the signal to 4e ba
kground ratio ((Puljak, 2000), (Meridiani,2003)) and have not been analyzed in detail.Irredu
ible ba
kground: ZZ(�)The leading order pro
esses for gauge bosons pair produ
tion in hadroni
intera
tions is the qq annihilation, shown in �gure 5.2(a). An additional
ontribution, 
orresponding to 20% of the qq ! ZZ(�) pro
ess, 
omes fromgg ! ZZ(�). Indeed, the lower amplitude of the gg ! ZZ(�), whi
h isa higher order pro
ess in �s sin
e it involves a quark box diagram (�gure5.2(b)), is balan
ed by the higher gluon luminosity with respe
t to the quark-antiquark one when the partons 
arry a low fra
tion of the total momentum.NLO 
orre
tions are available only for the �rst pro
ess and predi
t a
orre
tion (K fa
tor) of 1.33. The total produ
tion 
ross-se
tion, bran
hingratio and presele
tion eÆ
ien
y are reported in table 5.2.Events were generated with PYTHIA 6.223, whi
h only implements the qqannihilation. The number of expe
ted events has been res
aled to the total
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Figure 5.3: tt produ
tion rates. Left : s
ale dependen
e at �xed order(NLO, dashed lines in the lower inset), and NLO+NLL (solid lines).Right : pdf dependen
e. See (Almadov, 2000) for more details.
_
t

t

g

gFigure 5.4: Leading order Feynman diagrams for the tt produ
tion inhadroni
 
ollisions.
ross-se
tion, in
luding the gg fusion pro
ess. This implies some systemati
un
ertainty, whi
h is related to the kinemati
al di�eren
e between the twoprodu
tion pro
ess (whi
h are indeed 
onsidered to be small (Meridiani,2003)).Redu
ible ba
kground: ttThe two main pro
esses for tt produ
tion in p-p intera
tions are gluon fusionand quark annihilation (�gure 5.4). The 
orresponding 
ross-se
tion at theLHC for di�erent 
hoi
es of the renormalization s
ale and of the partondensity fun
tions is shown in �gure 5.3. The suggested value for the 
ross-se
tion is 840 pb with 5% of un
ertainties 
oming from the s
ale and 3%from the pdf's (Beneke et al., 2000).Sour
es of ele
trons in the �nal state are the two top quark de
ay 
hains(�gure 5.5). t!Wb has a bran
hing ratio of 99:8%: ele
trons arise from thesemileptoni
 de
ays of the bottom quark and from the W , via dire
t de
ay
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Figure 5.5: Possible sour
es of ele
trons in the top quark de
ay 
hain.W ! e�e or W ! �� ! e��. Semileptoni
 de
ays of mesons produ
ed inW ! hadrons give a negligible 
ontribution to events with four ele
trons inthe �nal state.Total 
ross-se
tion, bran
hing ratios and presele
tion eÆ
ien
y for this 
han-nel are reported in table 5.2. The 
omparison of the values with the signaland the other ba
kground sour
es show that this 
hannel is the largest 
on-tributor to a �nal state with four ele
trons, and its e�e
tive 
ross-se
tion isaround a fa
tor � 102 greater than the signal one. At the analysis level, thelast number gives the order of magnitude of the reje
tion power needed toenhan
e the signal to tt ba
kground ratio.The sample of events has been generated with PYTHIA 6.223. The 75800events have been produ
ed without any requirement on the b-quark de
ay,but by imposing that the W boson de
ays leptoni
ally.
Redu
ible ba
kground: ZbbThe third sour
e of ba
kground having four ele
trons in the �nal state 
on-sists in the Zbb produ
tion and de
ay. The leading order diagrams 
orre-sponding to the two possible initial states produ
ing Zbb (qq and gg) areshown in �gure 5.6.For the 
ross-se
tion 
al
ulation and the event generation, the CompHEP
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Figure 5.6: Leading order diagrams 
orresponding to the possibleinitial states produ
ing Zbb.



x5.3 Events Trigger and Presele
tion 139
Ba
kground �NLO[pb℄ B.R. "kin �NLO� B.R.[fb℄ �NLO�B.R. �"kin[fb℄ZZ(�) 35.1 1:13 � 10�3 0.23 39.6 9.12tt 886 6:31 � 10�2 3:20 � 10�3 56 � 103 178.9Zbb 115.1 1 4:63 � 10�4 115:1 53:30Table 5.2: Cross-se
tion, bran
hing ratio and presele
tion eÆ
ien
yfor the di�erent ba
kgrounds. A mass of 175 GeV=
2 for the top quarkhas been assumed.pa
kage has been used. PYTHIA 
ould not be used to a

omplish this be-
ause it does not take into a

ount the pro
ess gg ! Zbb, whi
h 
ontributesto over 80% of the total 
ross se
tion.The produ
tion of the 115126 events has 
onsidered also the 
ase of a virtualZ bosons and two b quarks, with a limit on the Z� invariant mass as well ason the invariant mass of the b pair of 5 GeV=
2. In this sense the ba
kground
ould be seen as e+e�bb (and the 
ross se
tion reported in the following isto be 
onsidered as 
omputed after the requirement on the invariant massesof the ele
tron and b pairs). The b quarks have not been for
ed to de
ayinto ele
trons.The 
orresponding value for 
ross-se
tion and bran
hing ratio have been re-ported in table 5.2.

5.3 Events Trigger and Presele
tionAs explained in greater detail in the dete
tor des
ription (
hapter 2), theCMS trigger 
onsists basi
ally of two steps: the Level-1 (L1) and the High-Level-Trigger (HLT). The full re
onstru
tion is performed only for eventspassing these two sele
tions. The useful triggers of the HLT trigger tablefor the H ! ZZ(�) ! 4e 
hannel are:� single ele
tron, with a transverse energy threshold of 26 GeV;� double ele
tron, requiring a transverse energy greater than 14:5 GeVfor two ele
trons;� double relaxed ele
tron, requiring two ele
trons with a transverse en-ergy of 21:8 GeV.
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Figure 5.7: Absolute eÆ
ien
y (as de�ned in se
tion 5.3) for the Level-1 Trigger, the High Level Trigger and the re
onstru
tion of four ele
trons
andidates.The absolute eÆ
ien
y has been de�ned as the ratio between the number ofevents passing spe
i�
 requirements (e.g. L1 or HLT triggers) and the totalnumber of presele
ted events at the generator level. Results for the absoluteeÆ
ien
y of L1 and HLT are shown in �gure 5.7, for di�erent Higgs massesand for the ba
kground sour
es. The �gure also shows the re
onstru
tioneÆ
ien
y, whi
h is de�ned as the eÆ
ien
y of �nding at least two ele
tronsand two positrons with an energy greater than 5 GeV. For signal events theloss in the trigger eÆ
ien
y is negligible if 
ompared to the one at the �nalstate re
onstru
tion level.
5.4 Signal Re
onstru
tion and Ba
kground Reje
-tionIn this se
tion details on the analysis of the re
onstru
ted events from thefull dete
tor simulation are given. All the relevant steps of the re
onstru
-tion are dis
ussed in detail, fo
using on the aspe
ts related to the sear
h fora peak in the invariant mass of the four �nal state ele
trons.
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kground Reje
tion 1415.4.1 O�-line re
onstru
tionThe o�-line re
onstru
tion ele
trons takes pla
e only for events passing theHLT. As des
ribed in 4, it 
onsists in 
olle
ting Super
lusters in the 
alorime-ter, re
onstru
ting tra
ks using the GSF algorithm and 
ombining them toform ele
tron 
andidates a

ording to pre
ise 
riteria.An additional step to resolve ambiguities is needed to avoid multiple sharingof ele
tron tra
ks and 
lusters among several ele
tron 
andidates. In orderto sele
t �nal 
andidates, ele
trons sharing the same tra
k or super
lustersare grouped in a single 
olle
tion. The unambiguous 
andidates are thensele
ted a

ording to the best mat
hing in E=p, between 
alorimeter andtra
ker measurements.On
e ele
tron 
andidates have been 
olle
ted, a further sele
tion has beenapplied to de�ne \ele
tron" obje
ts on the basis of some 
riteria of ele
-tron identi�
ation. These 
riteria involve the ratio of energy measured inHCAL and ECAL, geometri
al mat
hing between the super
luster and thelast point of the tra
k segment, super
luster shape parameters. They 
onsistin (fore more detail see (BaÆoni, 2005)):� ratio of energy measured in HCAL (H) and ECAL (E): H=E < 0:1;� angular distan
e from the super
luster and the last point of the ele
-tron tra
k: �� < 0:1 and �� < 0:01;� ratio between the energy of the seed 
rystal and the momentum mea-sured at the last tra
k point greater than 0:5� sum of the energy deposited in arrays of 
rystals 
entered on the 
rystalwith the maximum energy deposition: 3� 3/5� 5 > 0:5;� shower spread in � (the se
ond moment of the � proje
tion of thetransverse pro�le): ��� < 0:05.The distribution of the total number of ele
tron 
andidates for presele
tedsignal and ba
kground events is shown in �gure 5.8. The higher number ofre
onstru
ted ele
trons for the ba
kground events 
orresponds to a higherprobability of having ele
trons in jets and of having jets misidenti�ed forele
trons. An isolation 
riteria is e�e
tive in redu
ing the vast majority ofthese events.Ea
h ele
tron is then 
lassi�ed a

ording to the 
riteria exposed in 
hapter 4.
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Figure 5.8: Number of ele
tron 
andidates for signal and ba
kgroundevents.The energy s
ale 
orre
tion and the 
ombination of 
alorimetry and tra
k-ing information is then performed to estimate at best the four-momentumat the intera
tion point.5.4.2 Internal BremsstrahlungThe four ele
trons �nal state is a�e
ted by the emission of photons bythe ele
tron from the Z de
ay. This e�e
t is 
alled internal (or inner)bremsstrahlung. In these events the �nal state also in
ludes photons, whi
hare diÆ
ult to �nd at the re
onstru
tion level and 
an then be lost. Thise�e
t is investigated in order to evaluate possible 
onsequen
es on the Higgsinvariant mass measurement. Events might indeed fall outside the masspeak if the internal bremsstrahlung photon is not properly re
onstru
ted.Similar e�e
ts are irrelevant in ba
kground events, whi
h exhibit a 
ontinu-ous spe
trum for the invariant mass of the �nal state ele
trons.The energy distribution of all the photons emitted by internal bremsstrahlungdivided by the energy of the 
losest ele
tron is shown in �gure 5.9. Figure5.10 shows the angular distan
e in the �-� 
oordinates between the photonand the 
losest ele
tron. The e�e
t on the Higgs invariant mass resolutionif the internal bremsstrahlung photon is not taken into a

ount is shown in�gure 5.11. If the photon is not 
olle
ted by the re
onstru
tion algorithms
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Figure 5.9: Ratio between the energy of the photon from inter-nal bremsstrahlung and the energy of the ele
tron 
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oordi-nates for the internal bremsstrahlung photon and the 
losest ele
tron in�R = p��2 +��2. The dotted lines represent the angular distan
e
orresponding to 3 
rystals (in � or �, a

ording to the axis).
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Figure 5.11: E�e
t of negle
ting internal bremsstrahlung photons inthe invariant mass 
omputation: on the abs
issa the normalized dif-feren
e between the four invariant mass 
omputed with and without
onsidering photons in the �nal state is reported.the e�e
t is, therefore, not negligible.However, sin
e the photon is generally emitted 
lose to an ele
tron, there isa non-negligible probability that both photon and ele
tron will also hit the
alorimeter 
lose to ea
h other and will be 
olle
ted in the same super
luster.In order to investigate this possibility, one 
an look at the extrapolated��ECAL at the 
alorimeter, adding to the initial �� between the photonand the 
losest ele
tron the �� due to the bend of the ele
tron in themagneti
 �eld. The latter quantity is given by the equation��ECAL = ar
tanRECAL2%  1��RECAL2% �2!�1=2 ; % = pT =(0:3 � B);(5.1)where RECAL is the ECAL radius in meters, and % is the 
urvature radius ofthe ele
tron, with its momentum pT measured in GeV=
 and the magneti
�eld in Tesla.As 
an be seen in the plot of the normalized di�eren
e between the invari-ant mass of the 4e and the invariant mass of the 4e+ 
 as a fun
tion of the��ECAL (�gure 5.12), the biggest e�e
t are present for low ��. The two
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∆φ [rad]Figure 5.12: Normalized di�eren
e between the four ele
tron invari-ant mass 
omputed with and without 
onsidering photons in the �nalstate as a fun
tion of the angular di�eren
e in ' at the ECAL entran
ebetween the photon and its 
losest ele
tron. The dotted lines representthe angular distan
e 
orresponding to 3 
rystals in �.lines on the �gure indi
ate a distan
e between the photon and the 
losestele
tron 
orresponding to three ECAL 
rystals. This has to be 
onsideredas the minimal distan
e between the two parti
les su
h that the photon isnot in
luded in the ele
tron super
luster, thus not re
onstru
ted. As themajority of the events are within this limit of three 
rystals, we 
an negle
tfor the moment the internal bremsstrahlung e�e
t and leave it for a moreevolved stage of the analysis.5.4.3 VertexingAlthough a

urate vertex �tting algorithms 
an be used to both sele
t theele
trons from the Higgs de
ay tree and to separate the signal from the dif-ferent ba
kgrounds, the approa
h adopted for this analysis is based on a lessevolved quantity su
h as the transverse impa
t point parameters of the ele
-tron tra
ks. However, further improvements of the analysis are expe
ted ifthe full information on the vertex is used. For this reason an event sele
tion
riteria based on 
ommon vertex 
ompatibility among the ele
tron tra
ks isunder study. This will allow both to sele
t the best four ele
tron 
andidateswhi
h are supposed to 
ome from the Higgs de
ay and to reje
t ba
kgroundevents in whi
h the ele
tron tra
ks are not 
ompatible with a single parti
le
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Figure 5.13: Distribution of �2TIP (eq. 5.2) for signal and ba
kground.de
ay.The quantity 
hosen to estimate the vertex 
ompatibility has been the 
hi-square of the four ele
trons tra
ks 
omputed under the hypothesis of a 
om-mon vertex. In parti
ular, for ea
h tra
k its transverse impa
t parameter(TIP) is 
omputed and subtra
ted from the transverse radius of the prin
i-pal vertex of the events (RVT ). The prin
ipal vertex is 
omputed with a �ton all the tra
ks of the event.The vertex 
ompatibility is then given by�2TIP = 4Xi=1  TIPi
�iTIP
!2 ; (5.2)where TIP
 = TIP�RVT and �TIP
 is the error in determining TIP and RVTpropagated to TIP
.The distribution of �2TIP for signal events with mH = 150 GeV=
2 and thethree kinds of ba
kground is given in �gure 5.13.Figure 5.14 shows the probability for the same data for �2(4) to be greaterthan the observed �2TIP. The 
atness of the distribution for the signal eventsindi
ates that �2TIP is 
ompatible with a 
hi-square distribution, and there-fore that the events have statisti
al 
u
tuations around a 
ommon vertex.



x5.4 Signal Re
onstru
tion and Ba
kground Reje
tion 147

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0  0.2  0.4  0.6  0.8  1

a.
u.

P(χ(4)>χTIP
2)

Signal, mH = 150 GeV

ZZ*
tt
-

Zbb
-

Figure 5.14: Probability of having a �2TIP greater than �2(4) for sig-nal and ba
kground. The 
atness of the distribution is an indi
ationfor �2TIP to be a �2 distribution, that is for the ele
tron tra
ks to be
ompatible with a single vertex. This is true for signal and ZZ(�) eventsbut not for the redu
ible ba
kground.As expe
ted, also ZZ(�) events show a good 
ompatibility of the four ele
-tron tra
ks with a single vertex and the distributions are very similar to thesignal ones. The redu
ible ba
kgrounds, on the other hand, have fewer 
asesin whi
h the tra
ks are 
ompatible with a single vertex, sin
e the ele
trons
ome from the de
ay of the quarks b and t.5.4.4 Isolation and Ele
tron Identi�
ationAs already noted, isolation is one of the most powerful 
riteria to distin-guish between signal and redu
ible ba
kground events. The latter, in fa
t,have ele
trons in the �nal state whi
h 
ome from semileptoni
 de
ays of thequarks b and t and are often inside jets or 
lose to hadroni
 tra
ks. It istherefore possible to apply 
riteria of isolation on the ele
tron 
andidate inorder to eliminate su
h 
ases.Di�erent 
hoi
es for isolation algorithms 
ombining the information of tra
k-ing and 
alorimetry are possible. In this analysis, the tra
ker only is used toapply a veto on the sum of the transverse momentum of the 
harged tra
ksinside a 
one in �R =p��2 +��2 around the ele
tron tra
k. The sum of
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Figure 5.15: Distribution of the isolation as de�ned in the text for thefour highest pT ele
trons in the event.
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Figure 5.16: EÆ
ien
y for signal and ba
kground events requiring anisolation greater than Iso for the four highest pT ele
trons in the event.
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Figure 5.17: Transverse momentum distribution for the four high-est pT ele
trons in the event. The main di�eren
es in the signal andba
kgrounds spe
tra 
ome from the two softest ele
tronsthe pT is normalized with respe
t to the ele
tron momentum and the 
oneis 
hosen su
h that the ele
tron tra
k itself is not taken into a

ount in thesum of the pT of the tra
ks. The optimization of this algorithm is dis
ussedelsewhere (BaÆoni, 2005). The distribution of the isolation variable (I) isshown in �gure 5.15 for the four highest pT ele
trons in the event. Theresults in the eÆ
ien
y for signal and ba
kgrounds are presented in �gure5.16. The eÆ
ien
y has been 
omputed requiring that all of the four highestpT ele
trons have an isolation lower than a threshold. Only events in whi
hthere are at least four ele
trons with a transverse momentum greater than5 GeV=
 have been 
onsidered.
5.4.5 Kinemati
s of the re
onstru
ted eventsDi�eren
es in the kinemati
 of the events, already present at the generatorlevel, transport well to the �nal re
onstru
ted events. Figures 5.17 show
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Figure 5.19: Left : distribution of the invariant mass of the e+e� pairidenti�ed as 
oming from the virtual Z of the event (see text for moredetails on the identi�
ation). Right : sele
tion eÆ
ien
y for signal andba
kground events requiring the virtual Z mass greater than mLOWZand lower than 70 GeV=
2.
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e De�nition 151the transverse momenta distribution for the four highest pT ele
trons in theevent and agree with the distributions found when the true Monte Carloinformation is 
onsidered.In order to identify the ele
trons 
oming from the two di�erent Z in a signalevent, the following strategy has been adopted. First, the ele
tron pair withthe invariant mass 
losest to the Z mass peak has been identi�ed as 
omingfrom the de
ay of the \real Z". The remaining pair with the highest invari-ant mass has then been sele
ted and identi�ed as 
oming from the de
ay ofthe \virtual Z". This strategy has been proven in previous analysis to havemore than 90% of eÆ
ien
y in 
orre
tly 
oupling the ele
trons.Figure 5.18(a) shows the distribution of the real Z mass expe
ted for signaland ba
kground events. The mass distribution of the se
ond pair, whi
h 
or-responds to the se
ond Z boson in signal events, is shown in �gure 5.19(a).The a

eptan
e as a fun
tion of the size of a symmetri
 window 
entered onthe Z mass peak is shown in �gure 5.18(b). For the se
ond Z distribution,the a

eptan
e 
onsidering a variable lower limit and an upper limit �xedto 70 GeV=
2 has been 
omputed and is shown in �gure 5.19(b).5.5 Signi�
an
e De�nitionIn experiment to sear
h for new parti
les, the need arises to quantify theeviden
e for new physi
s signal over ba
kground. Theoreti
al predi
tion onthe number of expe
ted events for signal (NS) and ba
kground (NB) 
an beused to de�ne the \signi�
an
e" S as a 
hara
teristi
 of the observability ofthe phenomena. The methods to de�ne the signi�
an
e 
an be divided intoevent 
ounting methods and likelihood methods, depending on whether theylook for an ex
ess of events in a prede�ned \signal-region" to determine NSand NB or if they take into a

ount the shape of the distributions of signaland ba
kground (see for example (Barts
h and Quast, 2003)).The most di�used 
ounting methods use the following de�nition of signi�-
an
e: S1 = NSpNB ;S12 = NSpNS +NB ;S
P = 2 � (pNS +NB �pNB ; ) (5.3)
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hannelwhere, in parti
ular, the last method is stri
tly valid only in the Gaussianlimit of the Poisson distribution, that is for large NS and NB .Likelihood methods, on the other hand, rely on hypothesis testing toestimate the signi�
an
e of the dis
overy of new phenomena. A \null hy-pothesis", whi
h assumes that the observed distribution of events is formedby ba
kground only, is 
ompared via the Neyman-Pearson's test with an\alternative hypothesis" supposing that the observed distribution is due tothe presen
e of both signal and ba
kground. A signi�
an
e estimator 
anbe de�ned as S
L =p2 ln Q; (5.4)where Q is given by the ratio of the likelihood of the �t to the data under thehypothesis of signal plus ba
kground and the likelihood of the �t under theba
kground only hypothesis. In the large-statisti
s limit, S2
L is expe
ted tofollow a �2 distribution with a number of degrees of freedom given by thedi�eren
e in the number of free parameters between the alternative and nullhypothesis.It turns out that if the likelihood method is applied to one bin only,namely the signal region, S
L 
an also be used as a signi�
an
e estimatorin 
ounting experiments. In this 
ase, the ratio Q is given by the Poissonprobability to observe Nobs events when NS +NB are expe
ted (alternativehypothesis) and the Poisson probability to observe Nobs events when NB areexpe
ted (null hypothesis). This yields to the following expression for Q:Q = �1 + NSNB�Nobs � e�NS : (5.5)Setting the expe
tation value of Nobs to NS + NB 
ompletely de�ne thelikelihood estimator for event 
ounting experiment.For the 
exibility of likelihood methods to be applied to 
ounting experi-ment as well as �t of distribution shapes, the CMS 
ollaboration as adoptedS
L as statisti
al tool to de�ne the signi�
an
e of new physi
s dis
overy.5.6 Sequential Sele
tion AnalysisA

ording to the previous 
onsiderations, the developed strategy 
onsistsin a sequen
e of sele
tions based on the variables illustrated above. These
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tion Analysis 153sele
tions 
an be divided in those for the ele
trons sele
tion inside a givenevent and those for the signal to ba
kground separation, with a 
lear inter-play between the two 
ategories.The analysis based on sele
tions has been fo
used on the 
ase of mH =150 GeV=
2. The outline of the sele
tion 
an be des
ribed as follows.� Presele
tion to dis
ard ele
trons whi
h are very unlikely to 
ome fromthe Higgs de
ay tree:{ angular distan
e between the super
luster position and tra
k atvertex: �� < 0:1 and �� < 0:1;{ loose energy-momentum mat
hing: E=p < 3;{ ratio of energy measured in HCAL (H) and ECAL (E): H=E < 3;{ loose isolation inside a 
one �R < 0:15:I = (Ptra
ks pT )=(ele
tron pT ) < 0:5.� Requirements of at least 2e+ and 2e� in the event.� Impa
t parameter: ele
trons with a signi�
an
e on the impa
t param-eter TIPi
=�iTIP
 lower than 10 are not 
onsidered as 
oming from aHiggs de
ay;� Isolation: all the four ele
tron tra
ks must have I < 0:1� Ele
tron Identi�
ation:{ ratio of energy measured in HCAL (H) and ECAL (E): H=E <0:1;{ angular distan
e from the super
luster and the last point of theele
tron tra
k: �� < 0:1 and �� < 0:01;{ ratio between the energy of the seed 
rystal and the momentummeasured at the last tra
k point greater than 0:5{ sum of the energy deposited in arrays of 
rystals 
entered on the
rystal with the maximum energy deposition: 3� 3/5 � 5 > 0:5;{ shower spread in �: ��� < 0:05;� Kinemati
s:{ transverse momenta of the four highest pT ele
trons greater than7, 10, 15, 20 GeV=
 respe
tively;
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(b)Figure 5.20: Four ele
tron invariant mass distribution for signal andba
kground events (a) after the presele
tion and (b) after the sele
tionshas been applied.{ �rst Z mass in the Z mass peak within 15 GeV=
2;{ se
ond Z mass greater than 15 GeV=
2 and lower than 70 GeV=
2.The starting point after the presele
tion step is shown in �gure 5.20(a).The appli
ation of the sele
tions then gives the distribution shown in �gure5.20(b).The signi�
an
e has been 
omputed 
onsidering the events with the invari-ant mass of the four ele
trons inside a window between 145 GeV=
2 and155 GeV=
2. The e�e
t of the di�erent sele
tions is reported in table 5.3.The �nal number of signal events has been of 10:93 for the signal and 1:95for the sum of the three 
onsidered ba
kgrounds (1:4 for ZZ�, 0:19 for tt,0:36 for Zbb). The obtained signi�
an
es, a

ording to the de�nitions givenin se
tion 5.5 are thenS1 = 7:8 S12 = 3:0 S
L = 5:1: (5.6)5.7 Neural Network AnalysisIn order to dis
riminate between signal and ba
kground events, strategies
ombining all the available information at a time are a priori more eÆ
ientthan approa
hes based on simple sele
tions on the main event variables, evenwhen 
uts optimization pro
edure are involved. Global event 
lassi�
ation
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. in % Signal ZZ� tt ZbbL1 99.7 97.5 96.3 90.2HLT 97.4 94.7 77.5 79.0Presel. & 2e+2e� 55.9 50.2 11.6 16.4TIP 97.1 96.9 71.1 79.8Isolation 90.3 93.5 20.1 35.1El. ID 87.5 87.5 57.5 71.7pT 81.7 80.0 22.5 22.2Z mass 93.4 97.7 32.9 90.9Z� mass 95.2 16.2 67.6 38.84e inv. mass 83.7 9.33 12.0 8.33TOTAL 29.1 0.51 0.005 0.034Table 5.3: Relative a

eptan
es with respe
t to the generation prese-le
tion for the di�erent sele
tions for a Higgs boson mass hypothesis ofmH = 150 GeV=
2 (see the text for more detail).based on pattern re
ognition pro
edures 
an exploit event topologies thatwould hardly be distinguished by 
uts. Neural Networks provide one of su
hglobal approa
hes to the event sele
tion.5.7.1 Neural Network Stru
tureThe main idea behind the neural networks is to address a problem with alarge number of logi
 units highly inter
onne
ted between them rather thanwith a single unit performing very fast serial pro
essing. The 
omplexity ofthe network 
an supply a de�
it in the 
omputing rate, exa
tly as the hu-man brain 
an perform 
ertain 
omputation (e.g. pattern re
ognition andper
eption) mu
h better than a 
omputer, even if the latter is typi
ally sixorders of magnitude faster than the former.An elementary introdu
tion to the neural networks will be brie
y given inthe following paragraphs. For a detailed and exhaustive des
ription see forexample (Haykin, 1994).The basi
 stru
ture of a neural network is a neuron, that is a single infor-mation pro
essing unit. A neuron is 
omposed of four basi
 elements (�gure5.21).� A set of synapses, ea
h of whi
h 
onne
ts the neuron with another
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Figure 5.21: S
hema of a neuron, the basi
 information pro
essingunit of a neural network.neuron and is 
hara
terized by a weight. Spe
i�
ally, the signal xj ininput to the synapses j 
onne
ted to the neuron k is multiplied by thesynapti
 weight wkj.� An adder whi
h sum the input signals weighted by the respe
tivesynapses of the neuron.� An a
tivation fun
tion, to limit the output of a neuron in a �niteinterval, typi
ally [0; 1℄ or [�1;+1℄.� An external bias (threshold) to positively (negatively) shift the inputof the a
tivation fun
tion.Mathemati
ally speaking, a neuron 
an be des
ribed by the pair of equationsuk = NXj=1 !kjxj ;yk = '(uk � #k): (5.7)The �rst equation des
ribes the neuron input uk as a linear 
ombination ofinput signals xj . The se
ond represents the neuron output yk as the resultsof the a
tivation fun
tion '(�) on an input whi
h is biased by the 
onstant
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Figure 5.22: S
hema of a multilayer per
eptron with two hidden lay-ers.#k. Examples of threshold fun
tions are:'(z) = ( 0 ; z < 01 ; z � 0 ; '(z) = 8><>: 0 ; z � �12z ; �12 < z < 121 ; z � 12 ;'(z) = 11 + e�az ; a > 0; (5.8)
that is a logi
 fun
tion, a pie
ewise-linear fun
tion and a sigmoid.Neurons are inter
onne
ted with ea
h other through links 
alled synapses,whi
h allow the propagation of the information through the network. Thenetworks 
an have many di�erent stru
tures depending on the use they arededi
ated to. Here, the des
ription will be limited to the so-
alled multi-layer per
eptron, a widely used 
lass of feed-forward networks whi
h will beemployed in the following analysis.
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eptronsAs depi
ted in �gure 5.22, a multilayer per
eptron typi
ally 
onsists of a setof input neurons that 
onstitute the input layer, one or more hidden lay-ers of 
omputation nodes and an output layer. The information propagatesthrough the network in a forward dire
tion on a layer-by-layer basis. Theoptimal 
hoi
e of the synapti
 weights is made with a learning pro
edurewhi
h 
onsists in supervising the network while it pro
esses a given sampleof input signals. Firstly, the input signals are pro
essed through the networkup to the output layers (forward pass). Se
ondly, the network response is
ompared to a desired response to make an error signal. The signal of theerror is then propagated ba
kward through the network and the weights ofthe synapses are adjusted so as to make the a
tual network response move
loser to the desired response (ba
k-propagation step).The ba
k-propagation is the implementation of an adaptive pro
edure tooptimize the network performan
e. From a pragmati
 point of view, mu
h
are has to be taken in order to ensure the 
onvergen
e of the pro
edurewhile keeping the network suÆ
iently general to be su

essfully applied toinputs other than the training sample. In other words, the network has to beeÆ
ient but does not have to spe
ify its performan
e to the training sample.5.7.3 Neural Networks and ProbabilityIn this se
tion, it will be shown how a feed-forward neural network 
anbe used to approximate probability densities for an event to be signal orba
kground. A mathemati
al notation will be introdu
ed to represent ageneral feed-forward neural network whi
h, in this 
ase, is supposed to haven real-valued inputs X = (x1; : : : ; xn) (forming a feature ve
tor) and onesingle output Y = y1.The network 
an be viewed as a fun
tion F of the k weights !i of the synapses
 = (!1; : : : ; !k) that maps the ve
tor X into Y (therefore F � F (X;
)).As mentioned in the previous se
tion, the ba
k-propagation me
hanism isbased on the minimization, with respe
t to the synapses weights 
, of anerror E for the network output. If Ri is the desired response for a giveninput Xi, the error E is de�ned asEN = 1N NXi=1 [F (Xi;
)�Ri℄2 ; (5.9)



x5.7 Neural Network Analysis 159where i is the index of the set of inputs. In a typi
al parti
le physi
s experi-ment, the set of inputs 
orresponds to the set of variables 
hara
terizing anevent in the dete
tor. The main task to perform is the separation of signalevents S from ba
kground events B. The 
lasses S and B are assumed tobe mutually ex
lusive and their union is 
omposing the 
omplete domain Dfor the network fun
tion F .Dis
riminating signal from ba
kground events is equivalent to �nding ahyper-plane (de
ision boundary) in the domain D, whi
h is partitioned intosignal and ba
kground regions. In this representation of the event sele
tion,optimal sele
tions analyses are limited to 
onstraints on 1-dimensional dis-tributions whi
h de�ne a hyper-
ube having the best signal to ba
kgroundratio. In general, however, there is a 
onsiderable overlap between the 1-dimensional distributions for signal and ba
kground, so the hyper-
ube doesnot 
orresponds to the best performan
e a
hievable in the signal/ba
kgroundseparation. On the other hand, neural networks allow to work dire
tly inthe whole domain D, and thereby to exploit 
orrelations between the featureve
tors in a mu
h better way.In order to prove that the output of a neural network 
an be interpretedas a Bayesian probability, the error E 
an be rewritten by separating twoterms, one relative to signal events and the other to ba
kground events:EN = NSN 1NS NSXS=1(F � s)2 + NBN 1NB NBXB=1(F � b)2; (5.10)where NS and NB are respe
tively the number of signal and ba
kgroundevents (and N = NS + NB). The desired output Ri has been set to s forsignal events, to b for ba
kground events.The limit for N !1 is then 
onsidered. The ratios NS=N and NB=N go tothe signal and ba
kground 
ross-se
tion, de�ning the a priori probability ofan event of being a signal event (P (S)) or a ba
kground event (P (B)). Thetwo sums of equation 5.10 be
ome two integrals whose measure is determinedby the distribution of the feature ve
tors:E = P (S)Z dXP (XjS)(F � s)2 + P (B)Z dXP (XjB)(F � b)2; (5.11)where P (X; S) and P (X; B) are the probability density fun
tions for signaland ba
kground respe
tively.Using the Bayes' theorem on 
onditional probability it is possible to 
on-
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t the a posteriori probability for signal and ba
kground:P (SjX) = P (XjS) P (S)P (X)P (BjX) = P (XjB)P (B)P (X) ; (5.12)where P (X) = P (XjS)P (S) + P (XjB)P (B): (5.13)P (SjX) and P (BjX) represent the probability density that an event giving ameasured feature ve
tor X belongs to signal or ba
kground, whi
h is exa
tlythe probability of interest for event 
lassi�
ation. By using the equations5.12 and 5.13 in equation 5.11, after a few steps one obtainsE = Z dXP (X)[F 2 � 2 F G(X; s; b)℄ + Z dXP (X)[s2P (SjX) + b2P (BjX)℄;(5.14)where G(X; s; b) � s2P (SjX) + b2P (BjX): (5.15)By 
ompleting the expression of the �rst integrand to a square and afterrearranging terms, one obtainsE(F ) = E[(F �G)2℄ +E[(s�G)(G � b)℄; (5.16)where the expe
tation operator E['℄ on the generi
 fun
tion ' has beende�ned as E['℄ � ES['℄ +EB ['℄; (5.17)with E�['℄ � P (�)Z dXP (Xj�)'(X) ; � = S;B: (5.18)The meaning of equation 5.16 is that if a fun
tion F (X;
) 
an be found,provided a large enough number of signal and ba
kground events, a mini-mization of EN (F ) leads to the solutionF (X;
) = G(X; s; b) � sP (SjX) + bP (BjX): (5.19)Therefore, by using the equivalen
e P (SjX) + P (BjX) = 1, the followingapproximations for the probability of an event to be a signal event S or aba
kground event B given the features ve
tor X:P (SjX) = F � bs� bP (BjX) = s�Gs� b : (5.20)
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Figure 5.23: Example of trend of the neural network error E de�nedin equation 5.10.It is then possible to use the previous expressions in 
ommon methods ofhypothesis testing.5.7.4 Neural Network analysisThe variables used as inputs for the neural network have been 
hosen amongthose exposed in se
tion 5.4. In parti
ular, a presele
tion requiring at leasttwo ele
trons and two positrons with a transverse momentum greater than5 GeV=
 has been applied to the events. Then the inputs for the neuralnetwork have been:� the four ele
trons pT ;� the isolation for ea
h of the ele
trons;� the invariant mass of the real and virtual Z as de�ned in se
tion 5.4.5;� the vertex 
ompatibility.For ea
h mass hypothesis for the Higgs boson, three networks have beenbuilt in order to estimate the probability for an event to be signal or one ofthe three ba
kgrounds (ZZ(�), tt, Zbb).The networks have been trained for ea
h sample of signal and ba
kgroundwith 150 iterations on 2000 events, whi
h have then been ex
luded from the
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Figure 5.24: Distribution of the neural network outputs for signal andba
kground events. On the axis the output of the three network for thehypothesis of signal against the three di�erent ba
kgrounds is reportedfor ea
h event. As expe
ted the signal events are 
lassi�ed near 1 byea
h network and populate the region around (1; 1; 1). ZZ(�) events are
lassi�ed as signal from the two network built for tt and Zbb events butare well dis
riminated by the ZZ(�) network. The redu
ible ba
kgroundis well 
lassi�ed by ea
h neural network.analysis. An example of the trend of the error EN (eq. 5.10) as a fun
tionof the network iteration (epo
h) is shown in �gure 5.23.
Examining in more detail the Higgs mass point at mH = 150 GeV=
2, thenetwork output for the signal and the di�erent ba
kground samples is givenin �gure 5.25.In the analysis, the probability for an event to be signal or one of the threedi�erent ba
kgrounds has been 
omputed for ea
h event. The events, there-fore, populate a 3-dimensional spa
e where ea
h 
oordinate represents oneof the probabilities. Signal events would populate the region near the point(1; 1; 1) while ba
kground events should have at least one of the probability
lose to 0. Figure 5.24 shows the 3-dimensional distribution of the eventsa

ording to their probability. The axis (x; y; z) 
orrespond respe
tively tothe probability of being signal or (ZZ(�)); tt; Zbb. Signal events populatethe region near (1; 1; 1), as expe
ted. ZZ(�) events are instead 
onsidered
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Figure 5.25: Output of the three neural networks, to distinguish signalfrom ZZ(�), tt, Zbb.
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hannelsignal-like from the networks built against the tt and Zbb hypothesis, andare pushed on the (x; 1; 1) plane. However, the network built against theZZ(�) hypothesis pushes them near 0, so they �nally populate the regionnear (1; 1; 0). Analogous 
onsiderations 
an be done for the two other ba
k-ground sour
es and demonstrate the good dis
rimination a
hievable withthe neural networks.For the �nal separation of signal and ba
kground, the optimal region in the3-dimensional spa
e has been sele
ted along with the optimal Higgs masswindow. The optimization pro
edure has been made using the pa
kage MI-NUIT (James, 1994).The results are shown in �gure 5.26, where the event distribution beforethe neural network appli
ation is also shown for 
omparison. The expe
tednumber of events for the Higgs mass point mH = 150 GeV=
2 is of 12:21for the signal and 1:35 for the ba
kground, to be 
ompared to the resultsof the sele
tion-based analysis of 10:93 events for the signal and 1:95 forthe ba
kground. An improvement both in signal eÆ
ien
y and ba
kgroundreje
tion is 
learly visible.The signi�
an
es for the Higgs boson dis
overy are thenS1 = 10:5 S12 = 3:3 S
L = 6:2: (5.21)The improvement on the signi�
an
e with the respe
t to the same masspoint in the sele
tion-based analysis is remarkable and equal to about 20%.This analysis has been performed also for all the Higgs boson mass pointfrom 120 GeV=
2 to 200 GeV=
2 in step of 10 GeV=
2 and for the point at115 GeV=
2. In table 5.4 the result of the measurements of the Higgs bosonmass and width is reported.
The expe
ted number of signal and ba
kground events is shown in �gure5.27. The results for the signi�
an
e are shown in �gure 5.28. The inte-grated luminosity needed to rea
h a signi�
an
e of 5 for all the Higgs masshypothesis is shown in �gure 5.29.
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Figure 5.26: Expe
ted distribution for the four ele
tron invariantmass. Top: after the presele
tion. Bottom: after the neural networkanalysis has been applied to separate signal and ba
kground.
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mtrueH[GeV=
2℄ �trueH[GeV=
2℄ mre
H[GeV=
2℄ �re
H[GeV=
2℄115 3:22 � 10�3 113.91 1.84120 3:60 � 10�3 119.17 1.67130 4:94 � 10�3 128.74 1.96140 8:06 � 10�3 138.73 2.06150 1:66 � 10�2 148.82 2.17160 7:72 � 10�2 158.90 2.20170 3:83 � 10�1 168.77 2.36180 6:28 � 10�1 178.99 2.54190 1:03 188.64 2.86200 1:42 198.83 3.27Table 5.4: Higgs boson re
onstru
ted mass and width, as a results ofa Gaussian �t on the peak of the invariant mass distribution of the four�nal state ele
trons. The re
onstru
ted quantities are 
ompared withthe true values.
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168 The H ! ZZ(�) ! 4e 
hannel5.8 Con
lusionsThis 
hapter presents the analysis of the Higgs de
ay 
hannel H ! ZZ(�) !4e. The analysis has been performed for Higgs mass hypothesis ranging from115 GeV=
2 to 200 GeV=
2. The signal and the relevant ba
kground for this
hannel (event with ZZ(�), tt and Zbb as intermediate states) have been gen-erated and simulated using the full CMS dete
tor simulation.In order to have a 
omplete view of the kinemati
al and topologi
al prop-erties of signal and ba
kground, the analysis has 
on
entrated on the Higgsmass point at 150 GeV=
2. A standard approa
h based on sequential se-le
tions has shown the possibility to rea
h a statisti
al signi�
an
e greaterthan 5 in one year of LHC operating at 20 fb�1 of integrated luminosity. Inparallel, a neural network approa
h has been developed to optimize at bestthe event 
hara
teristi
s for the ba
kground reje
tion while keeping a highsignal eÆ
ien
y. On the Higgs mass point at 150 GeV=
2, the results of theneural network analysis show an improvement in the statisti
al signi�
an
ewith respe
t to sequential sele
tions. The neural network analysis has beenextended to mass points ranging from 115 GeV=
2 to 200 GeV=
2 and hasshown that a dis
overy 
laim 
ould be made in this 
hannel for Higgs massesbetween � 130 GeV=
2 and � 145 GeV=
2 and greater than � 185 GeV=
2.With respe
t to the previous analysis in this 
hannel, the study pre-sented in this thesis is based on a more a

urate des
ription and simulationof the dete
tor and has brought a signi�
ant 
ontribution in the ele
tronre
onstru
tion fo
used on low pT ele
trons. The 
lassi�
ation of the qualityof the ele
tron energy measurement has been su

essfully applied to obtainthe best estimate of the ele
tron four momentum at the intera
tion point.Moreover, a division of the ele
tron into 
lasses 
an be su

essfully appliedto optimize the 
riteria of the ele
tron identi�
ation.Furthermore, the new analysis based on a neural network has shown thepossibility to signi�
antly improve the separation of signal events from theba
kground and is leading the way towards optimized analysis te
hniques.
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Con
lusionsThe work presented in this thesis has fo
used on the ele
tromagneti
 
alorime-ter (ECAL) of the CMS dete
tor and on its relevan
e in the dis
overy of theHiggs boson in the 
hannel H ! ZZ(�) ! 4e, for whi
h the performan
e ofECAL is essential.The 
alorimeter has been studied in detail both with test beam data andwith simulated data using a 
omplete des
ription of the CMS dete
tor.The test beam studies have been dire
ted to the analysis of the ele
-troni
 noise and to the amplitude re
onstru
tion of the signal a
quired fromthe 
alorimeter. A pro
edure to evaluate the spe
tral power density of thesignals has been determined using the Maximum Entropy method. Thismethod allows to have a 
ontinuous approximation of the noise spe
tralpower, 
ontrary to traditional methods whi
h typi
ally have only dis
reteestimates depending on the number of samples of the digitized signal.The amplitude has been re
onstru
ted for two di�erent 
ases: one in whi
hsignals saturate the ele
troni
 readout of the 
alorimeter and another inwhi
h a non-white noise is present in the ele
troni
s. For the �rst 
ase, anamplitude re
onstru
tion method using non-saturated samples on the signalrise has been developed and tested, showing the possibility to rea
h pre-
ision better than 2(5)% in the amplitude determination up to energies of2(3) TeV.To estimate the signal amplitude in the 
ase of non-white noise in the ele
-troni
s, on the other hand, a re
onstru
tion method in the frequen
y do-main has been developed. This method a
hieves a performan
e 
omparableto that of the re
onstru
tion methods operating in the time domain (whi
hhave been oÆ
ially adopted in CMS) and 
onstitutes a valid alternative tothem when no white noise in the ele
troni
s is present.Using the full CMS dete
tor simulation, a detailed study of the ele
-tron re
onstru
tion inside CMS has pointed out and analyzed the problemswhi
h a�e
t the measurements of the ele
tron energy with the 
alorimeter.



172 Con
lusionsA parti
ular 
are has been given to ele
trons of low transverse momen-tum (pT < 30 GeV=
) for whi
h these e�e
ts be
ome 
ru
ial. Namely thebremsstrahlung e�e
t, whi
h is due to the tra
king material in front of the
alorimeter and 
onstitutes the major problem, has been examined in depth.A 
lassi�
ation of the ele
tron \quality" based on tra
king and 
alorimetryobservables has been proposed to distinguish 
ases in whi
h the ele
tronbrings all of its initial energy to the 
alorimeter from 
ases in whi
h part(or all) of its energy is lost in bremsstrahlung and never re
olle
ted by the
alorimeter. A

ording to the information from the ele
tron 
lassi�
ation, as
aling of the energy has been 
omputed in order to 
orre
t the measurementto be as 
lose as possible to the initial ele
tron energy. A parametrizationof the energy resolution for the di�erent ele
tron 
lasses has allowed to notonly evaluate the error asso
iated with the energy measurement but alsoto optimally 
ombine the measurement of the 
alorimeter with the abso-lute value of the momentum measured by the tra
ker. This 
ombinationyields the best possible estimate of the four momentum of the ele
tron atthe intera
tion point.These results have been dire
tly applied in the analysis of the Higgs bo-son signal in the 
hannel H ! ZZ(�) ! 4e, where the ele
tron and positron
oming from the Z with the lowest mass have typi
ally low transverse mo-mentum and 
an take advantage of the previous studies on the ele
tronre
onstru
tion.The simulation of signal and ba
kground has been performed using the fullCMS dete
tor simulation and two basi
 approa
hes have been adopted forthe analysis. One s based on sequential sele
tions and the other is based ona neural network.While the �rst provides the ne
essary understanding of the event topologyand 
hara
teristi
s of the signal with respe
t to the ba
kground, ensuringthe robustness of the analysis, the se
ond exploit at best all this informationin order to perform an optimized reje
tion of ba
kground events maintaininghigh eÆ
ien
y for the signal.Although the analysis does not yet in
lude a 
omplete evaluation of the 
on-sequen
es related to the theoreti
al un
ertainties on the produ
tion 
ross-se
tion for signal and ba
kground, and of possible dete
tor e�e
ts (e.g. mis-
alibration of the ele
tromagneti
 
alorimeter, tra
ker alignment et
.), theresults show that a signi�
an
e greater than 5 
an be rea
hed both withstandard sele
tions and with a neural network approa
h for a Higgs masshypothesis of 150 GeV=
2. In parti
ular, the neural network analysis ex-



tended to mass points ranging from 115 GeV=
2 to 200 GeV=
2 shows thata dis
overy 
laim 
ould be made in this 
hannel for Higgs masses between� 130 GeV=
2 and � 145 GeV=
2 and greater than � 185 GeV=
2.
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R�esum�eLe Mod�ele Standard des int�era
tions �ele
trofaibles est en ex
ellent a

ordave
 les exp�erien
es, mais il ne donne pas en
ore de r�eponses satisfaisantes�a plusieurs questions de physique fondamentale, dont la plus importanteest l'origine de la masse des parti
ules qui 
omposent l'Univers. Un desm�e
hanismes propos�es pour expliquer la nature massive des parti
ules (etdon
 pour justi�er la brisure spontan�ee de la symm�etrie SU(2)L � U(1)Yqui est �a la base du Mod�ele Standard) se fonde sur l'existen
e d'un 
hamps
alaire qui se manifeste sous forme d'une parti
ule s
alaire massive (nomm�eeboson de Higgs) qui n'a pas en
ore �et�e d�e
ouverte.Les re
her
hes men�ees au 
ours de l'exp�erien
e LEP2 ont impos�e une lim-ite inf�erieure (mH > 114:4 GeV=
2 �a 95% C.L.) et une limite sup�erieure(mH < 237 GeV=
2 �a 95% C.L.) sur la masse du boson de Higgs, et ellesont indiqu�e 114 GeV=
2 
omme meilleure valeur d'ajust�ement aux donn�eesexperimentales.Le travail pr�esent�e dans 
ette th�ese a �et�e men�e au sein de la 
ollaborationde CMS (Compa
t Muon Solenoid). CMS est une des deux exp�erien
es �avo
ation g�en�eraliste (ave
 ATLAS) qui vont être install�ees au LHC (le LargeHadron Collider en 
onstru
tion au CERN de Gen�eve) 
onjointement �a deuxexp�erien
es d�edi�ees �a l'�etude de la physique du quark b (LHCb) et des ionslourds (ALICE).LHC est un 
ollisionneur hadronique (pp) ave
 une �energie nominalede 14 TeV dans le 
entre de masse et une luminosit�e prouvant atteindre1034 
m�2s�1. Une de 
es motivations prin
ipales est la re
her
he du bosonde Higgs, parti
ule responsable de la brisure spontan�ee de sym�etrie dans leMod�ele Standard et don
 de la nature massive des bosons de jauge (W� etZ) et des fermions pr�esents dans la nature. Les limites a
tuelles sur la massedu boson de Higgs, obtenues par des re
her
hes dire
tes et indire
tes au 
oursde l'exp�erien
e LEP (Large Ele
tron Positron 
ollider), semblent montrerqu'il s'agirait d'une parti
ule \l�eg�ere": dans 
e 
as, le 
anal de d�e
ouverte



ii R�esum�efavori (pour mH . 140GeV) est H ! 

, grâ
e �a la fa
ilit�e de s�ele
tion des�ev�enements au-dessus d'un bruit de fond prin
ipalement hadronique. Parailleurs, un 
anal d'une importan
e remarquable, 
apable non seulement demener �a la d�e
ouverte du boson de Higgs (pourmH & 140 il est le se
ond parordre d'importan
e apr�esH ! WW �) mais aussi d'en mesurer quelques unesde ses 
ara
t�eristiques fondamentales pour en 
omprendre la nature (spin etparit�e) est le 
anal H ! ZZ(�) ! 4`. Ce 
anal, qui 
onsid�ere en parti
ulierun �etat �nal 
onstitu�e de quatre �ele
trons, 
ombin�e �a la d�esint�egration duboson de Higgs en deux photons, donne �a la 
alorim�etrie �ele
tromagn�etiquedu d�ete
teur CMS un rôle d'une extrême importan
e.Cette th�ese se fo
alise sur la 
ara
t�erisation du 
alorim�etre �ele
troma-gn�etique de CMS (ECAL) �a partir de donn�ees provenant de test en fais
eauet de simulations d�etaill�ees du d�ete
teur, ainsi que sur l'�etude des perfor-man
es du d�ete
teur attendues de CMS pour la d�e
ouverte du boson deHiggs dans la 
anal H ! ZZ(�) ! 4`.Apr�es une introdu
tion th�eorique du Mod�ele Standard (
hapitre 1) le
ollisionneur LHC et le d�ete
teur CMS sont pr�esent�es dans le 
hapitre 2.Le troisi�eme 
hapitre montre les r�esultats des �etudes sur le bruit �ele
tro-nique pr�esent dans la 
hâ�ne d'a
quisition du signal de ECAL et sur lesm�ethodes de re
onstru
tion de 
e signal. En parti
ulier, en 
e qui 
on
ernele premier aspe
t, la puissan
e spe
trale du bruit de fond a �et�e �evalu�ee enutilisant la m�ethode \Maximum Entropy". �A l'invers des te
hniques 
on-ventionnelles qui ne donnent qu'une information dis
r�ete li�ee au nombred'�e
hantillons de num�erisation du signal, 
ette m�ethode permet d'obtenirune estimation 
ontinue de la puissan
e spe
trale du bruit de fond, en sim-pli�ant la re
her
he du bruit de fond 
oh�erent.Les �etudes de re
onstru
tion du signal ont �et�e fo
alis�es sur les 
as o�u ilsature la 
hâ�ne �ele
tronique. La m�ethode d�evelopp�ee utilise l'informationdes �e
hantillons qui ne sont pas satur�es pour re
onstruire l'amplitude dessignaux. Elle a d�emontr�e la possibilit�e de parvenir �a une pr�e
ision de l'ordredu pour
ent jusqu'�a des �energies de quelques TeV.Une m�ethode de re
onstru
tion de l'amplitude dans l'espa
e des fr�equen
es aaussi �et�e d�evelopp�ee, pour le 
as o�u un traitement d�etaill�e du bruit �ele
troniqueserait n�e
essaire.Le quatri�eme 
hapitre pr�esente des �etudes sur la re
onstru
tion des



iii�ele
trons dans CMS. Le but est d'analyser les prin
ipaux e�ets 
on
ernant lamesure de l'�energie des �ele
trons en utilisant le 
alorim�etre �ele
tromagn�etique.En parti
ulier, l'e�et du bremsstrahlung, dûe au mat�eriel du traje
tom�etresitu�e devant le 
alorim�tre, est le prin
ipal probl�eme �a r�esoudre, puisqu'il
ause une perte 
onsid�erable de l'�energie des �ele
trons qui donne souventdes probl�emes de re
onstru
tion. Pour d�eterminer la qualit�e de la mesured'�energie de l'�ele
tron, on a propos�e une 
lassi�
ation des �ele
trons bas�ee surdes observables du 
alorim�tre et du traje
tom�tre. En a

ord ave
 
ette 
las-si�
ation, on a 
alibr�e l'�e
helle en �energie pour la ramener le plus pr�es pos-sible de l'�energie initiale de l'�ele
tron. Une param�etrisation de la r�esolutionen �energie a permis d'attribuer une erreur �a la mesure et don
 de 
om-biner l'information du 
alorim�etre ave
 
elle du traje
tom�tre pour atteindrela meilleure estimation de l'impulsion de l'�ele
tron au point d'intera
tion.Une attention parti
uli�ere a �et�e port�ee sur les �ele
trons de basse impulsiontransverse, qui 
onstituent un large pour
entage des �ele
trons venant de lad�esint�egration du boson de Higgs dans le 
anal H ! ZZ(�) ! 4`.En utilisant l'estimation �nale de l'�energie de l'�ele
tron, le pi
 de masse duboson de Higgs est trouv�e �a la valeur attendue et la r�esolution sur la massedu boson est am�elior�ee.Le 
inqui�eme 
hapitre montre les r�esultats de l'analyse de la d�esint�egrationdu boson de Higgs H ! ZZ(�) ! 4`.L'analyse a �et�e men�e pour des hypoth�eses de masse du Higgs de 115 GeV=
2�a 200 GeV=
2. Le signal et le bruit de fond pour 
e 
anal (�ev�enements ave
ZZ(�), tt, Zbb 
omme �etats interm�ediaires) ont �et�e g�en�er�es et simul�es enutilisant la simulation 
ompl�ete du d�ete
teur CMS.Pour a

eder �a une vision 
ompl�ete des propri�et�es 
in�ematiques et topologiquesdu signal et du bruit de fond, l'analyse s'est 
on
entr�ee sur un point de massedu Higgs de 150 GeV. Une appro
he standard bas�ee sur des s�ele
tionss�equentielles a montr�e la possibilit�e d'atteindre une signi�
an
e statistiqueplus grande que 5 en prenant pour LHC une luminosit�e int�egr�ee de 20 fb�1.En parall�ele, un r�eseau de neurones a �et�e d�evelopp�e pour optimiser la s�eparationdu signal et du bruit de fond. La signi�
an
e obtenue par 
ette m�ethode estm�eilleure que 
elle obtenue par les s�ele
tions s�equentielles.Le te
hnique des r�eseaux de neurones a aussi �et�e employ�ee pour analysertout les point de masse, et a montr�e qu'une d�e
ouverte du boson de Higgsave
 une luminosit�e int�egr�ee de 20 fb�1 peut être r�ealis�ee pour des massesentre � 130 GeV=
2 et � 145 GeV=
2 et plus grandes que � 185 GeV=
2.
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RiassuntoIl Modello Standard delle interazioni elettrodeboli �e in e

ellente a

ordo 
onle veri�
he sperimentali, ma non �e in grado di fornire delle risposte soddis-fa
enti a diverse domande fondamentali, di 
ui la pi�u importante �e l'originedella massa delle parti
elle 
he 
ompongono l'Universo. Uno dei me

anismiproposti per spiegare la natura massiva delle parti
elle (e dunque per gius-ti�
are la rottura spontanea della simmetria SU(2)L � U(1)Y sulla quale �e
ostruito il Modello Standard) si fonda sull'esistenza di un 
ampo s
alare
he si manifesta sotto forma di una parti
ella s
alare massiva (detta bosonedi Higgs) la 
ui esistenza non �e an
ora stata provata.Le a

urate ri
er
he 
ondotte nel 
orso dell'esperimento LEP2 hanno im-posto un limite inferiore (mH > 114:4 GeV=
2 �a 95% C.L.) ed uno superiore(mH < 237 GeV=
2 a 95% C.L.) alla massa del bosone di Higgs, indi
ando114 GeV=
2 
ome miglior valore risultante dalla pro
edura di adattamentoai dati sperimentali.Il lavoro presentato in questa tesi �e stato 
ondotto nell'ambito della 
ollab-orazione CMS (Compa
t Muon Solenoid). CMS �e uno dei due esperimentia 
arattere generale (insieme ad ATLAS) 
he verranno installati a LHC(Large Hadron Collider) situato presso i laboratori del CERN di Ginevra,
ongiuntamente a due esperimenti �nalizzati allo studio della �si
a del quarkb (LHCb) e degli ioni pesanti (ALICE).LHC �e un 
ollisionatore adroni
o (pp) 
on un'energia nominale di 14TeVnel 
entro di massa ed una luminosit�a prevista di 1034 
m�2s�1. Una dellemotivazioni prin
ipali per questa ma

hina �e la ri
er
a del bosone di Higgs,parti
ella responsabile della rottura spontanea della simmetria elettrodebolenel Modello Standard e quindi della natura massiva dei bosoni di gauge (W�e Z) e dei fermioni presenti in natura. I limiti attuali sulla sua massa ottenutida ri
er
he dirette ed indirette nel 
orso dell'esperimento LEP propendonoper una parti
ella \leggera": in questo 
aso, il 
anale di s
operta favorito(per mH . 140 GeV) �e H ! 

, grazie alla fa
ilit�a di selezione degli eventi



vi Riassuntodal fondo prin
ipalmente adroni
o. Tuttavia un 
anale d'importanza notev-ole, in grado non soltanto di portare alla s
operta del bosone di Higgs (permH & 140 �e il se
ondo 
anale pi�u importante dopo H ! WW �) ma an-
he di misurarne le 
aratteristi
he prin
ipali per 
omprenderne la natura(spin e parit�a) �e il 
anale H ! ZZ(�) ! 4`. Tale 
anale, 
onsiderandoin parti
olare uno stato �nale 
ostituito da quattro elettroni, 
ombinato alde
adimento del bosone di Higgs in due fotoni, attribuis
e alla 
alorimetriaelettromagneti
a un ruolo di fondamentale importanza.Questa tesi si 
on
entra sulla 
aratterizzazione del 
alorimetro elettro-magneti
o di CMS (ECAL), sia utilizzando dati provenienti da test su fas
iosia 
on simulazioni dettagliate del rivelatore, e sullo studio delle prestazioniattese da CMS per la s
operta del bosone di Higgs nel 
anale H ! ZZ(�) !4`. Dopo un'introduzione teori
a al Modello Standard (
apitolo 1) vengonopresentati il 
ollisionatore LHC ed il rivelatore CMS (
apitolo 2).Il terzo 
apitolo illustra i risultati degli studi sul rumore elettroni
o pre-sente nella 
atena d'a
quisizione del segnale e sui metodi di ri
ostruzionedel segnale. In parti
olare, per quanto 
on
erne il primo aspetto viene pro-posto il metodo \Maximum Entropy" per la valutazione della potenza spet-trale del rumore. Contrariamente alle te
ni
he 
onvenzionali 
he fornis
onoun'informazione dis
reta legata al numero di 
ampionamenti nella digital-izzazione del segnale, questo metodo permette di avere una stima 
ontinuadella potenza spettrale, sempli�
ando la ri
er
a di rumore 
oerente.Gli studi di ri
ostruzione del segnale sono volti ai 
asi in 
ui il segnale saturala 
atena elettroni
a di rilettura. Il metodo sviluppato utilizza l'informazionedei 
ampionamenti non saturati per ri
ostruire l'ampiezza dei segnali e hadimostrato la possibilit�a di raggiungere pre
isioni dell'ordine della parte su
ento �no ad energie di qual
he TeV.Si �e inoltre sviluppato un metodo di ri
ostruzione dell'ampiezza nello spaziodelle frequenze, nel 
aso in 
ui si renda ne
essario un trattamento spe
i�
odel rumore di fondo.Il quarto 
apitolo presenta gli studi sulla ri
ostruzione degli elettroni inCMS e si pre�gge di analizzare gli e�etti prin
ipali riguardanti la misuradell'energia degli elettroni 
ol 
alorimetro elettromagneti
o. In parti
o-lare, il problema prin
ipale �e 
ostituito dalla bremmstrahlung 
he, dovuta



viialla presenza del materiale del tra

iatore davanti al 
alorimetro, 
ausaspesso problemi di ri
ostruzione. Per determinare la qualit�a della misurad'energia, si �e proposto una 
lassi�
azione degli elettroni fondata su osserv-abili del 
alorimetro e del tra

iatore. Seguendo questa 
lassi�
azione si �e�ssata la s
ala di energia delle misure, riportandola il pi�u vi
ino possibileall'energia iniziale dell'elettrone. Una parametrizzazione della risoluzioneenergeti
a ha permesso d'attribuire un errore alla misura e di 
ombinare,quindi, l'informazione del 
alorimetro 
on quella del tra

iatore per avere lamiglior stima dell'impulso dell'elettrone nel punto d'interazione. Un'attenzioneparti
olare �e stata posta sugli elettroni di basso momento trasverso, 
he 
os-tituis
ono una larga frazione degli elettroni provenienti dal de
adimento delbosone di Higgs nel 
anale H ! ZZ(�) ! 4`.Utilizzando la stima �nale dell'energia dell'elettrone, il pi

o di massa delbosone di Higgs risulta intorno al valore atteso e la risoluzione sulla massadel bosone viene migliorata.Il quinto 
apitolo mostra i risultati dell'analisi del de
adimento del bosonedi Higgs H ! ZZ(�) ! 4`.L'analisi �e stata 
ondotto per ipotesi di massa dell'Higgs da 115 GeV=
2a 200 GeV=
2. Il segnale ed il fondo per questo 
anale (eventi 
on ZZ(�),tt, Zbb nello stato intermedio) sono stati generati e simulati utilizzando lasimulazione 
ompleta di CMS.Al �ne di avere una visione 
ompleta delle propriet�a 
inemati
he e topo-logi
he del segnale e del fondo, l'analisi si �e 
on
entrata sul punto di massadel bosone di Higgs a 150 GeV. Un appro

io standard basato su selezionisu

essive ha mostrato la possibilit�a di raggiungere una signi�
anza statis-ti
a maggiore di 5 
onsiderando per LHC una luminosit�a integrata pari a20 fb�1. In parallelo si �e sviluppata una rete neurale per ottimizzare la sep-arazione del segnale dal fondo mantenendo un'elevata eÆ
ienza di selezionedegli eventi di segnale. La signi�
anza ottenuta da questo metodo ha miglio-rato i risultati ottenuti dalle selezioni su

essive.La te
ni
a delle reti neurali �e stata appli
ata an
he allo studio di tutti irimanenti punti di massa, mostrando 
ome la s
operta del bosone di Higgssia possibile a luminosi�a integrate pari a 20 fb�1 per masse 
omprese tra� 130 GeV=
2 e � 145 GeV=
2 e maggiori di � 185 GeV=
2.


