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Per—lhyh

Η παρούσα διπλωματική εργασία αποτελεί έρευνα της εξωτικής διάσπασης του μποζονίου Higgs (h)
σε ζεύγος νέων ψευδοβαθμωτών μποζονίών (a), τα οποία είναι αρκετά ελαφρυά ώστε να επιτρέπεται
κινηματικά η διάσπαση. Η διαδικασία αυτή ακολουθείται από τη διάσπαση του κάθε a μποζονίου σε
ζεύγος bottom quark - anti-quark, h ! aa ! b�bb�b. Η παραγωγή του h γίνεται σε συσχέτιση με το
λεπτονικό κανάλι διάσπασης του μποζονίου Z, δηλαδή Z ! l�l, ώστε να χρησιμοποιηθεί η παρουσία
λεπτονίων στην τελική κατάσταση για τη μείωση των διαδικασιών υποβάθρου. Η ανάλυση βασίζεται

σε δείγματα δεδομένων που προέρχονται από προσομοιώσεις Monte Carlo συγκρούσεων πρωτονίου
- πρωτονίου που καταγράφηκαν κατά το Run II 2017 από τον ανιχνευτή CMS, σε ενέργεια κέντρου
μάζας 13 TeV και με ολοκληρωμένη φωτεινότητα 41:5 fb� 1

. Μελετώνται οι υποθέσεις μάζας του a
μποζονίου ma = [15; 20; 30; 40; 50; 60]GeV και προσδιορίζονται για την κάθε μία τα άνω όρια ή όρια
απόρριψης της ενεργού διατομής της διαδικασίας hZ ! a(b�b)a(b�b) ll.
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Abstract

The present work aims to search for beyond the Standard Model decays of the Higgs boson (h) into
a pair of new pseudoscalar bosons (a) that are light enough for the decay process to be kinematically
allowed. This process is followed by the decay of each a boson to a bottom quark-antiquark pair,
h ! aa ! b�bb�b. The search is performed in the production channel in which the Higgs boson
is produced in association with a Z boson that will decay into leptons, Z ! l�l. This leptonic
final state is utilized to reduce the standard model background arising from the strong interaction
production of events with four bottom quark jets. The analysis is implemented on Monte Carlo
data samples of proton - proton collisions recorded during Run II 2017 with the CMS detector at
a center-of-mass energy of 13 TeV , corresponding to an integrated luminosity of 41:5 fb� 1. The a
boson mass hypothesis’ that are studied are ma = [15; 20; 30; 40; 50; 60]GeV . This work sets the
upper limits on the production cross section of the exotic decay hZ ! a(b�b)a(b�b) ll for its of the
six mass points.
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Kef�laio 1

Eisagwg 

Το Καθιερωμένο Πρότυπο της Φυσικής Στοιχειωδών Σωματιδίων είναι μια θεωρία που αποσκοπεί

να περιγράψει τη δυναμική των τριών από τις τέσσερεις θεμελειώδεις δυνάμεις/αλληλεπιδράσεις της

φύσης: ηλεκτρομαγνητικές, ασθενείς και ισχυρές (η βαρύτητα δεν περιλαμβάνεται στο Καθιερωμένο

Πρότυπο). Χρησιμοποιεί τις έννοιες και τα εργαλεία της κβαντικής θεωρίας πεδίου και συγκεκριμένα

αυτά των λεγόμενων θεωριών βαθμίδας (gauge theories) ώστε να αναπαράγει τα παρατηρούμενα φαι-
νόμενα. Οι προβλέψεις του Καθιερωμένου Προτύπου για τη δομή και τα χαρακτηριστικά της ύλης

και των στοιχειωδών σωματιδίων έχουν επιβεβαιωθεί πειραματικά σε πολύ μεγάλο βαθμό σήμερα, στο

Ευρωπαϊκό Κεντρο Φυσικής Υψηλών Ενεργειών (CERN), αλλά και σε άλλα εργαστήρια. Αποτελεί,
έτσι, την επικρατέστερη θεωρία της φυσικής.

Ωστόσο, δεν είναι μία πλήρης θεωρία, καθώς δεν έχει καταφέρει να περιγράψει όλα τα φαινόμενα

της φυσης. Για παράδειγμα, η κατάσταση ύλης που αποκαλείται «σκοτεινή ύλη» δεν περιλαμβάνεται στο

πλαίσιο του Καθιερωμένου Προτύπου, παρόλο που η ύπαρξή της έχει επιβεβαιωθεί πειραματικά. Για τον

λόγο αυτό έχουν κατασκευαστεί επιταχυντές σωματιδίων, όπως ο Μεγάλος Αδρονικός Επιταχυντής

(LHC) στο Cern, που είναι σχεδιασμένοι να παράγουν αρκετά υψηλές ενέργειες ώστε να μπορέσει
να γίνει αφενός ο έλεγχος της ισχύουσας θεωρίας και αφετέρου να ερευνηθούν νέα φαινόμενα φυσι-

κής, όπως σωματίδια που ακόμα δεν έχουν ανακαλυφθεί. Για την επίτευξη των δύο αυτών στόχων

είναι αναγκαία η ακριβής μέτρηση των παραμέτρων του Καθιερωμένου Προτύπου, ώστε να ελεγθούν

οι προβλέψεις της θεωρίας και να αποκτήσουμε καλύτερη κατανόηση των φυσικών διεργασιών που

παρατηρούνται στη φύση.

Συγκεκριμένα, μια σημαντική πρόκληση για τον LHC είναι η δυνατότητα ανακάλυψης της Υπερ-
συμμετρίας, μιας υποθετικής συμμετρίας μεταξύ μποζονίων και φερμιόνων, η οποία παραβιάζεται σε

χαμηλές ενέργειες αλλά υφίσταται σε υψηλές ενέργειες. Η κλίμακα παραβίασης της υπερσυμμετρίας

δεν μπορεί να περιοριστεί θεωρητικά, εκτός από τα εμφανή φαινομενολογικά κατώτερα όρια για τις

μάζες των υπερσυμμετρικών εταίρων, που πρέπει να είναι μεγαλύτερα από την ενεργειακή κλίμακα που

είναι πειραματικά προσιτή μέχρι σήμερα. ΄Ετσι, υπάρχει μεγάλος ενθουσιασμός για τη δυνατότητα

ανακάλυψης υπερσυμμετρικών εταίρων των υφιστάμενων σωματιδίων του Καθιερωμένου Προτύπου.

Ωστόσο, οι σχετικές θεωρητικές προβλέψεις για τέτοια θέματα εξαρτώνται σε μεγάλο βαθμό από το

μοντέλο και η φύση και οι ιδιότητες των ελαφρύτερων υπερσυμμετρικών σωματιδίων μπορεί να δια-

φέρουν από μοντέλο σε μοντέλο. Οι υπερσυμμετρικοί εταίροι περιλαμβάνουν ουδέτερες διεγέρσεις που

έχουν μόνο ασθενείς αλληλεπιδράσεις και ως εκ τούτου προσφέρουν εξαιρετικούς υποψηφίους για τη

μάζα που λείπει απο το παρατηρίσιμο Σύμπαν (σκοτεινή ύλη). Επομένως, από αυτήν την άποψη, μια

πιθανή ανακάλυψη της υπερσυμμετρίας σε συγκρούσεις σωματιδίων θα έχει εκτεταμένες συνέπειες που

υπερβαίνουν τη φυσική των σωματιδίων.

Η δομή της παρούσας εργασίας έχει ως εξής: αρχικά γίνεται μία γενική παρουσίαση των θεωρητικών

στοιχείων με τα οποία καταπιάνεται η εργασία. Αυτά είναι η φυσική των στοιχειωδών σωματιδίων και

συγκεκριμένα το Καθιερωμένο Πρότυπο (Κεφάλαιο 2). Απαραίτητη είναι η περιγραφή του πειράματος

CMS από το οποίο προέρχονται τα δεδομένα της ανάλυσης. Ειδικότερα παρουσιάζεται η δομή και η
λειτουργία του επιταχυντή LHC και του ανιχνευτή CMS - Compact Muon Solenoid (Κεφάλαιο 3),
ενώ ακουλουθεί η περιγραφή εννοιών και φαινομένων που αφορούν τη φυσική συγκρούσεων πρωτονίου

- πρωτονίου που πραγματοποιούνται στο εσωτερικό των πειραματικών διατάξεων (Κεφάλαιο 4). Η

ανάλυση των δεδομένων και η εφαρμογή των στατιστικών μεθόδων για την εύρεση των άνω ορίων της

ενεργού διατομής για το υπό μελέτη μοντέλο πραγματοποιείται στο Κεφάλαιο 5, που είναι το κύριο

μέρος της εργασίας.
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Kef�laio 2

Fusik  Stoiqeiwd‚n Swmatid—wn

Η σωματιδιακή φυσική είναι ο κλάδος εκείνος που μελετά τις δομικές συνιστώσες της ύλης, δη-

λαδή τα στοιχειώδη σωματίδια και τις μεταξύ τους αλληλεπιδράσεις, που αποτελούν τις θεμελειώδεις

δυνάμεις. Στόχος της είναι ο προσδιορισμός της δομής του μικρόκοσμου και η καλύτερη κατανόηση

των νόμων του Σύμπαντος, ώστε να απαντηθούν καίρια ερωτήματα που αφορούν την εξέλιξή του. Το

επικρατέστερο και πληρέστερο θεωρητικό μοντέλο που υπάρχει για την περιγραφή των στοιχειωδών

σωματιδίων είναι το Καθιερωμένο Πρότυπο (Standard Model, SM). Η επιτυχία του έγκειται στο γε-
γονός ότι εξηγεί και προβλέπει με ικανοποιητική ακρίβεια τα περισσότερα πειραματικά δεδομένα μέχρι

στιγμής [1].

2.1 To KajierwmŁno Prìtupo

Το Καθιερωμένο Πρότυπο (ΚΠ) συνδυάζει τα γνωστά έως τώρα στοιχειώδη σωματίδια και τις τρεις

αλληλεπιδράσεις που πραγματοποιούνται μεταξύ τους σε μία κοινή θεωρία με την οποία περιγράφονται

τα περισσότερα πειραματικά αποτελέσματα. Σύμφωνα με αυτό τα στοιχειώδη σωματίδια χωρίζονται

σε δύο κατηγορίες, τα φερμιόνια και τα μποζόνια, τα οποία παρουσιάζονται στο Σχήμα 2.1 [2]. Τα
φερμιόνια (fermions) είναι τα σωματίδια από τα οποία αποτελείται η ύλη και χαρακτηρίζονται από
ημιακέραιο spin. Κατατάσσονται σε δύο υποομάδες από έξι σωματίδια, τα λεπτόνια (leptons) και τα
κουάρκς (quarks). Τα σωματίδια αυτά κατηγοριοποιούνται σε τρεις γενιές αυξανόμενης μάζας, όπου
σε κάθε γενιά εμφανίζονται κάποιες κοινές ιδιότητες μεταξύ των σωματιδίων.

Στα λεπτονία ανήκει το hlektrìnio ( e), to miìnio (�) kai to tau ( � ), σωματίδια με ηλεκτρικό

φορτίο � 1, που μπορούν να βρεθούν ελεύθερα στη φύση. Επιπλέον, τα λεπτόνια αποτελούνται από τις
αντίστοιχες γεύσεις νετρίνων, δηλαδή υπάρχουν ta netr—na hlektron—ou (�e), mion—ou (�� ) kai tau ( �� ).

Τα νετρίνα είναι σωματίδια ηλεκτρικά ουδέτερα με σχεδόν μηδενική μάζα. Τα φορτισμένα λεπτόνια

αλληλεπιδρούν μέσω των ηλεκτρομαγνητικών και των ασθενών αλληλεπιδράσεων και εάν εξαιρεθεί η

μάζα τους έχουν πανομοιότυπη συμπεριφορά. Τα νετρίνα αλληλεπιδρούν μόνο ασθενώς.

Από την άλλη, υπάρχουν έξι διαφορετικές γεύσεις quarks: up (u), down (d), charm (c), strange
(s), top ( t), bottom (b). Τα πρώτα quarks της κάθε γενιάς, αυτά με τη μικρότερη μάζα εκ των
δύο, χαρακτηρίζονται ως up-type και έχουν ηλεκτρικό φορτίο +3=2, ενώ τα δεύτερα quarks της κάθε
γενιάς χαρακτηρίζονται ως down-type και έχουν ηλεκτρικό φορτίο � 1=2. Τα quarks αλληλεπιδρούν
ασθενώς και ηλεκτρομαγνητικά, όπως και τα λεπτόνια, αλλά επιπλέον αλληλεπιδρούν μέσω της ισχυρής

αλληλεπίδρασης καθώς φέρουν και φορτίο χρώματος. Η διαφοροποίηση αυτή είναι που οφείλεται για

την αδρονοποίηση των quarks, δηλαδή δεν μπορούν να βρεθούν ελεύθερα παρά δημιουργούν δέσμιες
καταστάσεις που ονομάζονται αδρόνια (hadrons). Τα αδρόνια είναι συνδυασμοί είτε δύο είτε τριών
quarks οι οποίοι αποτελούν τα μεσόνια (mesons) και τα βαρυόνια (barions) αντίστοιχα. Συγκεκριμένα,
τα βαρυόνια σχηματίζονται από μία τριάδα quarks ή anti-quarks, τέτοια ώστε η δέσμια κατάσταση να
είναι άχρωμη, ενώ τα μεσόνια είναι ζεύγη quarks ή anti-quarks με αντίθετο φορτίο χρώματος. Για
κάθε σωματίδιο υπάρχει ένα αντισωματίδιο, το οποίο έχει την ίδια μάζα και αντίθετους τους υπόλοιπους

κβαντικούς αριθμούς.

Εκτός από τα στοιχειώδη σωματίδια της ύλης, το ΚΠ περιγράφει τον τρόπο με τον οποίο αυτά

αλληλεπιδρούν. Τέσσερεις είναι οι στοιχειώδεις δυνάμεις που υπάρχουν στη φύση, οι οποίες διέπουν

τις αλληλεπιδράσεις των σωματιδίων: η ισχυρή, η ασθενής, η ηλεκτρομαγνητική και η βαρύτητα. Οι

τέσσερεις αυτές δυνάμεις παρατίθονται στον Πίνακα 2.1, όπου φαίνονται επίσης το εύρος, η ισχύς τους,

οι μεταδότες τους και τα σωματίδια πάνω στα οποία επιδρούν. Ο τρόπος με τον οποίο πραγματοποιείται
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Sq ma 2.1: Apeikìnish twn swmatidÐwn tou Kajierwmènou ProtÔpou, se omˆdec mpozonÐwn kai fer-
mionÐwn gia tic treic genièc. Anagrˆfetai h mˆza, to hlektrikì fortÐo kai to spin tou kˆje swmatidÐou.
Se kˆje swmatÐdio pou apeikonÐzetai antistoiqeÐ èna antiswmatÐdio, to opoÐo èqei thn Ðdia mˆza kai
antÐjetouc touc upìloipouc kbantikoÔc arijmoÔc.

h allhlepÐdrash twn swmatidÐwn thc Ôlhc eÐnai h antallag  metadot¸n, dhlad  swmatidÐwn pou
apoteloun touc foreÐc twn dunˆmewn. Ta swmatÐdia autˆ qarakthrÐzontai apì akèraiospin kai
onomˆzontai mpozìnia (bosons). Apì tic tèssereic jemeli¸deic allhlepidrˆseic to KP perilambˆnei
mìno tic treic pr¸tec, en¸ gia th barÔthta den èqei anaptuqjeÐ akìma kˆpoia jewrÐa pou na thn
sumperilambˆnei epituq¸c mazÐ me tic upìloipec. H genik  jewrÐa thc sqetikìthtac mporeÐ na exhg sei
th barutik  allhlepÐdrash sth makroskopik  klÐmaka, allˆ den èqei epiteuqjeÐ proc to parìn o
sunduasmìc thc me thn kbantik  jewrÐa. Wstìso, h epÐdrash thc barÔthtac pˆnw stic qamhlèc
katastˆseic mˆzac twn stoiqeiwd¸n swmatidÐwn eÐnai tìso amelhtèa pou mporeÐ na agnohjeÐ.

AllhlepÐdrash EÔroc (m) IsqÔc Metadìtec Apodèktec

Isqur  10� 15 aS � 1 8 glouìnia quarks kai glouìnia

Asjen c 10� 18 aW � 10� 5 Z , W � quarks kai leptìnia

Hlektromagnhtik  1 (1=r2) a �
1

137
fwtìnio hl. fortismèna swmmatÐdia

BarÔthta 1 (1=r2) � 10� 39 graviton ìla ta swmatÐdia

PÐnakac 2.1: Oi tèssereic jemeli¸deic allhlepidrˆseic thc fÔshc.

'Etsi, sto plˆisio tou KP, oi treic allhlepidrˆseic thc Ôlhc perigrˆfontai apì ta mpozìnia
bajmÐdac (gauge bosons), ta opoÐa eÐnai dianusmatikˆ swmatÐdia mespin 1. Ta glouìnia ( g) eÐnai oi
foreÐc thc isqur c allhlepÐdrashc, eÐnai ˆmaza, hlektrikˆ oudètera kai fèroun fortÐo qr¸matoc.
Ta fwtìnia ( 
 ) eÐnai epÐshc ˆmaza kai hlektrikˆ oudètera kai eÐnai oi foreÐc thc hlektromagnhtik c
allhlepÐdrashc. Ta mpozìniaZ , W � fèroun thn asjen  allhlepÐdrash, thc opoÐa h asjen c fÔsh
ofeÐletai sto gegonìc ìti èqoun megˆlh mˆza. To mpozìnioZ eÐnai hlektrikˆ oudètero kai diathreÐ th
geÔsh twn swmatidÐwn stic allhlepidrˆseic tou, en¸ ta mpozìniaW � eÐnai hlektrikˆ fortismèna kai
allˆzoun th geÔsh twn swmatidÐwn. To KP problèpei thn Ôparxh enìc akìma swmatidÐou, to opoÐo
eÐnai tompozìnioHiggs, èna bajmwtì mpozìnio, hlektrikˆ oudètero, me spin 0, pou eÐnai upeÔjuno gia
thn apìdosh mˆzac sta upìloipa swmatÐdia. To mpozìnioHiggs eÐnai sumbatì me to nèo swmatÐdio
Higgs pou anakalÔfjhke to 2012 apì ta peirˆmata tou LHC [3][4].
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Kefˆlaio 2 . Fusik  Stoiqeiwd¸n SwmatidÐwn Kbantik  Hlektrodunamik  ( QED)

To KP basÐzetai se jewrÐec summetrÐac, me tic opoÐec prosdiorÐzontai oi idiìthtec kai ektimoÔntai
oi kbantikoÐ arijmoÐ twn swmatidÐwn[5]. Mèsw twn summetri¸n bajmÐdac eisˆgontai ta dianusmatikˆ
mpozìnia, en¸ me ton mhqanismìHiggs perigrˆfetai o trìpoc me ton opoÐo summetèqei to mpozìnio
Higgs sto KP [6]. Oi isqurèc allhlepidrˆseic perigrˆfontai apì thn Kbantik  Qrwmodunamik 
(Quantum Chromodynamics - QCD) kai oi asjeneÐc kai hlektromagnhtikèc allhlepidrˆseic peri-
grˆfontai apì to montèlo twn Glashow-Weinberg-Salampou aforˆ thn hlektrasjen  enopoÐhsh [7]
[8]. H omˆda shmmetrÐac tou KP eÐnai h sÔnjeshSU(3)C � SU(2)L � U(1)Y .

Parìlo pou eÐnai h epikratèsterh jewrÐa, to Kajierwmèno Prìtupo eÐnai èna elleipèc montèlo,
kaj¸c upˆrqoun parathroÔmena fainìmena sth fÔsh pou den mporeÐ na perigrˆyei. Tètoia fainìmena
eÐnai h barÔthta kai oi allhlepidrˆseic me swmatÐdia skotein c Ôlhc, h Ôparxh twn opoÐwn eÐnai
aparaÐthth gia na exhghjeÐ to èlleima mˆzac stouc galaxÐec kai h exèlixh tou SÔmpantoc. 'Enac apì
touc stìqouc tou epitaqunt  LHC eÐnai na parathrhjoÔn oi fusikèc diergasÐec pou den perigrˆfontai
apì to KP kai na uposthrÐxei thn anaz thsh endeÐxewn nèac fusik c, ektìc tou KP. MÐa apì tic
pio uposqìmenec jewrÐec, thc opoÐac h Ôparxh meletˆtai kai epidi¸ketai na elegqjeÐ apì tonLHC
eÐnai aut  thc UpersummetrÐac (Supersymmetry). To montèlo pou metelˆtai sthn paroÔsa ergasÐa
an kei se aut  thn kathgorÐa jewri¸n.

2.2 Kbantik  Hlektrodunamik  ( QED )

H Kbantik  Hlektrodunamik  ( Quantum Electrodynamics - QED) einai h kbantik  jewrÐa pedÐou
pou perigrˆfei thn hlektromagnhtik  allhlepidrˆsh kai eÐnai mÐa apì tic sunist¸sec jewrÐec tou
KP. H Lagkranzian  thc jewrÐac kataskeuˆzetai sunduˆzontac ton kajarì kinhmatikì ìro Maxwell
thc lagkranzian c tou hlektromagnhtismoÔ, L photon = � 1

4 F�� F �� , ìpou F�� = @� A � � @� A � o
tanust c Maxwell, me th lagkranzian  Dirac L Dirac = � (i
 � @� � mI)  pou perigrˆfei fermionikˆ
pedÐa (mespin 1/2) mˆzac m. H shmantik  sÔzeuxh metaxÔ twn dÔo jewri¸n, h opoÐa perigrˆfei thn
hlektromagnhtik  allhlepÐdrash metaxÔ fortismènwn hlektronÐwn, parèqetai apì thn apaÐthsh thc
analloiìthtac bajmÐdac kˆtw apì th drˆsh thc topik c omˆdac fˆshc Abelian¸n metasqhmatism¸n
U(1). O spÐnoracDirac  e(x), pou antiproswpeÔei èna pedÐo hlektronÐwn, metasqhmatÐzetai kˆtw
apì U(1) wc

 e(x) ! eiq� (x )  e(x); (2.1)

ìpou q to hlektrikì fortÐo tou spÐnora kai � (x) h topik  parˆmetroc. Gia na parameÐnei analloÐwth h
Lagkranzian  kˆtw apì autìn ton metasqhmatismì ja prèpei to pedÐo fwtonÐwn na metasqhmatÐzetai
wc

A � (x) ! A � (x) + @� � (x): (2.2)

Me autìn ton trìpo prostÐjetai sth Lagkranzian  ènac ìroc allhlepÐdrashc fwtonÐou-hlektronÐou,
pou mporeÐ na ermhneujeÐ wc antikatˆstash thc apl c parag¸gou@� apo th legìmenh sunalloÐwth
parˆgwgo bajmÐdac

@� ! D � � @� + iqA � ; (2.3)

h opoÐa eÐnai to katˆllhlo antikeÐmeno pou prèpei na eisaqjeÐ ¸ste na oristeÐ h kanonik  suzug c
orm  p� � qA� sthn perÐptwsh tou hlektromagnhtismoÔ.

H pl rhc U(1) Lagkranzian  thc kbantik c hlektrodunamik c grˆfetai

L QED =
X

f

� f (i
 � D � � mf ) f �
1
4

F�� F �� )

L QED =
X

f

� � f (i
 � @� � mf ) f � q � f (
 � A � ) f
�

�
1
4

F�� F �� ; (2.4)

ìpou gia lìgouc genikìthtac paÐrnoume to ˆjroisma sta diˆfora eÐdh fermiìnwn f mespin 1/2 pou
eÐnai hlektrikˆ fortismèna, me fortÐaqf kai mˆzecmf . Sto KP autˆ ta pedÐa eÐnai taquarks kai ta
fortismèna leptìnia, dhlad  f = u; d; c; s; t; b; e; �; � . Sth sqèsh (2.4), oi dÔo pr¸toi ìroi eÐnai
o kinhmatikìc kai o ìroc mˆzac twn fermionik¸n pedÐwn, o trÐtoc eÐnai o ìroc allhlepÐdrashc kai
o tètartoc eÐnai o kinhmatikìc ìroc Maxwell tou pedÐou fwtonÐwn. 'Etsi, me thn apaÐthsh na eÐnai
analloÐwth h Lagkranzian  kˆtw apì metasqhmatismoÔc bajmÐdacU(1), problèpetai h Ôparxh enìc
dianusmatikoÔ pedÐouA � , to opoÐo sundèetai me to fwtìnio kai afoÔ sthn (2.4) den upˆrqei ìroc
mˆzac gia to pedÐoA � , to fwtìnio problèpetai ˆmazo.

6
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2.3 Kbantik  Qrwmodunamik  ( QCD )

H Kbantik  Qrwmodunamik  (Quantum Chromodynamics - QCD) eÐnai h jewrÐa pou perigrˆfei
thn isqur  allhlepÐdrash metaxÔ twn quarks kai twn glouonÐwn, dhlad  metaxÔ twn swmatidÐwn
pou fèroun fortÐo qr¸matoc [9]. H QCD eÐnai mÐa mh-abelian  jewrÐa bajmÐdac kai perigrˆfetai
apì thn omˆda summetrÐacSU(3). Sth fÔsh upˆrqoun Nq = 6 gnwstˆ quarks: up, down, strange,
charm, bottom, top, pou sumbolÐzontai wcq = u; d; c; s; b; t kai oi kbantikoÐ touc arijmoÐ eÐnai
autoÐ pou faÐnontai ston PÐnaka 2.2. Epiplèon qarakthrÐzontai apì fortÐo qr¸matoc, pou eÐnai to
upìjema pˆnw sto opoÐo dra h isqur  allhlepÐdrash. Oi dunatèc {timèc} tou fortÐou qr¸matoc
eÐnai prˆsino, mple kai kìkkino. Kˆje qr¸ma èqei kai to anti-qr¸ma tou, to opoÐo qarakthrÐzei ta
antiswmatÐdia (Sq ma 2.2). O arijmìc twn qrwmˆtwnNC = 3 proèrqetai apì metr seic ìpwc o lìgoc
R = � (e+ e� ! � + � � )=� (e+ e� ! hadrons) � NC , to plˆtoc diˆspashc tou � 0 se dÔo fwtìnia
�( � 0 ! 

 ) � N 2

C kai ˆlla.

Quark GeÔsh Hl. fortÐo Mˆza

up u I z = 1=2� � 2=3 2:3+0 :7
� 0:5 MeV

down d I z = � 1=2 � 1=3 4:8+0 :5
� 0:3 MeV

charm c C = 1 � � 2=3 1:275� 0:025GeV

strange s S = � 1 � 1=3 95� 5 MeV

top t T = 1 � � 2=3 173:07� 1:24GeV

bottom b B = � 1 � 1=3 4:18� 0:03GeV

PÐnakac 2.2: Idiìthtec twn èxi geÔsewnquarks. Oi kbantikoÐ arijmoÐ pou anagrˆfontai sthn trÐth
st lh eÐnai: isospin I, charmness C, strangeness S, topness T, bottomness B. Oi timèc èqoun parjeÐ
apì to Particle Data Group [10].

Sq ma 2.2: Ta trÐa fortÐa qr¸matoc kai ta trÐa fortÐa anti-qr¸matoc.

Gia th melèth twn isqur¸n allhlepidrˆsewn prèpei na lˆbei kaneÐc upìyh peristrofèc ston
trisdiˆstato q¸ro twn qrwmˆtwn, pou perigrˆfontai apì thn SU(3)C omˆda summetrÐac. Oi peri-
strofèc autèc ekfrˆzontai apì touc genn torec Ta 2 SU(3), pou mporoÔn na anaparastajoÔn me
touc 8 pÐnakecGell-Mann wc Ta = � a=2, a = f 1; ::: ; 8g. Oi metasqhmatismoÐ summetrÐac droun mìno
pˆnw sta pedÐa twnquarks, pou eÐnai triplètec qr¸matoc, en¸ den epidroÔn sta pedÐa twn leptonÐwn,
pou eÐnai aplètec, kai èqoun th morf 

 q(x) ! ei� a (x )T a
 q(x); q = u; d; c; s; t; b

 l (x) !  l (x) l = e; �; �; � e; � � ; � �

(2.5)

H sunalloÐwth parˆgwgoc sthn QCD eÐnai

D � = @� + igs Ta Ga
� (x); (2.6)
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ìpou gs eÐnai h isqur  sÔzeuxh kai o antÐstoiqoc ìroc prokÔptei ¸ste na paramènei analloÐwtoc o
kinhmatikìc ìroc thc Lagkranzian c. Ta dianusmatikˆ pedÐaGa

� (x) sqetÐzontai me ta glouìnia kai
prokeimènou na ikanopoieÐtai hSU(3) analloiìthta metasqhmatÐzontai wc ex c:

Ga
� (x) ! Ga

� (x) +
1
gs

@� � a(x) � f abc � b(x) Gc
� (x): (2.7)

Oi posìthtec f abc eÐnai oi parˆgontec dom c thcSU(3) ˆlgebrac, ìpou [Ta ; Tb] = if abc T c. Apì ton
nìmo metasqhmatismoÔ faÐnetai ìti eˆn up rqan ìroi mˆzac� (G� )2 ja parabiazìtan h summetrÐa. Gia
autì ta glouìnia eÐnai ˆmaza. Gia ton kinhtikì ìro twn glouonÐwn qreiˆzetai ènacSU(3) analloÐwtoc
tanust c, o opoÐoc mporeÐ na orisjeÐ mèsw thc sqèshc

Ga
�� Ta �

i
gs

[D � ; D � ] ) Ga
�� = @� Ga

� � @� Ga
� + gs f abc Gb

� Gc
� : (2.8)

O teleutaÐoc ìroc eÐnai pou diaforopoieÐ th mh-abelian  apì thn abelian  perÐptwsh(f abc = 0) kai
eÐnai o lìgoc pou prokÔptoun allhlepidrˆseic metaxÔ twn glouonÐwn, prˆgma pou den isqÔei gia ta
fwtìnia. Oi allhlepidrˆseic autèc mpaÐnoun sth Lagkranzian  me ton kinhmatikì ìro � 1

4 Ga
�� Ga;��

kai antistoiqoÔn se allhlepidrˆseic tri¸n kai tessˆrwn glouonÐwn.

Sq ma 2.3: DiagrˆmmataFeynman twn allhlepidrˆsewn tri¸n kai tessˆrwn glouonÐwn.

H sunolik  Lagkranzian  thc QCD grˆfetai, se analogÐa me thn hlektrasjen  jewrÐa (2.4), wc

L QCD =
X

q

X

c

� qc (i
 � D � � mq)  qc �
1
4

Ga
�� Ga;�� )

L QCD =
X

c

X

q

� � qc (i
 � @� � mq)  qc � gs
� qc (
 � Ta Ga

� )  qc

�
�

1
4

Ga
�� Ga;�� ; (2.9)

ìpou to pr¸to ˆjroisma gÐnetai pˆnw stic èxi geÔseic twn quarks q = u; d; c; s; t; b kai to deÔtero
sta trÐa fortÐa qr¸matoc c = r; b; g. O pr¸toc ìroc thc (2.9) eÐnai o kinhmatikìc kai o ìroc mˆzac, o
deÔteroc dÐnei thn allhlepÐdrash metaxÔquark kai glouonÐwn kai o trÐtoc eÐnai o ìroc allhlepÐdrashc
glouonÐou-glouonÐou.

To gegonìc ìti ta glouìnia fèroun isqurì fortÐo kai allhlepidroÔn metaxÔ touc eÐnai ˆmesa
sundedemèno me mÐa polÔ shmantik  kai qarakthristik  idiìthta thc stajerˆc zeÔxhc thc isqu-
r c allhlepÐdrashc as, ìti parousiˆzei diaforetik  sumperiforˆ sunart sei thc enèrgeiac. 'Otan
auxˆnetai h enèrgeia metaxÔ twn qrwmatik¸n katastˆsewn, dhlad  ìtan h apìstash eÐnai mikr , has

mikraÐnei, to opoÐo shmaÐnei ìti taquarks kai ta glouìnia sumperifèrontai san eleÔjera swmatÐdia. H
idiìthta aut  onomˆzetai asumptwtik  eleujerÐa kai ofeÐletai sthn exˆrthsh thc stajerˆc sÔzeuxhc
apì thn enèrgeiak  klÐmaka epanakanonikopoÐhshc� .

Apì thn ˆllh, h as eÐnai polÔ megˆlh se qamhlèc enèrgeiec, to opoÐo shmaÐnei ìti auxˆnetai h
enèrgeia pou apojhkeÔetai sto pedÐo èwc ìtou arqÐsoun na dhmiourgoÔntai nèa qrwmatikˆ fortismèna
swmatÐdia. Gia ton lìgo autì ta quarks den mporoÔn na brÐskontai eleÔjera kai adronopoioÔntai,
ftiˆqnoun dhlad  dèsmiec ˆqrwmec katastˆseic. To fainìmeno autì onomˆzetai egklwbismìc twn
quarks. Praktikˆ upˆrqei ènac {antagwnismìc} metaxÔ twn glouonÐwn pou teÐnoun na mei¸soun to
isqurì fortÐo se megˆlec enèrgeiec kai twn zeug¸n q�q pou teÐnoun na to aux soun. Aut  eÐnai h
diaforˆ me thn QED, ìpou ta fwtìnia den allhlepidroÔn metaxÔ touc kai h aÔxhsh thc enèrgeiac
sunepˆgetai aÔxhsh thc sÔzeuxhcaem .

H exˆrthsh thc stajerˆc sÔzeuxhc as = g2
s =4� apì thn energeiak  klÐmakaQ2 dÐnetai apì th

sqèsh

as =
12�

(33 � 2Nq) ln

 
Q2

� 2
QCD

! : (2.10)
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H energeiak  klÐmaka� QCD sqetÐzetai me to ìrio sto opoÐo paÔei h isqÔc thc jewrÐac diataraq¸n
kai èqei prosdioristeÐ peiramatikˆ ìti eÐnai thc tˆxhc twn200MeV (pìloc Landau). Sto ìrio thc
asumptwtik c eleujerÐac, as(Q2 ! 1 ) ! 0, h energìc diatom  mporeÐ na epektajeÐ diataraktikˆ
se dunˆmeic touas. Sto ìrio tou egklwbismoÔ, as(Q2 ! � QCD ) ! 1 , ˆma prospaj soume na
qwrÐsoume èna zeÔgocq�q tìte h isqur  dÔnamh gÐnetai tìso megˆlh pou dhmiourgeÐtai nèo zeÔgocq�q.
Tèloc, apì thn energeiak  klÐmaka� QCD prokÔptei h qarakthristik  qwrik  kai qronik  klÐmaka
thc adronopoÐhshc pou eÐnai1fm kai � � 1=� QCD = 10 � 23 s.

2.4 Hlektrasjen c EnopoÐhsh

2.4.1 Montèlo Glashow - Weinberg - Salam

H Hlektrasjen c EnopoÐhsh   diaforetikˆ to montèlo twn Glashow, Weinberg kai Salam
(GSW), eÐnai mÐa jewrÐa pou sunduˆzei thn hlektromagnhtik  kai thn asjen  allhlepÐdrash tou
KP. Parìlo pou oi dÔo allhlepidrˆseic faÐnetai na diafèroun se qamhlèc enèrgeiec, ìtan xeperasteÐ
h energeiak  klÐmaka twn� 100GeV tìte mporoÔme na tic perigrˆyoume se mÐa koin , enopoihmènh
morf . Majhmatikˆ h Hlektrasjen c JewrÐa perigrˆfetai apì th Mh-Abelian  summetrÐa bajmÐdac
SU(2)L � U(1)Y .

To Y eÐnai o genn torac thc summetrÐacU(1) tou hlektromagnhtismoÔ (sthn pragmatikìthta
o genn torac eÐnai o monadiaÐoc pÐnakac), onomˆzetai uperfortÐo (hypercharge) kai orÐzetai apì to
sumbatikì fortÐo Q kai thn trÐth probol  tou isospin t, sÔmfwna me th sqèshY = 2( Q � T3). Oi
metasqhmatismoÐ twn pedÐwn kˆtw apì thnU(1)Y eÐnai oi (2.1), ìpou to fortÐoq èqei antikatastajeÐ
apì to uperfortÐo Y . Apì thn ˆllh, oi genn torec thc SU(2)L , pou eÐnai h omˆda summetrÐac thc
asjenoÔc allhlepÐdrashc, eÐnai oi telestèc tou asjenoÔcisospin Ta = 1

2 � a , a = 1 ; 2; 3, ìpou � a oi
pÐnakecPauli. Oi genn torec autoÐ ikanopoioÔn thn ˆlgebra[ Ta ; Tb ] = if abc T c, ìpou h stajerˆ
dom c eÐnaif abc = � abc , o pl rwc antisummetrikìc tanust c.

O deÐkthcL dhl¸nei to gegonìc ìti oi asjeneÐc allhlepidrˆseic epidroÔn mìno sta aristerìstro-
fa swmatÐdia kai sta dexiìstrofa antiswmatÐdia. H sumperiforˆ aut  thc asjenoÔc allhlepÐdrashc
proèrqetai apì thn parabÐash thc omotimÐac, pou parathr jhke apì tic asummetrÐec twn gwniak¸n ka-
tanom¸n sta peirˆmata (ìpwc sto peÐrama thcWu pou melèthse� -diaspˆseic Co se Ni ). Epiplèon,
gnwrÐzoume ìti sth fÔsh den parathroÔntai dexiìstrofa netrÐna. 'Etsi, oi spinoriakèc kumatosunar-
t seic twn aristerìstrofwn quarks kai leptonÐwn eÐnai diatetagmènec se diplètec (isospin doublets)
meisospin t = 1=2, en¸ twn dexiìstrofwn swmatidÐwn anaparist¸ntai se aplètec ( isospin singlets)
meisospin t = 0 .

Gia na oristoÔn oi katastˆseic aristerìstrofhc kai dexiìstrofhc qeiralikìthtac qrhsimopoioÔ-
ntai oi telestèc probol c PL = 1

2 (1 � 
 5) kai PR = 1
2 (1 + 
 5), ìpou 
 5 = i 
 0 
 1 
 2 
 3. Oi

aristerìstrofec fermionikèc katastˆseic eÐnai oi f L = PL f = 1
2 (1 � 
 5) f kai oi dexiìstrofec

fermionikèc katastˆseic eÐnai oif R = PR f = 1
2 (1 + 
 5) f (gia ta netrÐna isqÔei� i;R = PR � i = 0 kai

� i;L = PL � i = � i ). Epomènwc, ta pedÐa twnquarks kai twn leptonÐwn anaparist¸ntai wc proc thn
SU(2)L � U(1)Y wc ex c:

Quarks (q) Leptons (l)

SU(2) isodoublets qL =

0

B
B
@

u

d0

1

C
C
A

L

;

0

B
B
@

c

s0

1

C
C
A

L

;

0

B
B
@

t

b0

1

C
C
A

L

lL =

0

B
B
@

� e

e

1

C
C
A

L

;

0

B
B
@

� �

�

1

C
C
A

L

;

0

B
B
@

� �

�

1

C
C
A

L

SU(2) isosinglets qR = uR ; dR ; cR ; sR ; tR ; bR lR = eR ; � R ; � R

'Eqoume qrhsimopoi sei ticd0 = d cos�C + s sin� C kai s0 = � d sin� C + s cos�C pou eÐnai oi fusikèc
katastˆseic quark pou upeisèrqontai stic asjeneÐc allhlepidrˆseic (anamemeigmènec me th gwnÐa
Cabibbo � C ). Ta pedÐa autˆ metasqhmatÐzontai kˆtw apì thnSU(2)L wc

�
f u

f d

�

L
! ei� a (x )T a

�
f u

f d

�

L

f (u;d )
R ! f (u;d )

R

(2.11)

9



Kefˆlaio 2 . Fusik  Stoiqeiwd¸n SwmatidÐwn Hlektrasjen c EnopoÐhsh

ìpou oi deÐktec(u) kai (d) dhl¸noun tic pˆnw (  up-type gia ta quarks) kai tic kˆtw (  down-type
gia ta quarks) sunist¸sec thc diplètac.

Akolouj¸ntac th genik  kataskeu  Lagkranzian¸n ametˆblhtwn kˆtw apì metasqhmatismoÔc
mh-Abelian¸n omˆdwnLie, orÐzetai h sunalloÐwth parˆgwgoc bajmÐdac pou ja antikatast sei th
sunhjismènh parˆgwgo wc ex c

D � = @� + ig T a W a
� + i

g0

2
Y B� ; a = 1 ; 2; 3: (2.12)

Ta W a
� eÐnai ta pedÐa bajmÐdac thc omˆdac summetrÐacSU(2)L , en¸ B � eÐnai to pedÐo bajmÐdac

thc U(1)Y . Ta tèssera autˆ pedÐa eÐnai tìsa ìsa qreiˆzontai gia na eisaqjoÔn ta dianusmatikˆ
mpozìnia pou gnwrÐzoume apì ta peirˆmata:W � , Z 0 gia tic asjeneÐc kai
 gia tic hlektromagnhtikèc
allhlepidrˆseic. Ta g kai g0 eÐnai oi stajerèc sÔzeuxhc twn asjen¸n kai hlektromagnhtik¸n pedÐwn
antÐstoiqa kai sunduˆzontai metaxÔ touc me th gwnÐa asjen c anˆmeixhc,� W , sÔmfwna me th sqèsh

g0

g
= tan� W : (2.13)

H Lagkranzian  twn fermionik¸n pedÐwn kai twn pedÐwn bajmÐdac thc hlektrasjenoÔc jewrÐac
eÐnai

L = L fermions + L gauge =
X

f

i �f 
 � D � f �
1
4

F�� F �� �
1
4

Ga
�� Ga;�� ; (2.14)

ìpou oi tanustèc

F�� = @� B � � @� B � kai Ga
�� = @� Ga

� � @� Ga
� + g f abc Gb

� Gc
�

orÐzoun touc kinhmatikoÔc ìrouc twn mpozonÐwn bajmÐdac. O deÐkthcf ajroÐzei ìla ta fermiìnia,
dhlad  ta èxi quarks kai ta èxi leptìnia.

Prokeimènou na ikanopoieÐtai h analloiìthta kˆtw apì metasqhmatismoÔc bajmÐdac, ta mpozìnia
bajmÐdac kai ta fermiìnia problepetai na eÐnai ˆmaza. Peiramatikˆ, ìmwc, gnwrÐzoume ìti ta mpozìnia
W � kai Z èqoun mˆza. O trìpoc me ton opoÐo apoktoÔn mˆza ta swmatÐdia eÐnai me thn aujìrmhth
jraÔsh thc summetrÐac1, to opoÐo gÐnetai mèsw tou mhqanismoÔHiggs, mÐac diadikasÐac pou eisˆgei
to bajmwtì mpozìnio Higgs2.

2.4.2 Aujìrmhth JraÔsh SummetrÐac - Mhqanismìc Higgs

Eisˆgoume èna exwterikì bajmwtì pedÐo� , to opoÐo èqei th morf  migadik c diplètac kai me-
tasqhmatÐzetai sÔmfwna me th jemeli¸dh anaparˆstash thc omˆdac bajmÐdacSU(2) tou asjenoÔc
isospin

� =
�

� +

� 0

�
: (2.15)

To � + ja dhmiourg sei èna kbˆnto enìc fortismènou mpozìniou mespin 0, en¸ to � 0 ja dhmiourg sei
èna kbˆnto miac oudèterhc diègershc tou kenoÔ mespin 0. Gia th diplèta aut  h SU(2)L � U(1)Y

analloÐwth Lagkranzian  eÐnai

L scalar = ( D � �) y(D � �) � V (� y�) ; (2.16)

ìpou to dunamikì tou bajmwtoÔ tomèa grˆfetai

V (� y�) = � � 2 � y� + � (� y�) 2; (2.17)

1O ìroc Aujìrmhth JraÔsh SummetrÐac ( Spontaneous Symmetry Breaking - SSB ), qrhsimopoieÐtai gia na dhl¸sei
to gegonìc ìti, an kai h Lagkranzian  enìc fusikoÔ sust matoc eÐnai ametˆblhth kˆtw apì touc metasqhmatismoÔc
thc en lìgw summetrÐac, h basik  (kbantomhqanik ) katˆstash tou sust matoc j0i , dhlad  h katˆstash tou {kenoÔ},
den paramènei analloÐwth.

2To pedÐoHiggs eÐnai bajmwtì mespin 0 kai ˆra den èqei kateÔjunsh (to antÐjeto isqÔei gia to HM pedÐo). Autì
pou apokaloÔme kenì q¸ro ja mporoÔse na eÐnai gemˆtoc me dunhtikˆ mpozìniaHiggs. 'Otan èna swmatÐdio kineÐtai mèsa
ston kenì q¸ro allhlepidrˆ me ta mpozìnia autˆ. Ja mporoÔse kaneÐc na fantasteÐ ìti to swmatÐdio peribˆlletai apì
èna {nèfoc} swmatidÐwn Higgs kai ètsi en¸ arqikˆ den eÐqe mˆza emfanÐzetai t¸ra me mˆza (ìpwc ìtan èna antikeÐmeno
pou kineÐtai mèsa se paqÔreusto ugrì epibradÔnetai san na eÐqe megalÔterh mˆza).
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Kefˆlaio 2 . Fusik  Stoiqeiwd¸n SwmatidÐwn Hlektrasjen c EnopoÐhsh

me parˆmetro mˆzac� kai � mÐa adiˆstath stajerˆ, gia tic opoÐec isqÔei� 2; � > 0. To mh tetrimmèno

elˆqisto tou dunamikoÔ autoÔ3 antistoiqeÐ sto j� y� j =
� 2

2�
, pou eÐnai h sunj kh pou epibˆletai sthn

diplèta (2.15) ¸ste na spˆsei h summetrÐa. 'Etsi, to dunamikì epˆgei mÐa anamenìmenh tim  tou kenoÔ
diˆforh tou mhdenìc, h0j� j0i 6= 0 , h opoÐa qwrÐc blˆbh thc genikìthtac mporeÐ na jewrhjeÐ pwc eÐnai
pragmatik  kai brÐsketai sthn kˆtw sunist¸sa thc diplètac � . Tìte anaptÔssontac gÔrw apì thn
katˆstash kenoÔ, mÐa aujaÐreth diègersh tou pedÐou mporeÐ na anaparastajeÐ wc

� = ei � a (x ) T a =�

0

@
0

�
p

2
+

� (x)
p

2

1

A ; (2.18)

ìpou � =
p

� 2=� apì th sunj kh elaqistopoÐhshc tou dunamikoÔ, h diègersh� (x) eÐnai to pedÐo tou
mpozonÐouHiggs, en¸ ta � a(x) antistoiqoÔn sta legìmena Goldstone bosons, ta opoÐa eÐnai pˆntote
ìsoi kai oi genn torec twn spasmènwn summetri¸n. O lìgoc pou qrhsimopoi jhke h parametropoÐhsh
aut  gia to pedÐo� gÔrw apì to kenì eÐnai ìti faÐnetai ˆmesa pwc ta mpozìniaGoldstone mporoÔn
na aporrofhjoÔn mèsw mÐac strof cSU(2), U = e� i � a (x ) T a =� , opìte to pedÐo paÐrnei th morf 

� ! U� =
1

p
2

�
0

� + � (x)

�
: (2.19)

Sth bajmÐda aut  oi bajmoÐ eleujerÐac twnGoldstone bosonspou exaleÐfontai gÐnontai oi pol¸seic
twn dianusmatik¸n mpozonÐwn pou antistoiqoÔn stouc genn torec twn spasmènwn summetri¸n.

Oi mˆzec twn dianusmatik¸n mpozonÐwn prokÔptoun apì thn anˆptuxh tou kinhmatikoÔ ìrou thc
Lagkranzian c (2.16) kai sugkekrimèna apì touc tetragwnikoÔc ìrouc twn diafìrwn swmatidiak¸n
diegèrsewn (pedÐwn)4. AutoÐ prokÔptoun wc ex c

(D � �) y(D � �) 3
1
2

�
�
�
�
�
�
�

0

B
@

i
2

�
g W3

� + g0Y B�
� ig

2

�
W 1

� � i W 2
�

�

ig
2

�
W 1

� + i W 2
�

� i
2

�
� g W3

� + g0Y B�
�

1

C
A

�
0
�

�
�
�
�
�
�
�
�

2

=
g2� 2

2

�
1
4

�
W n

�
1 + i W n

�
2
� �

W � 1 � i W � 2
�

+
1
4

�
� W n

�
3 + tan� W Y B�

� �
� W � 3 + tan� W Y B �

� �

=
g2� 2

8

�
W n

�
1 + iW n

�
2
� �

W � 1 � iW � 2
�

+
g2� 2

8cos2� W

�
� cos�W W n

�
3 + sin� W Y B�

� �
� cos�W W � 3 + sin� W Y B �

�

=
g2� 2

4
W�

� W � + +
g2� 2

8cos2� W
Z � Z � ; (2.20)

ìpou antikatast same ta dianusmatikˆ pedÐa me tic idiokatastˆseic mˆzac, dhlad  me ta fusikˆ
mpozìnia

W �
� �

1
p

2

�
W 1

� � i W 2
�

�
(2.21)

Z � � cos�W W 3
� � sin� W Y B� (2.22)

A � � sin� W W 3
� + cos�W Y B� (2.23)

kai qrhsimopoi jhke h sqèsh tan� W = g0=g. 'Etsi, oi mˆzec twn mpozonÐwn eÐnai

mW =
g �
2

; mZ =
g �

2cos�W
; mA = 0 (2.24)

3To pedÐoHiggs èqei thn asun jisth idiìthta ìti h katˆstash gia thn opoÐa mhdenÐzetai den èinai h katˆstash me
thn elˆqisth enèrgeia.

4ExaitÐac thc analloiìthtac bajmÐdac ìla ta swmatÐdia èqoun mhdenik  mˆza se megˆlec enèrgeiec. ApoktoÔn
mˆza lìgw tou aujìrmhtou spˆsimou thc summetrÐac bajmÐdac, to opoÐo gÐnetai mèsw tou mhqanismoÔHiggs: Ta
tèssera mpozìnia bajmÐdac W i

� , i = f 0; 1; 2g (isospin triplet ) kai B � (isospin singlet ), ta opoÐa èqoun mhdenik 
mˆza, akoloujoÔntai apì tèssera pedÐa Higgs. Kaj¸c to sÔsthma (sÔmpan) kru¸nei, h summetrÐa spˆei aujìrmhta
dhmiourg¸ntac ètsi ta W � apì thn anˆmeixh twn W 1

� , W 2
� kai ta 
 , Z apì thn anˆmeixh twn W 3

� , B � . Ta W � kai Z
apoktoÔn mˆza aporrof¸ntac trÐa apì ta tèssera pedÐa Higgs kai to fwtìnio paramènei ˆmazo. To pedÐo Higgs pou
paramènei apoteleÐ to swmatÐdioHiggs.
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Kefˆlaio 2 . Fusik  Stoiqeiwd¸n SwmatidÐwn Hlektrasjen c EnopoÐhsh

prokÔptei dhlad  to apotèlesma pou sunˆdei me tic peiramatikèc parathr seic, ìti ta W � kai Z èqoun

mˆza kai mˆlista mW =
mZ

cos�W
> m Z , en¸ to fwtìnio eÐnai ˆmazo ekfrˆzontac thn paramènousa

summetrÐaUem tou hlektromagnhtismoÔ.
An grˆyoume to kommˆti thc sunalloÐwthc parag¸gou (2.12) pou perièqei thn trÐth sunist¸sa

tou isospin kai to ekfrˆsoume wc proc ta pedÐaA � kai Z � tìte paÐrnoume

D (3)
� = @� + ig T 3 W 3

� + i
g0

2
Y B�

= @� + ig sin� W

�
Y
2

+ T3
�

A � +
ig

cos�W

�
T3 � sin 2� W

�
Y
2

+ T3
��

Z � : (2.25)

ParathroÔme ìti to ˆmazo pedÐoA � , pou antistoiqeÐ sthn adiˆspasth upoomˆdaUem thc arqik c
SUL (2) � UY (1), pou dhmiourg jhke apì ton genn tora T3 + Y=2, meUem 6= UY (1), èqei mia stajerˆ
sÔzeuxhcg sin� W me autìn ton genn tora. Sto plaÐsio tou KP, tautopoieÐtai me ton genn tora tou
hlektrikoÔ fortÐou, Q � T3 + Y=2. 'Etsi, to pedÐoA � antistoiqeÐ sto fwtìnio, to opoÐo paramènei
qwrÐc mˆza, ìpwc ja èprepe. Apì aut n thn tautopoÐhsh, loipìn, prokÔptei ìti to hlektrikì fortÐo
(h jemeli¸dhc monˆda fortÐou) eÐnai

e � g sin� W : (2.26)

H sqèsh e = g sin � W = g0cos�W apoteleÐ th sunj kh enopoÐhshc twn hlektrasjen¸n allhle-
pidrˆsewn. H asjen c gwnÐa anˆmeixhc� W eÐnai parˆmetroc tou montèlou kai peiramatikˆ èqei
prosdioristeÐ ìti isoÔtai me sin � W = 0 :23153� 0:00016.

To uperfortÐo tou Higgs epilègetai na isoÔtai me monˆda ¸ste oi metasqhmatismoÐ (2.22) kai
(2.23) na eÐnai orjwgìnioi, en¸ gÐnetai h paradoq  ìti to prìshmì tou eÐnai jetikì: YH = +1 . Apì
th drˆsh tou telest  tou fortÐou stic katastˆseic twn swmatidÐwn kai epibˆllontac thn apaÐthsh
na prokÔptoun swstˆ ta parathroÔmena fortÐa twn swmatidÐwn exˆgwntai oi timèc tou uperfortÐou,
Y , gia thn kˆje swmatidiak  katˆstash. Gia ta mpozìnia bajmÐdac prokÔpteiYW � = YZ = Y
 = 0
(ìpwc to 
 wc forèac thc hlektromagnhtik c allhlepÐdrashc den èqei hlektrikì fortÐo, ètsi ta
W � , Z wc foreÐc thc asjen c allhlepÐdrashc den èqoun asjenèc uperfortÐo). Gia ta fermiìnia oi
timèc tou uperfortÐou eÐnai autèc pou faÐnontai ston PÐnaka 2.3. Na shmeiwjeÐ ìti ta swmatÐdia pou
an koun sthn Ðdia diplèta èqoun to Ðdio uperfortÐo, to opoÐo eÐnai kai to anamenìmeno.

Kumatosunart seic Hl. fortÐo Isospin UperfortÐo

l: leptons ; q: quarks Q = T 3 + Y=2 T; (T 3 ) Y

� l 0 1=2 (+1=2) 0

lL -1 1=2 (� 1=2) -1

lR -1 0 (0) -2

q(u )
L +2=3 1=2 (+1=2) +1=3

q(d)
L � 1=3 1=2 (� 1=2) +1=3

q(u )
R +2=3 0 (0) +4=3

q(d)
R � 1=3 0 (0) � 2=3

� (Higgs doublet) 1, 0 1=2 (� 1=2) +1

PÐnakac 2.3: Apìdosh kbantik¸n arijm¸n sta leptìnia kai bajmwtˆ pedÐa ( Higgs) sthn hlektrasjen 
jewrÐaSU(2)L � U(1)Y . O sumbolismìc (u) kai (d) sta quarks dhl¸nei antÐstoiqa thn up-type kai
thn down-type sunist¸sa kˆje geniˆc. H posìthta Q eÐnai to hlektrikì fortÐo se monˆdec tou
fortÐou tou pozitronÐou (e > 0).
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'Oson aforˆ th mˆza tou mpozonÐouHiggs kai touc ìrouc auto-allhlepÐdras c tou, autoÐ pro-
kÔptoun apì thn anˆptuxh tou dunamikoÔ gÔrw apì to kenì,

V = � � 2 � y� + � (� y�) 2 = �
� 2

2
(� + � )2 +

�
4

(� + � )4

=
�
4

� 4 + ��� 3 + � 2� 2 �
� 2

4
� 2; (2.27)

ìpou qrhsimopoi jhke h sunj kh elaqistopoÐhshc tou dunamikoÔ� =
p

� 2=� . O ìroc mˆzac tou �
èqei th morf  1

2 m� � 2, opìte sugkrÐnontac me ton tetragwnikì ìro prokÔptei ìti h mˆza tou pedÐou
Higgs eÐnaimH = m� =

p
2j� j, en¸ parathroÔme ìti prokÔptoun allhlepidrˆseic metaxÔ tri¸n

(ìroi O(� 3)) kai tessˆrwn (ìroi O(� 4)) swmatidÐwnHiggs.
Tèloc, paramènei na apodojeÐ mˆza sta fermiìnia. Epeid  hSU(2)L eÐnai qeiralik  summetrÐa,

den mporoÔn na upˆrqoun ìroi mˆzacDirac gia ta fermiìnia, dhlad  ìroi thc morf c m �f f , diìti
to dexiìstrofo kommˆti twn kumatosunart sewn eÐnai singlet kai den metasqhmatÐzetai kˆtw apo
metasqhmatismoÔcSU(2)L . Gia autì qrhshmopoioÔntai ìroi Yukawa, yf

�f �f , me trìpo pou na sèbetai
th summetrÐa thc jewrÐac. Tètoiec allhlepidrˆseicYukawa metaxÔ fermionÐwn kai bajmwt¸n pedÐwn
eÐnai upeÔjunec gia th gènnhsh mazac twn fermionik¸n pedÐwn (twn leptonÐwn, pl n twn netrÐnwn kai
twn quarks), mèsw thc sÔzeux c touc me to pedÐoHiggs, katˆ thn aujìrmhth jraÔsh thc summetrÐac
bajmÐdacSU(2) twn asjen¸n allhlepidrˆsewn.

Gia ta leptìnia oi ìroi pou prostÐjontai eÐnai

L l
Y ukawa =

X

l

�
yl

�lL � lR + yl
�lR � y lL

�
; (2.28)

ìpou yl eÐnai taYukawa couplingsgia tic treic geÔseic leptonÐwn,l = e; �; � . H emfˆnish twn maz¸n
metˆ to spˆsimo thc summetrÐac gÐnetai mèsw thc mh mhdenik c anamenìmenhc tim c tou kenoÔ, dhlad 

apì thn h0j� j0i =

 
0
u

p
2

!

. Gia parˆdeigma, sthn perÐptwsh twn hlektronÐwn paÐrnoume

h Le
Y ukawa i = ye �eL h0j� j0i eR + ye �eR h0j� j0i yeL

= ye
�
� e e

�
L

�
0

u=
p

2

�
eR + ye �eR

�
0 up

2

� �
� e

e

�

L

= ye
u

p
2

(�eL eR + �eR eL )

= ye
u

p
2

�e e; (2.29)

to opoÐo eÐnai ìroc mˆzac. 'Etsi, prokÔptei ìti h mˆza tou hlektronÐou eÐnaime = ye u=
p

2, en¸ tou
netrÐnou eÐnaim� e = 0 . AntÐstoiqa, gia tic ˆllec dÔo geÔseic leptonÐwn prokÔpteim� = y� u=

p
2,

m� = y� u=
p

2 kai m� � = m� � = 0 .
Apì thn ˆllh, gia ta quarks, pou èqoun kai dexiìstrofec sunist¸sec me mh mhdenikèc mˆzec,

qreiˆzetai kaneÐc mia diaforetik  allhlepÐdrashYukawa gia thn paragwg  mˆzac tìso stic ˆnw ìso
kai stic kˆtw sunist¸sec twn diplet¸n quarks, h opoÐa ìmwc ja exakoloujeÐ na perilambˆnei to Ðdio
pedÐoHiggs pou apoktˆ ìmoia anamenìmenh tim  kenoÔ. Gia na epiteuqjeÐ autì qrhsimopoioÔme to
migadikì suzugèc tou pedÐou� , to opoÐo metasqhmatÐzetai me ton Ðdio trìpo kˆtw apì metasqhmatis-
moÔcSU(2)L kai dÐnetai apì th sqèsh� c = i � 2 � � , ìpou � 2 o deÔteroc pÐnakac touPauli kai me�
sumbolÐzetai to migadikì suzugèc. Tìte h antÐstoiqh Lagkranzian  twnquarks grˆfetai

L q
Y ukawa =

X

qf

h
y(u )

qf
�q(u )
f;L � c q(u )

f;R + y(d)
qf

�q(d)
f;L � q(d)

f;R + h:c:
i

; (2.30)

ìpou yqf eÐnai taYukawa couplings gia tic treic genièc quark, qf = q1; q2; q3. Oi deÐktec(u) kai
(d) sumbolÐzoun taup-type kai down-type quarks eÐte thc diplètac eÐte thc aplètac, en¸ toh:c:
sumbolÐzei ton ermitianì suzug  ìro (hermitian conjugate). Oi mˆzec twnquarks prokÔptoun me ton
Ðdio trìpo pou perigrˆfhke parapˆnw gia ta leptìnia.
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MÐa shmantik  parat rhsh gia tic asjeneÐc allhlepidrˆseic twn quarks eÐnai ìti parathroÔntai
diaspˆseic ìpou anameignÔontai oi genièc. Upˆrqoun pÐnakec meYukawa couplings pou perigrˆfoun
autoÔc touc mh diag¸niouc ìrouc, to opoÐo shmaÐnei ìti oi katastˆseic mˆzac twndown-type quarks
q(d) eÐnai diaforetikèc apì ekeÐnec twn geÔsewnd; s; b. O trìpoc me ton opoÐo sundèontai eÐnai mèsw
enìc monadiaÐou pÐnaka pou onomˆzetaiCabbibo-Kobayashi-Maskawa(CKM) [11] kai grˆfetai

0

@
d0

s0

b0

1

A = V

0

@
d
s
b

1

A =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
d
s
b

1

A : (2.31)

Ta mètra twn stoiqeÐwn tou pÐnaka autoÔ katˆ apìluth tim  èqoun metrhjeÐ ìti eÐnai
0

@
jVud j jVus j jVub j
jVcd j jVcs j jVcbj
jVtd j jVts j jVtb j

1

A �

0

@
0:974 0:225 0:004
0:230 0:975 0:041
0:008 0:040 0:999

1

A : (2.32)

H pijanìthta èna quark tÔpou i na metatrapeÐ se ènaquark tÔpou j ìtan eklÔei èna W mpozìnio
eÐnai anˆlogh thc posìthtac jVij j. Lìgw twn katastˆsewn mÐxhc parathreÐtai ìqi mìno parabÐash thc
omotimÐac, allˆ kai parabÐash tou fortÐou(CP-violation) stic allhlepidrˆseic me allag  geÔshc.
Gia ta leptìnia kˆti tètoio den sumbaÐnei sto KP, epeid  ta netrÐna jewroÔntai ˆmaza.

2.4.3 Lagkranzian  HlektrasjenoÔc AllhlepÐdrashc

H sunolik  Lagkranzian  tou montèlou thc enopoihmènhc hlektrasjenoÔc allhlepÐdrashc sto
plˆisio tou KP grˆfetai

L SM
electroweak = L gauge + L (Higgs )

scalar + L fermions : (2.33)

O pr¸toc ìroc eÐnai o kinhmatikìc ìroc twn mpozonÐwn bajmÐdac kai isoÔtai me

L gauge = �
1
4

F�� F �� �
1
4

Ga
�� Ga;�� ; (2.34)

ìpou F�� = @� B � � @� B � kai Ga
�� = @� Ga

� � @� Ga
� + g �abc Gb

� Gc
� .

O deÔteroc ìroc perigrˆfei ton bajmwtì tomèa tou Higgs kai eÐnai

L (Higgs )
scalar = ( D � �) y(D � �) � V (� y�) ; (2.35)

ìpou to dunamikì isoÔtai meV(� y�) = � � 2 � y� + � (� y�) 2; � 2 R; � > 0 kai h sunalloÐwth

parˆgwgoc pou dra sth diplèta � eÐnaiD � = I @� + ig T a W a
� + i

g
2

tan� W YH I B � , meYH = +1

(I eÐnai o monadiaÐoc pÐnakac).
O trÐtoc ìroc perilambˆnei tic hlektrasjeneÐc allhlepidrˆseic twn fermionÐwn kai eÐnai

L fermions =
X

l

�
i �lL 
 � D �

L lL + i �lR 
 � D �
R lR + yl

�lL � lR + yl
�lR � y lL

�

+
X

qf

i �qf;L 
 � D �
Q L

qf;L +
X

q

i �qR 
 � D �
Q R

qR

+
X

qf

h
y(u )

qf
�q(u )
f;L � c q(u )

f;R + y(d)
qf

�q(d)
f;L � q(d)

f;R + h:c:
i

; (2.36)

ìpou o deÐkthcl = e; �; � ajroÐzei pˆnw stic treic geÔseic twn leptonÐwn, o deÐkthcq = u; d; c; s; t; b
ajroÐzei pˆnw stic èxi geÔseic twnquarks kai o deÐkthcqf = q1; q2; q3 ajroÐzei pˆnw stic treic genièc
twn quarks. Oi sunalloÐwtec parˆgwgoi dÐnontai apì tic sqèseic

D �
L = I @� + ig T a W a

� + i
g
2

tan� W Y ( l )
L I B � ; Y ( l )

L = � 1,

D �
R = I @� + i

g
2

tan� W Y ( l )
R I B � ; Y ( l )

R = � 2,

D �
Q L

= I @� + ig T a W a
� + i

g
2

tan� W Y (q)
L I B � ; Y (q)

L = +1 =3,
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Kefˆlaio 2 . Fusik  Stoiqeiwd¸n SwmatidÐwn Hlektrasjen c EnopoÐhsh

D �
Q R

= I @� + i
g
2

tan� W Y (q)
R I B � ; Y (q)

R = +4 =3 (up-type)   Y (q)
R = � 2=3 (down-type).

Sthn teleutaÐa parènjesh, me touc deÐktec(u) kai (d) sumbolÐzontai taup-type kai down-type
quarks eÐte thc diplètac eÐte thc aplètac, en¸ toh:c: sumbolÐzei ton ermitianì suzug  (hermitian
conjugate) tou ìrou mèsa sthn parènjesh.
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Kefˆlaio 3

O Aniqneut c CMS

3.1 Eisagwg 

O CMS - Compact Muon SolenoideÐnai ènac apì touc kÔriouc aniqneutèc swmatidÐwn touLHC
sto CERN. Apì ton CMS proèrqontai ta dedomèna pou qrhsimopoioÔntai sthn anˆlush thc paroÔsac
ergasÐac kai gia ton lìgo autì to sugkekrimèno kefˆlaio ja afierwjeÐ sthn perigraf  tou aniqneu-
t . Ja parousiasteÐ h dom  tou CMS kai ja epexhghjeÐ o skopìc kai h leitourgÐa twn epimèrouc
susthmˆtwn kai aniqneutik¸n diatˆxe¸n tou. Pr¸ta, ìmwc, ja gÐnei mÐa sÔntomh perigraf  thc dom c
kai thc leitourgÐac tou epitaqunt  LHC.

3.2 LHC : Megˆloc Epitaqunt c AdronÐwn

O Megˆloc Epitaqunt c AdronÐwn (Large Hadron Collider, LHC) eÐnai o megalÔteroc ston
kìsmo, apì ˆpoyh megèjouc allˆ kai energeiak c klÐmakac, epitaqunt c swmatidÐwn pou èqei kata-
skeuasteÐ potè[12]. O LHC brÐsketai kai leitourgeÐ stic egkatastˆseic tou eurwpaikoÔ kèntrou
èreunac sthn purhnik  fusik  ( CERN), kontˆ sth GeneÔh. Kataskeuˆsthke sto toÔnel ìpou lei-
tourgoÔse o epitaqunt c LEP (Large Electron-Positron Collider) kai tèjhke gia pr¸th forˆ se
leitourgÐa to 2008. EÐnai kuklikoÔ sq matoc me perÐmetro 27 qiliomètrwn kai brÐsketai 100 mètra
kˆtw apì to èdafoc sta Gallo-Elbetikˆ sÔnora. Oi uyhlèc enèrgeiec pou parˆgontai ston LHC
kajistoÔn efiktì na melethjoÔn energèc diatomèc kaÐriwn diadikasi¸n se mÐa klÐmaka enèrgeiac pou
den èqei proseggisteÐ potè prohgoumènwc. O skopìc twn peiramˆtwn pou diexˆgontai ekeÐ eÐnai na
prosfèroun apant seic se jemeli¸dh erwt mata pou aforoÔn ton kìsmo, na elègxoun thn isqÔ tou
Kajierwmènou ProtÔpou, allˆ kai na anakalÔyoun nèa fusik .

Sq ma 3.1: Sqhmatik  apeikìnish twn toÔnel tou LHC ìpou epitaqÔnontai oi dèsmec swmatidÐwn,
kaj¸c kai twn tessˆrwn shmeÐwn pou brÐskontai oi aniqneutikèc diatˆxeic twn megˆlwn peiramˆtwn.
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Kefˆlaio 3 . O Aniqneut c CMS LHC: Megˆloc Epitaqunt c AdronÐwn

O LHC èqei sqediasteÐ na epitaqÔnei adrìnia (prwtìnia kai iìnta). DÔo aktÐnec (beams) apì
dèsmec swmatidÐwn uyhl c enèrgeiac epitaqÔnontai proc antÐjetec kateujÔnseic se dÔo xeqwristoÔc
agwgoÔc. Oi dÔo parˆmetroi pou diamorf¸noun th leitourgÐa touLHC eÐnai oi enèrgeiec twn dÔo
sugkrou¸menwn dèsmewn, oi opoÐec kajorÐzoun thn ofèlimh enèrgeia pou apodÐdetai gia thn paragwg 
swmatidÐwn kai h fwteinìthtˆ touc, èna megèjoc pou ekfrˆzei ton rujmì twn pijan¸n sunduasm¸n
sugkroÔsewn pou pragmatopoioÔntai anˆ monˆda epifˆneiac thc dèsmhc.

Prokeimènou na epiteuqjeÐ h anagkaÐa fwteinìthta, ¸ste na parˆgetai megˆlh posìthta dedo-
mènwn gia tic analÔseic, ja prèpei h suqnìthta twn sugkroÔsewn, kaj¸c kai o arijmìc twn prwtonÐwn
se kˆje pakèto na eÐnai arketˆ megˆloc. Sth sqediasmènh fwteinìthta twn 1034 cm� 2 s� 1 upˆrqoun
2808dèsmec (bunches), ìpou h kˆje mÐa perièqei mèsa thc1:15 � 1011 prwtìnia. H suqnìthta twn
sugkroÔsewn eÐnaif = 40 MHz , dhlad  ta prwtìnia sugkroÔontai kˆje 25ns. Metˆ apì arketèc
anabajmÐseic tou epitaqunt , èqei ftˆsei plèon na epitaqÔnei ta prwtìnia se enèrgeia kèntrou mˆzacp

s = 14 TeV. O LHC mporeÐ na parˆxei katˆ mèso ìro 20 sugkroÔseic anˆ diastaur¸menh dèsmh
kai 800 ekatommÔriec sugkroÔseic anˆ deuterìlepto.

Sq ma 3.2: H dom  twn dèsmewn prwtonÐwn stonLHC.

Gia thn kampÔlwsh thc kˆje dèsmhc kai thn estÐas  thc sta shmeÐa pou pragmatopoioÔntai oi
sugkroÔseic qrhsimopoieÐtai èna sÔnolo uperag¸gimwn magnht¸n (perÐpou 1200 magn tec gia thn
kampÔlwsh kai 400 gia thn estÐash), to opoÐo parˆgei èna isqurì magnhtikì pedÐo 8Tesla. Oi
magn tec diathroÔntai se jermokrasÐa� 271:3 � C katˆ th diˆrkeia leitourgÐac tou aniqneut  kai gia
thn yÔxh touc qrhsimopoieÐtai ugrì  lio. Sto eswterikì tou kˆje magn th brÐskontai dÔo jˆlamoi
kenoÔ mèsa stouc opoÐouc kineÐtai h dèsmh.

Sq ma 3.3: To sÔmplegma epitaquntik¸n diatˆxewn touCERN [13].
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Gia thn epitˆqunsh thc dèsmhc swmatidÐwn, toCERN diajètei èna sÔmplegma mikrìterwn epi-
taquntik¸n diatˆxewn pou èqoun wc skopì th merik  epitˆqunsh thc dèsmhc prin eisèljei ston
ketnrikì epitaqunt , ton LHC, gia to telikì stˆdio thc epitˆqunshc kai th sÔgkroush twn dÔo
dèsmewn (Sq ma 3.3). MÐa fiˆlh me aèrio udrogìnou eisèrqetai se isqurì hlektrikì pedÐo ¸ste na
afairejoÔn ta hlektrìnia apì touc pur nec kai na prokÔyoun ta prwtìnia. To pr¸to stˆdio thc
epitˆqunshc twn prwtonÐwn gÐnetai ston epitaqunt LINAC 2, o opoÐoc eÐnai grammikìc kai epitaqÔnei
ta prwtìnia se enèrgeia 50MeV . Sth sunèqeia, h dèsmh eisèrqetai stonProton Synchrotron Booster
(PSB) kai èpeita ston Proton Synchrotron, ìpou ta prwtìnia apoktoÔn enèrgeia 26GeV. Tèloc,
epitaqÔnontai se enèrgeia450GeV ston Super Proton Synchrotron kai eisèrqontai ston LHC gia
to telikì stˆdio epitˆqunshc.

Oi dèsmec prwtonÐwn sugkroÔontai se tèssera prokajorismèna shmeÐa tou daktulÐou tou epita-
qunt , ìpou brÐskontai topojethmènec oi aniqneutikèc diatˆxeic twn tessˆrwn megalÔterwn peira-
mˆtwn tou LHC: ATLAS - A Toroidal LHC Apparatus , CMS - Compact Muon Solenoid, LHCb -
LHC Beauty kai ALICE - A Large Ion Collider Experiment . O kˆje aniqneut c swmatidÐwn èqei
kataskeuasteÐ gia th melèth diaforetik¸n tomèwn sth fusik  uyhl¸n energei¸n. Oi dÔo pr¸toi
aniqneutèc,ATLAS kai CMS, aforoÔn peirˆmata genikoÔ endiafèrontoc kai epikentr¸nontai sthn
anaz thsh nèac fusik c kai jewri¸n ektìc tou KP. Apì thn ˆllh, to LHCb èqei sqediasteÐ gia th
melèth tou b quark kai th diereÔnhsh thc asummetrÐac Ôlhc kai anti-Ôlhc sto sÔmpan, epidi¸kontac
thn akrib  mètrhsh thc parabÐashc thcCP summetrÐac (CP violation ). Tèloc, to ALICE eÐnai èna
peÐrama pou diereunˆ to plˆsmaquark-glouwnÐwn, to opoÐo parˆgetai se sugkroÔseic barèwn iìntwn
allˆ kai barèwn iìntwn - prwtonÐwn kai aposkopeÐ epÐshc sth melèth thc dom c tou sÔmpantoc sta
pr¸ta 10� 10 deuterìlepta.

3.3 CMS: Compact Muon Solenoid

To CMS [14] eÐnai èna apì ta shmantikìtera peirˆmata pou pragmatopoioÔnai stonLHC kai
aposkopeÐ sth melèth swmatidÐwn fusik c sthn energeiak  klÐmaka twnTeV, ìpou proseggÐzontai
diergasÐec me mikr  energì diatom . ApartÐzetai apì èna sÔnolo aniqneutik¸n uposusthmˆtwn ta
opoÐa eÐnai sqediasmèna ¸ste na prosdiorÐzoun me akrÐbeia tic troqièc twn swmatidÐwn (tracking),
tic enèrgeièc touc (calorimetry) kai na gÐnetai h tautopoÐhs  touc (identi�cation ) [15] [16].

Sq ma 3.4: O aniqneut cCMS
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O aniqneut c èqei kulindrikì sq ma, m kouc 21:6 m kai aktÐnac7:5 m kai zugÐzei perÐpou14 000
tìnouc. Ta epimèrouc aniqneutikˆ sust mata eÐnai topojethmèna se diadoqikˆ epÐpeda omoaxonikˆ
ston ˆxona thc dèsmhc, se mÐa diˆtaxh san barèli (barrel). Kˆjeta ston ˆxona thc dèsmhc kai sta
ˆkra tou barelioÔ eÐnai topojethmènoi dÔo dÐskoi (endcaps), ètsi ¸ste o aniqneut c na eÐnai ermhtikˆ
kleistìc kai na eÐnai efiktìc o entopismìc ìlwn twn swmatidÐwn pou parˆgontai katˆ th sÔgkroush
twn dèsmewn.

Gia thn perigraf  tou aniqneut  qreiˆzetai na qrhsimopoi soume èna sÔsthma suntetagmènwn,
ìpou wc arq  twn axìnwn orÐzetai to shmeÐo sÔgkroushc twn dèsmewn (IP: interaction point ). Se
èna kartesianì sÔsthma suntetagmènwn o ˆxonacx deÐqnei proc to kèntro tou daktulÐou touLHC,
o ˆxonac y deÐqnei proc ta pˆnw, kˆjeta ston ˆxona thc dèsmhc kai o ˆxonacz eÐnai parˆllhloc me
ton ˆxona thc dèsmhc. Wstìso, to kulindrikì sq ma tou aniqneut  eunoeÐ th qr sh twn kuliknrik¸n
suntetagmènwn(r; �; � ), ìpou r eÐnai h apìstash apì ton ˆxona z, � eÐnai h azimoujiak  gwnÐa h
opoÐa metrˆtai sto epÐpedoxy xekin¸ntac apì ton ˆxona x kai � eÐnai h posìthta� = � ln tan (�=2)
kai onomˆzetai yeudowkÔthta (pseudorapidity). H gwnÐa� eÐnai h polik  gwnÐa pou metrˆtai sto
epÐpedorz xekin¸ntac apì ton ˆxona z. To epÐpedoxy pou brÐsketai kˆjeta sthn kateÔjunsh thc
dèsmhc anafèretai wc egkˆrsio epÐpedo kai oi metablhtèc pou metr¸ntai pˆnw se autì sumbolÐzontai
me deÐkthT (transverse).

Sq ma 3.5: To sÔsthma suntetagmènwn touCMS

Sto Sq ma 3.6 faÐnetai h eswterik  dom  tou aniqneut  CMS kai ta str¸mata upoaniqneut¸n
apì ta opoÐa domeÐtai. To kˆje epÐpedo touCMS apoteleÐtai apì èna aniqneutikì uposÔsthma, to
opoÐo proorÐzetai gia th sullog  enìc sugkekrimènou mèrouc thc plhroforÐac pou proèrqetai apì
th sÔgkroush twn dÔo dèsmewn prwtonÐwn. Apì ton sunduasmì aut¸n twn plhrofori¸n enèrgeiac,
orm c kai troqi¸n prokÔptei h tautopoÐhsh twn swmatidÐwn pou dhmiourg jhkan katˆ th sÔgkroush.

Oi tèssereic aniqneutikèc diatˆxeic apì tic opoÐec apartÐzetai oCMS eÐnai oi akìloujec:

V Aniqneutèc Troqiˆc - Tracker Detector : SÔsthma anÐqneushc troqi¸n pou dÐnei plh-
roforÐec gia to eÐdoc kai thn orm  twn swmatidÐwn pou proèrqontai apì th sÔgkroush twn
dèsmewn.

V Hlektromagnhtikì Jermidìmetro - Electromagnetic Calorimeter (ECAL) :
Jermidìmetro gia thn anÐqneush kai melèth fwtonÐwn kai hlektronÐwn.

V Adronikì Jermidìmetro - Hadronic Calorimeter (HCAL) : Jermidìmetro gia thn
anÐqneush kai melèth oudèterwn allˆ kai fortismènwn adronÐwn.

V Aniqneutèc MionÐwn - Muon detectors : 'Ena aniqneutikì sÔsthma uyhl c apìdoshc
gia th melèth kai anÐqnesuh mionÐwn.

Shmantikì kommˆti tou aniqneut  eÐnai epÐshc o Swlhnoeid c Magn thc (Solenoid Magnet) ston
opoÐo ofeÐlei en mèrh to ìnoma tou oCMS. O magn thc parˆgei magnhtikì pedÐo èntashc perÐpou4 T
parˆllhla ston ˆxona thc dèsmhc me apotèlesma na kampul¸nei tic troqièc twn swmatidÐwn kˆjeta
ston ˆxona aut c.
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Sq ma 3.6: H dom  tou aniqneut  CMS. Ta aniqneutikˆ uposust mata apì ta opoÐa apoteleÐtai
brÐskontai se omoaxonikˆ epÐpeda gÔrw apì ton ˆxona thc dèsmhc.

Weight Length Radius
(t) (m) (m)

CMS 14000 21.6 7.5

coverage Radius/Distance Purpose
in j� j (m)

Solenoidal 4 layers - 2.95 - 3.25 bending of charged
Magnet particle trajectories

Tracker pixel < 2.4 0.05 - 0.11 measurement of
strip < 2.4 0.20 - 1.16 charge and momentum

ECAL barrel < 1.479 1.24 - 1.86 energy measurement
endcap 1.479 - 3.0 3.2 of electrons and photons

HCAL barrel < 1.4 1.77 - 2.95 energy measurement
endcap 1.3 - 3.0 3.9 of hadrons
forward 3.0 - 5.2 11.2

Muon barrel < 1.2 3.8 - 7.38 idedti�cation and
System endcap 0.9 - 2.4 5.0 measurement of muons

PÐnakac 3.1: Ta gewmetrikˆ qarakthristikˆ tou aniqenut  CMS kai twn aniqneutik¸n upodiatˆxe¸n
tou. Katagrˆfetai gia kˆje uposÔsthma h kˆluyh pou prosfèrei se monˆdec thc pseudorapidity,
j� j, h eswterik  kai h exwterik  aktÐna tou, r inner � r outer kai h apìstash z tou endcap apì to
shmeÐo sÔgkroushc.
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Me afethrÐa to shmeÐo thc sÔgkroushc twn dèsmewn sto eswterikì toubarrel, brÐskontai me thn
paratijèmenh seirˆ o tracker, to ECAL kai to HCAL . Oi treic autèc diatˆxeic peribˆllontai apì ton
swlhnoeid  magn th. Sth sunèqeia, sunantˆme to sÔsthma twn aniqneut¸n mionÐwn, to opoÐo brÐske-
tai èxw apì ton magn th. 'Ena mèroc thc kˆje aniqneutik c diˆtaxhc upˆrqei kai stouc dÐskouc pou
kleÐnoun to barèli, dhlad  sta endcaps. Stic upoenìthtec pou akoloujoÔn parousiˆzontai oi dia-
tˆxeic autèc me perissìterec leptomèreiec. Ston PÐnaka 3.1 faÐnontai ta gewmetrikˆ qarakthristikˆ
tou CMS kai twn aniqneutik¸n upodiatˆxe¸n tou [17].

3.3.1 Aniqneut c Troqi¸n ( Tracker Detector )

To sÔsthma anÐqneushc troqi¸n katagrˆfei th diadrom  pou akoloÔjhsan ta fortismèna swma-
tÐdia mèsa sto magnhtikì pedÐo pou parˆgei o magn thc. O trìpoc pou katagrˆfetai h troqiˆ twn
swmatidÐwn eÐnai upologÐzontac tic suntetagmènec touc se orismèna shmeÐa {kleidiˆ} (key points).
Kˆje mètrhsh èqei qwrik  diakritik  ikanìthta 10�m . 'Oso pio kurt  eÐnai h diadrom  pou akoloujeÐ
to swmatÐdio, tìso pio mikr  eÐnai h orm  tou, en¸ apì th forˆ thc kˆmyhc tou diapist¸netai to
fortÐo tou. 'Etsi, apì tic troqièc twn swmatidÐwn mporeÐ na prosdioristeÐ me apotelesmatikìthta
kai akrÐbeia to fortÐo, h jèsh kai h orm  touc.

Epiprìsjeta, h plhroforÐa pou paÐrnoume apì thn troqiˆ qrhsimopoieÐtai gia thn anakataskeu 
thc kÔriac kai thc deutereÔousac koruf c allhlepÐdrashc tou swmatidÐou, ìpwc kai thc paramètrou
prìskroushc. H kÔria koruf  eÐnai to pragmatikì shmeÐo allhlepÐdrashc, dhlad  h jèsh sthn opoÐa
sugkroÔontai ta swmatÐdia5. O prosdiorismìc thc eÐnai h bˆsh gia thn anakataskeu  tou shmeÐou
ìpou oi dèsmec prwtonÐwn epikalÔptontai (beam spot). H deutereÔousa koruf  qrhsimopoieÐtai
gia thn tautopoÐhsh barèwnquarks kai leptonÐwn� . H parˆmetroc prìskroushc orÐzetai wc h
egkˆrsia apìstash apì to anakataskeuasmèno Ðqnoc tou swmatidÐou èwc to shmeÐo allhlepÐdrashc
kai qrhsimopoieÐtai gia na diakrÐnei ta kosmikˆ miìnia.

Sq ma 3.7: Sqhmatik  apeikìnish tou Aniqneut  Troqi¸n tou CMS. O sunduasmìc twn èxiTracker
Outer Barrel (TOB) , twn tessˆrwn Tracker Inner Barrel (TIB) kai se kˆje endcap twn tri¸n
Tracker Inner Disk (TID) kai twn ennèaTracker End Caps (TEC) exasfalÐzei kˆluyh troqi¸n se
perioq  j� j < 2:4.

O Aniqneut c Troqi¸n apoteleÐtai apì domèc puritÐou (silicon) kai perièqei 75 ekatommÔria hle-
ktronikèc suskeuèc anˆgnwshc, oi opoÐec mporoÔn na aniqneÔsoun107 swmatÐdia=cm2=s. 'Eqei m koc
5:2 m, aktÐnar < 1:2 m kai kalÔptei perioq  j� j < 2:4. H gewmetrÐa tou faÐnetai sto Sq ma
3.7. Lìgw thc megˆlhc fwteinìthtac tou LHC, o aniqneut c prèpei na èqei polÔ kal  diakritik 
ikanìthta kai antoq  sthn aktinobolÐa, èqontac sugqrìnwc ìso to dunatìn ligìtero ulikì ¸ste

5To pragmatikì shmeÐo allhlepÐdrashc ( real interaction point ) diafèrei apì to onomastikì shmeÐo allhlepÐdrashc
(nominal interaction point ). To deÔtero orÐzetai wc h sqediasmènh jèsh thc sÔgkroushc twn swmatidÐwn.
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na mh dhmiourgeÐ shmantikèc ap¸leiec sta swmatÐdia pou ton diapernoÔn. Kontˆ sto shmeÐo thc
allhlepÐdrashc, ìpou h ro  swmatidÐwn eÐnai h uyhlìterh, qrhsimopoioÔntaiSilicon Pixel aniqneutèc,
en¸ se megalÔterh apìstash apì to shmeÐo allhlepÐdrashc h anÐqneush pragamtopoieÐtai meSilicon
Micro Strip aniqneutèc. Oi aniqneutèc autoÐ kalÔptoun tìso tobarrel, ìso kai ta endcaps.

Sugkekrimèna, gÔrw apì touc aniqneutècSilicon Pixel, megèjouc100� 150�m 2, pou brÐskontai
sto kèntro thc diˆtaxhc upˆrqoun dèka str¸mata apì aniqneutèc Silicon Micro Strip sto barrel,
sunarmologhmèna se floioÔc. Ta pr¸ta tèssera str¸mata aniqneut¸n, me lwrÐdec puritÐou megèjouc
10cm � 80�m , apoteloÔn to eswterikì barèli (Tracker Inner Barrel - TIB) , en¸ ta upìloipa
sunjètoun to exwterikì barèli (Tracker Outer Barrel - TOB) kai oi lwrÐdec puritÐou se autèc
tic perioqèc èqoun mègejoc25cm � 180�m . Sthn perioq  metˆbashc apì to barrel sta endcaps
upˆrqoun epiprìsjeta treic eswterikoÐ dÐkoi (Tracker Inner Disk - TID) kai ennèa exwterikoÐ dÐskoi
(Tracker End Caps - TEC) diatetagmènoi omìkentra staendcaps. Sunolikˆ oi aniqneutèc Silicon
Strip apoteloÔntai apì 15400monˆdec me200m2 energ  epifˆneia puritÐou.

'Otan èna swmatÐdio diapernˆ ton aniqneut , èqei arket  enèrgeia ¸ste na diegeÐrei ta ˆtoma
tou puritÐou, me apotèlesma na apobˆlloun hlektrìnia kai na dhmiourg soun zeÔgh hlektronÐwn
kai op¸n. Ta fortÐa pou ekpèmpontai sullègontai apì kˆje pixel, sunjètontac èna mikrì palmì
hlektrikoÔ s matoc, o opoÐoc sth sunèqeia enisqÔetai apì tsipcAPV25 (Analogue Pipeline Voltage
Chip) . Kˆje tètoioc palmìc katagrˆfetai wc {qtÔphma} ( hit ) ìtan èna swmatÐdio dièrqetai apì ton
aniqneut  kai apì ton sundasmì twn hits anakataskeuˆzetai h troqiˆ tou swmatidÐou. Oi aniqneutèc
puritÐou èqoun gr gorh apìkrish kai qwrik  diakritik  ikanìthta 10� 20�m . Gia thn elaqistopoÐhsh
thc diataraq c tou puritÐou, lìgw thc uyhl c aktinobolÐac pou parˆgetai apì tic sugkroÔseic, to
sugkekrimèno shmeÐo tou aniqneut  diathreÐtai se stajer  jermokrasÐa� 20 � C.

3.3.2 Hlektromagnhtikì KalorÐmetro ( ECAL )

To Hlektromagnhtikì KalorÐmetro [18] metrˆei thn enèrgeia twn dierqìmenwn hlektronÐwn kai
fwtonÐwn. O trìpoc me ton opoÐo epitugqˆnetai autì eÐnai aporrof¸ntac pl rwc to dierqìmeno
swmatÐdio kai metatrèpontac thn enèrgeia pou enapojètei sto jermidìmetro se apìkrish tou ani-
qneut . To ECAL apoteleÐtai apì 80000 krÔstallouc molÔbdou bolframÐou,PbWO4, oi opoÐoi
leitourgoÔn wc spinjiristèc. Autì shmaÐnei ìti ìtan èna hlektrìnio uyhl c enèrgeiac   èna fw-
tìnio sugkroÔetai me ènan pur na touECAL krustˆllou, parˆgetai hlektromagnhtikìc kataigismìc
fwtonÐwn, pozitronÐwn kai hlekronÐwn èwc ìtou h enèrgeia tou arqikoÔ swmatidÐou metatrapeÐ se
enèrgeia fwtonÐwn. Ta fwtìnia pou èqoun paraqjeÐ apì ton spinjirismì lambˆnontai sth sunèqeia
apì fwtopollaplasiast , ìpou enisqÔetai to s ma touc ¸ste na upologisteÐ h arqik  enèrgeia tou
prospÐptontoc swmatidÐou.

Sq ma 3.8: Sqhmatik  anaparˆstash tou HlektromagnhtikoÔ KalorÐmetrou (ECAL ) tou CMS.
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To ulikì tou krustˆllou tou ECAL èqei epileqjeÐ lìgw orismènwn polÔ qr simwn qarakthri-
stik¸n tou, ta opoÐa eÐnai h uyhl h puknìthtˆ tou ( � = 8 :3 g=cm3), to mikrì m koc aktinobolÐac
(X 0 = 0 :89cm) kai h mikr  aktÐnaMoliere (Rm = 2 :5 cm). 'Ola autˆ ta stoiqeÐa sundrˆmoun
sthn paragwg  sÔntomwn (mikr c diˆrkeiac) kai kalˆ orismènwn (mikroÔ eÔrouc) kataigism¸n, to
opoÐo eÐnai shmantikì gia thn apotelesmatik  enapìjesh kai mètrhsh thc enèrgeiac tou dierqìmenou
swmatidÐou.

To ECAL qwrÐzetai se dÔo tm mata, toECAL Barrel kai ta ECAL Encaps:

,! To ECAL Barrel (EB) apartÐzetai apì domèc pou onomˆzontaisupermodules, ìpou h kˆje
mÐa apoteleÐtai apì tèsseramodules, me to pr¸to na èqei 500 krustˆllouc kai ta upìloipa
400. Oi krÔstalloi èqoun sq ma kommènhc puramÐdac me m koc23cm kai embadì pleurˆc
2:2� 2:2 cm2, to opoÐo kajorÐzei th diakritik  touc ikanìthta kai eÐnai strammènoi me gwnÐa3�

proc to shmeÐo sÔgkroushc gia thn kalÔterh anÐqneush tou hlektromagnhtikoÔ kataigismoÔ.
Sunolikˆ upˆrqoun 26 supermoduleskai arijmoÔntai 61200 krÔstalloi sto EB, oi opoÐoi
kalÔptoun thn perioq  1:2 m < r < 1:8 m kai j� j < 1:48.

,! Apì thn ˆllh, ta ECAL Encaps (EE) apoteloÔntai apì dÔo hmikÔklia, ìpou h domik  monˆda
tou kajenìc perièqei 5� 5 krustˆllouc pou onomˆzontai supercrystals. O kˆje krÔstalloc sta
endcapsèqei mhkoc22cm kai embadì2:86� 2:86cm2. Sunolikˆ sto kˆje EE upˆrqoun 3662
krÔstalloi, oi opoÐoi epekteÐnoun thn kˆluyh touECAL mèqri thn perioq  j� j < 3. Tèloc,
mprostˆ apì ta EE upˆrqei èna tm ma pou onomˆzetaiECAL Preshower (ES) kai kalÔptei
thn perioq  1:65 < j� j < 2:6. ApoteleÐtai apì aporrofhtèc molÔbdou exoplismènouc mesilicon
strip aniqneutèc, pou èqoun akrÐbeia embadoÔ1:90� 61mm2. To kommˆti autì èqei mikrì pˆqoc
pou antistoiqeÐ se� 3X 0 kai o rìloc tou eÐnai na diaqwrizei th diadikasÐa� 0 ! 

 , exaitÐac
thc polÔ mikr c gwnÐac metaxÔ twn dÔo fwtonÐwn se megˆla� .

Sq ma 3.9: Tm ma thc diam kouc diatom c touECAL .

3.3.3 Adronikì KalorÐmetro ( HCAL )

To Adronikì KalorÐmetro metrˆei thn enapìjesh enèrgeiac twn fortismènwn allˆ kai oudèterwn
adronÐwn ston aniqneut . Epiplèon, metr¸ntac thn asummetrÐa sto egkˆrsio epÐpedo parèqei mÐa
èmmesh mètrhsh twn dierqìmenwn swmatidÐwn pou den allhlepidroÔn me to ulikì tou aniqneut ,
ìpwc ta netrÐna. Se antistoiqÐa me to hlektromannhtikì kalorÐmetro, stoHCAL ìtan èna adrìnio
allhlepidrˆsei me to ulikì tou aniqneut  prokaleÐtai adronikìc kataigismìc, o opoÐoc diafèrei se
sqèsh me ton hlektromagnhtikì kataigismì wc proc ton qrìno pou qreiˆzetai gia na exeliqjeÐ,
to m koc dieÐsdhshc kai ton trìpo pou katanal¸netai h enèrgeia tou swmatidÐou. Ta fainìmena
pou kajorÐzoun thn anˆptuxh enìc adronikoÔ kataigismoÔ eÐnai h paragwg  adronÐwn, h purhnik 
apodiègersh kai h aposÔnjesh pionÐwn kai mionÐwn.

To HCAL eÐnai èna deigmatolhptikì kalorÐmetro, prosdiorÐzei dhlad  th jèsh, thn enèrgeia kai
th qronik  stigm  ˆfixhc tou swmatidÐou ston aniqneut . QrhsimopoioÔntai enallassìmena str¸ma-
ta apì puknoÔc aporrofhtèc kai spinjhristèc fjorismoÔ, ulikˆ ta opoÐa allhlepidroÔn me ta adrìnia
parˆgontac deutereÔonta swmatÐdia pou odhgoÔn sth dhmiourgÐa adronikoÔ kataigismoÔ. Kaj¸c o
kataigismìc exelÐssetai mèsa ston aniqneut , ta swmatÐdia dièrqontai mèsa apì ta diˆfora str¸mata
spinjhrist¸n parˆgontac ènan taqÔ palmì fwtìc. Eidikèc optikèc Ðnec diamètrou mikrìterhc tou
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1 mm sullègoun to fwc autì kai to metafèroun sta hlektronikˆ anˆgnwshc ìpou upˆrqoun fwto-
aniqneutèc gia thn enÐsqush tou s matoc. Apì thn oloklhrwmènh ˆjroish pˆnw sta optikˆ s mata
pou aniqneÔontai, prokÔptei h diadrom  pou akoloÔjhse to eiserqìmeno swmatÐdio mèsa stonHCAL ,
en¸ tautìqrona prosdiorÐzetai h enèrgeia kai to eÐdoc tou swmatidÐou.

Katˆ th diˆspash twn swmatidÐwn parˆgontai kai swmatÐdia ta opoÐa den af noun kanèna Ðqnoc
mèsa ston aniqneut  tou CMS. H anÐqneus  touc basÐzetai sto gegonìc ìti blèpoume swmatÐdia na
bgaÐnoun apì th mÐa pleurˆ tou aniqneut  allˆ ìqi apì thn antidiammetrik  thc. Apì thn anisorropÐa
sthn enèrgeia kai thn orm  sumperaÐnetai ìti èqoun paraqjeÐ {aìrata} swmatÐdia.

Sq ma 3.10: Tm ma thc diam kouc diatom c tou AdronikoÔ KalorÐmetrou (HCAL ) tou CMS.

To HCAL apartÐzetai apì tèssera tm mata, to Hadronic Barrel (HB) , ta Hadronic Endcaps
(HE) , to Hadronic Outer (HO) kai to Hadronic Forward (HF) , ta opoÐo faÐnontai sto Sq ma 3.10.
Sto HB upˆrqoun 36 azimoujiakèc sf nec (wedges), 26 tìnwn h kˆje mÐa, pou sqhmatÐzoun dÔo
half-barrels. Kˆje sf na apoteleÐtai apì epÐpedouc qˆlkinouc aporrofhtèc parˆllhlouc ston ˆxona
z - o pr¸toc kai o teleutaÐoc eÐnai atsˆlinoi - metaxÔ twn opoÐwn enallˆssontai plastikoÐ spinjiri-
stèc. Parìmoia eÐnai kai h diamìrfwsh twnHE. Oi domèc autèc èqoun stoHB diakritik  ikanìthta
� � � � � = 0 :087� 0:087 kai kˆluyh j� j < 1:4, en¸ sta HE eÐnai� � � � � = 0 :017� 0:017 kai
1:3 < j� j < 3:0. To HO, h exwterik  pleurˆ tou barrel, apoteleÐtai apì epiplèon spinjiristèc kai
eÐnai kataskeuasmèno se pènte daktulÐouc, parìmoia me th dom  tou siderèniou skeletoÔ kai tou
mionikoÔ sust matoc anÐqneushc gÔrw apì ton aniqneut . EÐnai topojethmèno exwterikˆ tou swlh-
noeidoÔc magn th, me skopì na entopÐzei ta swmatÐdia pou dièfugan apì touc eswterikoÔc aniqneutèc
tou HCAL , exasfalÐzontac ètsi ìti den ja upˆrxoun diarroèc enèrgeiac. Tèloc, sthn emprìsjia ka-
teÔjunsh eÐnai topojethmèno toHF, prosfèrontac epiplèon gwniak  kˆluyh, 3:0 < j� j < 5:2. Autì
to kommˆti dèqetai polÔ megˆlh aktinobolÐa, lìgw thc mikr c gwnÐac wc proc ton ˆxona thc dèsmhc
sthn opoÐa brÐsketai kai gia autì qrhsimopoioÔntai anjektikèc optikèc Ðnec, pou diatrèqoun parˆl-
lhla ton aporrofht  kai sullègoun ta optikˆ s mata. O rìloc tou HF eÐnai shmantikìc tìso gia
thn anakataskeu  twn forward jets ìso kai gia thn kalÔterh mètrhsh thc elleipoÔsac egkˆrsiac
enèrgeiac.

3.3.4 Swlhnoeid c Magn thc

'Ena apì ta shmantikìtera mèrh tou aniqneut  eÐnai o magn thc, èna uperag¸gimo swlhnoeidèc
phnÐo me tèssera str¸mata perielÐxewn kai m koc13m, to opoÐo parˆgei axonikì magnhtikì pedÐo
3:8 T kai kalÔptei mÐa perioq j� j < 1:5. Ta fortismèna swmatÐdia pou anadÔontai apì to shmeÐo
thc allhlepÐdrashc dèqontai thn epÐdrash tou magnhtikoÔ pedÐou kai wc apotèlesma kˆmptwntai oi
troqièc touc anˆloga me to fortÐo touc. Me autìn ton trìpo metrˆtai h orm  twn swmatidÐwn. Gia
na epiteuqjeÐ h epijumht  akrÐbeia ston prosdiorismì thc orm c twn kinhtik¸n mionÐwn, h opoÐa eÐnai
� p=p � 10% gia orm  p = 1 TeV, o magn thc prèpei na prosarmìzetai sto sq ma tou aniqneut .
Gia to lìgo autì èqei epileqjeÐ na èqei sq ma swlhnoeidoÔc, parˆllhlo ston ˆxona thc dèsmhc. Sto
eswterikì tou eÐnai topojethmèna ta trÐa pr¸ta aniqneutikˆ sust mata tou CMS, en¸ exwterikˆ
peribˆlletai apì to sÔsthma twn mionik¸n aniqneut¸n. To teleutaÐo eÐnai embaptismèno se siderènio
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skeletì ¸ste na epistrèfei th magnhtik  ro , en¸ tautìqrona kratˆei touc aniqneutèc se tèssera
omokentrikˆ str¸mata. To magnhtikì pedÐo se autì to shmeÐo eÐnai antÐjethc kateÔjunshc apì
autì tou kÔriou magn th kai epomènwc oi troqièc twn mionÐwn sto exwterikì tm ma tou aniqneut 
kampul¸nontai me antÐjeth forˆ.

Sq ma 3.11: Egkˆrsia diatom  tou aniqneut  CMS, ìpou faÐnontai ta diˆfora aniqneutikˆ uposu-
st mata apì ta opoÐa apoteleÐtai kai brÐskontai se omoaxonikˆ epÐpeda gÔrw apì ton ˆxona thc
dèsmhc. Sto sq ma diakrÐnontai oi troqièc diaforetik¸n swmatidÐwn kai o trìpoc me ton opoÐo
af noun thn upograf  touc stouc aniqneutèc. Ta arnhtikˆ fortismèna swmatÐdia, ìpwc hlektrìnia
kai miìnia, kˆmptwntai proc mÐa kateÔjunsh apì to magnhtikì pedÐo pou dhmiourgeÐ o magn thc, en¸
ta jetikˆ fortismèna swmatÐdia, ìpwc adrìnia, kˆmptwntai proc thn antÐjeth kateÔjunsh. Ta hle-
ktrikˆ oudètera swmatÐdia, ìpwc fwtìnia kai glouìnia, den ephreˆzontai apì to magnhtikì pedÐo kai
anagnwrÐzontai apì tic mh kampulwmènec troqièc touc.

3.3.5 Aniqneutèc mionÐwn ( Muon Detectors )

To mionikì sÔsthma anÐqneushc[19] apartÐzetai apì tèssereic stajmoÔc oi opoÐoi apoteloÔntai
apì jalˆmouc ionismoÔ aerÐou kai kalÔptoun energ  epifˆneia25000m2. 'Otan èna miìnio dièrqetai
apì ton jˆlamo aerÐou ionÐzei thn Ôlh, diegeÐrontac ta hlektrìnia twn atìmwn tou aniqneut  kai
prokal¸ntac qionostoibˆdec hlektronÐwn, ta opoÐa sullègontai sthn ˆnodo dhmiourg¸ntac hlektri-
kì s ma. Me autìn ton trìpo gÐnetai h anÐqneush kai anakataskeu  twn mionÐwn, ta opoÐa eÐnai
dieisdutikˆ kai den allhlepidroÔn me tic upìloipec aniqneutikèc diatˆxeic tou CMS. To sÔsthma twn
aniqneut¸n mionÐwn brÐsketai exwterikˆ tou swlhnoeidoÔc magn th kai kalÔptei sunolikˆ perioq 
� < 2:4 kai 3:8 m < r < 7:38m. H eswterik  dom  tou sust matoc twn mionik¸n aniqneut¸n
faÐnetai sto Sq ma 3.12.

Sthn kentrik  perioq , sto mionikì barrel (MB) , ìpou h ro  mionÐwn eÐnai qamhl  kai to magnh-
tikì pedÐo den eÐnai isqurì, eÐnai topojethmènoi jˆlamoiDrift Tubes (DT) . EÐnai èna sÔsthma apì
omìkentrouc kulindrikoÔc aniqneutèc diamètrou4 cm, omoaxonikoÔc me ton ˆxona thc dèsmhc, ìpou
kajènac apoteleÐtai apì tèssereic stajmoÔc diaforetik c aktÐnac (MB1-MB4). Sto eswterikì tou
kˆje swl na ( tube) upˆrqei meÐgma aerÐwn argoÔ kai dioxeidÐou tou ˆnjraka, to opoÐo ionÐzetai ìtan
dièljei apì mèsa tou miìnio. Ta hlektrìnia pou dhmiourgoÔntai kateujÔnontai lìgw tou hlektrikoÔ
pedÐou pou upˆrqei sto eswterikì tou swl na se èna sÔrma anìdou. Apì to shmeÐo pˆnw sto sÔrma
sto opoÐo prospÐptoun kai ton qrìno olÐsjhshc upologÐzetai h troqiˆ tou mionÐou.

Stic perioqèc twn endcapsh aktinobolÐa kai to magnhtikì pedÐo eÐnai uyhlìtera opìte qrsimopoi-
oÔntaiCathode Strip Chambers (CSC), oi opoÐoi parèqoun akribeÐc qwrikèc kai qronikèc plhroforÐec
gia thn kÐnhsh tou swmatidÐou kai èqoun mikrì qrìno apìkrishc. Diajètoun plègma anìdwn kai
kajìdwn topojethmènwn mèsa se aèrio, to opoÐo ionÐzetai katˆ th dièleush swmatidÐwn me apotèlesma
ta paragìmena hlektrìnia na dhmiourgoÔn qionostoibˆda. Apì to s ma pou parˆgetai prosdiorÐzetai
h troqiˆ twn dierqìmenwn mionÐwn.
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Tìso sto barrel, ìso kai sta endcaps twn mionik¸n aniqneut¸n upˆrqoun oi Resistive Plate
Chambers (CSC), epiprìsjetoi jˆlamoi aerÐou apotelloÔmenoi apì dÔo parˆllhlec fortismènec
plˆkec kataskeuasmènec apì uyhl c antÐstashc ulikì pou leitourgoÔn wc ˆnodoc kai kˆjodoc.
'Eqoun kal  diakritik  ikanìthta kai o skopìc touc eÐnai na parèqoun sumplhrwmatikèc metr seic
gia th jèsh kai ton qrìno dièleushc twn mionÐwn, allˆ kurÐwc diadramatÐzoun shmantikì rìlo wc
skandalistèc.

Sq ma 3.12: Diatom  tou sust matoc mionik¸n aniqneut¸n. Sto barrel kai endiˆmesa ston siderènio
skeletì brÐskontai 250 jˆlamoi Drift Tube (DT) , en¸ sta endcapseÐnai topojethmènoi 468Cathode
Strip Chambers (CSC), oi opoÐoi aposkopoÔn ston prosdiorismì thc troqiˆc kai thn tautopoÐhsh
mionÐwn. Gia th beltistopoÐhsh thc mètrhshc thc jèshc twn monÐwn, allˆ kai thn paroq  plhroforÐac
gia ton skandalismì, eÐnai egkatesthmènoi kai stic dÔo perioqèc oiResistive Plate Chambers (RPC),
oi opoÐoi arijmoÔn 250 stobarrel kai 432 sta endcaps.

3.3.6 SÔsthma SkandalismoÔ ( Trigger )

H suqnìthta me thn opoÐa oi aniqneutèc katagrˆfoun gegonìta katˆ th diˆrkeia leitourgÐac
tou LHC eÐnai40MHz , parˆgontai dhlad  kˆje deuterìlepto 40 Mega Bytes dedomènwn. Pèra
tou gegonìtoc ìti h suntriptik  aut  posìthta plhroforÐac den eÐnai efiktì na apojhkeuteÐ me ta
fusikˆ mèsa pou diatÐjontai, megˆlo mèroc twn dedomènwn pou katagrˆfontai den prìkeitai kan na
qrhsimopoihjoÔn gia anˆlush kaj¸c den fèroun fusikì endiafèron. Epomènwc, upˆrqei h anˆgkh
enìc sust matoc skandalismoÔ (Trigger System) pou ja beltistopoieÐ ton rujmì katagraf c gego-
nìtwn katˆ th sullog  dedomènwn apì touc aniqneutèc, epilègontac na krat sei ta gegonìta pou
parousiˆzoun fusikì endiafèron.

Sto CMS qrhsimopoieÐtai wc sÔsthma skandalismoÔ toTRIDAS (Trigger and Data Acquisition
System) [20]. H epilog  twn gegonìtwn pou ja diathrhjoÔn exartˆtai apì th stigmiaÐa fwteinìthta
tou aniqneut  kai mporeÐ na prosarmosteÐ katˆ th diˆrkeia thc leitourgÐac tou. To sÔsthma skanda-
lismoÔ qrhsimopoieÐ ènaonline trigger menu, to opoÐo perilambˆnei pollˆ diaforetikˆ trigger paths
- dhlad  sullogèc krithrÐwn epolog c - pou mporoÔn na efarmìstoÔn katˆ th diˆrkeia l yhc twn
dedomènwn. H diadikasÐa elègqou kai epilog c twn gegonìtwn eÐnai diamorfwmènh se dÔo stˆdia. Ta
dedomèna pernˆne pr¸ta apì tonLevel-1 Trigger kai sth sunèqeia apì ton High Level Trigger.

Sto pr¸to stˆdio tou sust matoc skandalismoÔ, ta dedomèna dièrqontai apì ton Level-1 Trigger
(L1T) . ApojhkeÔontai se bu�ers mèqri o skandalist c na apofasÐsei an to gegonìc aporrÐptetai  
gÐnetai dektì. OL1T apoteleÐtai apokleistikˆ apì hardware, to opoÐo brÐsketai topojethmèno ìso
to dunatì pio kontˆ ston aniqneut , ¸ste na mhn upˆrqei kajustèrhsh sth metˆdosh thc plhroforÐac
apì ton aniqneut  ston skandalist . QrhsimopoieÐ dedomèna apì ta kalorÐmetra kai to sÔsthma
anÐqneushc mionÐwn wste na pragmatopoi sei mÐa elˆqisth anakataskeu  tou gegonìtoc kai sth
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sunèqeia efarmìzei proepilegmèna krit ria gia thn apìrriyh   mh autoÔ. O qrìnoc pou apaiteÐtai gia
ton èlegqo tou gegonìtoc eÐnai1 �s , en¸ sunolikˆ gia th sullog  kai epexergasÐa twn dedomènwn
apaitoÔntai3:2 �s . O L1T epitugqˆnei na mei¸sei ton ìgko twn dedomènwn se perÐpou10� 100kHz .
'Osa gegonìta epibi¸noun metafèrontai ston HLT gia peraitèrw anˆlush.

Sq ma 3.13: H arqitektonik  tou Level-1 Trigger. Parˆgontai topikˆ antikeÐmena skandalismoÔ
qrhsimopoi¸ntac plhroforÐec apì thn katˆjesh enèrgeiac sta kalorÐmetra. Parˆllhla, anakata-
skeuˆzontai ta Ðqnh twn mionÐwn topikˆ stoucDTs kai CSCs, en¸ apì touc RPCs kataskeuˆzontai ta
upoy fia miìnia. Oi plhroforÐec apì touc aniqneutèc sunduˆzontai ston kajolikì skandalist  kai
en tèlei gÐnetai h epilog  thc apìrriyhc   mh tou gegonìtoc, opìte pernˆei ston HLT gia peraitèrw
anˆlush.

O High Level Trigger (HLT) [21] apoteleÐtai apokleistikˆ apì software kai to trigger menu
tou eÐnai qwrismèno setrigger paths pou exart¸ntai apì ta fusikˆ antikeÐmena kai qarakthrÐzontai
apì sugkekrimèna kinhmatikˆ krit ria. Oi algìrijmoi pou qrhsimopioÔntai gia na filtrˆroun ta
gegonìta eÐnai katanemhmènoi se trÐa epÐpeda. Arqikˆ, sto epÐpedo anakataskeu cLevel-1 (L1)
qrhsimopoioÔntai ta dedomèna apì ta kalorÐmetra pou èqei sullèxei oL1T. Sto deÔtero epÐpedo,
Level-2 (L2), kataskeuˆzontai memonwmèna miìnia qrhsimopoi¸ntac tahits stouc aniqneutèc mionÐwn,
en¸ sto trÐto epÐpedo,Level-3 (L3), sunupologÐzontai dedomèna apì ton aniqneut  troqi¸n gia thn
anakataskeu  tou Ðqnouc tou kaje memonwmènou mionÐou. Tèloc, sunduˆzetai ìlh h plhroforÐa kai
gÐnetai anakataskeu  olìklhrou tou gegonìtoc. Katˆ thn olokl rwsh thc diadikasÐac skandalismoÔ
ta dedomèna pou diathroÔntai sto sÔsthma eÐnai plèon thc tˆxhc twn100Hz.
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Kefˆlaio 4

Fusik  SugkroÔsewn PrwtonÐwn
ston LHC

4.1 Skedˆseic prwtonÐou - prwtonÐou

4.1.1 H dom  tou prwtonÐou

H dom  tou prwtonÐou eÐnai kaÐriac shmasÐac gia thn katanìhsh kai melèth thc fusik c twn
sugkroÔsewn prwtonÐwn. To prwtìnio eÐnai mÐa dèsmia katˆstash tri¸nquarks, dÔoup kai enìc down
(uud), ta opoÐa onomˆzontaiquark sjènouc (valence quarks). H periplokìthta thc dom c tou ègkeitai
sto gegonìc ìti diamorf¸netai peraitèrw apì mÐa dunamik  katˆstash apì glouìnia kai zeÔgh q�q, ta
legìmena sea quarks. Ta sea quarkssqhmatÐzontai apì diadikasÐec diaqwrismoÔ glouonÐwn (gluon
splitting ), en¸ apì thn antÐstrofh diadikasÐa, thn exaölwsh zeug¸n q�q (annihilation ), parˆgwntai
glouìnia. 'Etsi, mèsa sto prwtìnio upˆrqei ènac terˆstioc arijmìc apì g, q, �q se suneq  dunamik 
allhlepÐdrash metaxÔ touc, pou onomˆzontai partìnia (partons). H dom  tou prwtonÐou anafèretai
ston trìpo pou eÐnai katanemhmèna ta partìnia mèsa sta prwtìnia.

Sq ma 4.1: Oi katanomèc twn puknot twn pijanìthtac twn partonÐwn sto eswterikì tou prwtonÐou
se akrÐbeiaNNLO (next to next to leading order) apì thn omˆda MSTW [22]. Perilambˆnontai
oi mpˆntec abebaiìthtac se eÔroc1 � � (68%). Sta megˆla x kuriaqrnoÔn ta quarks sjènouc,
en¸ sta mikrˆ ta glouìnia, kaj¸c èqoun megalÔterh pijanìthta emfˆnishc ta soft glouìnia kai
èqoun megalÔtero parˆgonta qr¸matoc (color factor) apì ta zeÔgh q�q. Ta pio bariˆ quarks èqoun
mikrìterh pijanìthta emfˆnishc gia autì kai oi katanomèc touc diafèroun. Stic uyhlìterec enèrgeiec
oi diaforèc autèc mikraÐnoun, en¸ epiplèon eÐnai pio pijan  h emfˆnish zeug¸nq�q kai glouonÐwn.
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To kÔrio qarakthristikì pou eÐnai sqetikì me tic sugkroÔseic prwtonÐwn eÐnai h katanom  thc
tetraorm c tou prwtonÐou sta diˆfora partìnia [23]. Gia partìnio tÔpou glouonÐou kai elafri¸n
quarks (i = g; u; �u; d; �d), h puknìthta pijanìthtac na metaferjeÐ se autì èna klˆsma x thc orm c
tou prwtonÐou eÐnaif i (x; � 2

F ), ìpou � F eÐnai h klÐmaka paragontopoÐhshc (factorization scale). H
klÐmaka� F diaqwrÐzei to kommˆti thc sklhr c skèdashc twn partonÐwn, pou mporeÐ na upologisteÐ me
diataraktikèc mejìdouc, apì to kommˆti qamhl c enèrgeiac ìpou paÔei na isqÔei h jewrÐa diataraq¸n
kai perigrˆfetai apì tic puknìthtec pijanìthtac. Katèqei dhlad  anˆlogo rìlo me thn parˆmetro � R

stic jewrÐec epanakanonikopoÐhshc, me th diaforˆ ìti anafèretai se apeirismoÔc qamhl¸n energei¸n
infrared (IR) , kai ìqi ultraviolet (UV) pou aforˆ thn epanakanonikopoÐhsh. Pollèc forèc tÐjetai
� F = � R = Q, ìpou Q h qarakthristik  klÐmaka thc diadikasÐac pou meletˆtai.

Gia ton prosdiorismì twn puknot twn pijanìthtac gÐnetai prosarmog  se dedomèna, kurÐwc apì
sugkroÔseic hlektronÐou - prwtonÐou, se qamhlQ̂2, oi opoÐec sth sunèqeia epekteÐnontai se uyh-
lìtera Q2 mèsw twn exis¸sewnDGLAP . Oi exis¸seic autèc prokÔptoun apì thn apaÐthsh ta para-
throÔmena megèjh na mhn exart¸ntai apì thn aujaÐreth klÐmaka� F . Kˆje omˆda pou asqoleÐtai me
thn exagwg  touc qrhsimopoieÐ diaforetikèc parametropoi seic kai exˆgei diaforetikˆ apotelèsmata,
pou prèpei wstìso na eÐnai statistikˆ sumbatˆ metaxÔ touc. Sto Sq ma 4.1 faÐnontai oi puknìthtec
pijanìthtac gia ta diˆfora eÐdh partonÐwn gia Q2 = 10 GeV2 kai Q2 = 104 GeV2.

4.1.2 Sklhr  skèdash partonÐwn

Sta peirˆmata sugkroÔsewn swmatidÐwn, mÐa shmantik  posìthta eÐnai h enèrgeia kèntrou mˆzacp
s, h opoÐa eÐnai h enèrgeia pou diatÐjetai gia th dhmiourgÐa swmatidÐwn kai thn apìdosh kinhtik c

enèrgeiac se autˆ. Ston LHC, h posìthta s kajorÐzetai apì tic tetraormèc P1, P2 twn eiserqìmenwn
prwtonÐwn pou sugkroÔontai, mèsw thc sqèshc

s = ( P1 + P2)2

= P2
1 + P2

2 + 2P1P2

= ( E 2
1 � ~p1

2) + ( E 2
2 � ~p2

2) + 2( E1E2 � ~p1 ~p2); (4.1)

ìpou E1, E2 kai ~p1, ~p2 oi enèrgeiec kai oi triormèc twn prwtonÐwn antÐstoiqa. Epeid  oi dÔo dèsmec
prwtonÐwn èqoun epitaqunjeÐ se Ðdia enèrgeia,E1 = E2 = Eproton kai èqoun antÐjetec kateujÔnseic
~p1 � � ~p2, h enèrgeia kèntrou mˆzac eÐnai

p
s = 2Eptoton : (4.2)

Katˆ thn anelastik  sÔgkroush dÔo prwtonÐwn me tetraormècP1 kai P2, h sÔgkroush pragmato-
poieÐtai sthn pragmatikìthta metaxÔ dÔo partonÐwn twn prwtonÐwni kai j , me tetraormècpi = x i P1

kai pj = x j P2. Oi egkˆrsiec sunist¸sec twn partonÐwn jewroÔntai amelhtèec. SÔmfwna me
to je¸rhma paragontopoÐhshc (factorization theorem) [24] h energìc diatom  gia mÐa diadikasÐa
P1 P2 ! X , mporeÐ na analujeÐ mèsw thc energoÔ diatom c twn partonÐwn,�̂ ij ! X , kai twn pukno-
t twn pijanìthtˆc touc, f (x; � 2

F ), wc ex c (Sq ma 4.2)

� P1 P2 ! X =
X

i;j = g;q; �q

Z
dxi f i;p 1 (x i ; � 2

F )
Z

dxj f j;p 2 (x j ; � 2
F )�̂ ij ! X (x i P1; x j P2; � S ; � F ): (4.3)

Sq ma 4.2: Sqhmatik  anaparˆstash thc sklhr c skèdashc partonÐwn se sugkroÔseic pp.
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To kommˆti thc sklhr c skèdashc twn partonÐwn upologÐzetai sto plaÐsio thc jewrÐac diatara-
q¸n. H sqèsh aut  eÐnai polÔ shmantik  gia ektim seic energ¸n diatom¸n se sugkroÔseic prwtonÐou
- prwtonÐou. Gia ta partìnia, ta opoÐa diajètoun èna mikrì posostì x i , x j thc arqik c orm c twn
prwtonÐwn, h enèrgeia tou kèntrou mˆzac den eÐnai ekeÐnh twn prwtonÐwns = (13 TeV)2. An upojèsei
kaneÐc ìti oi mˆzec touc eÐnai mikrèc se sqèsh me thn orm  touc, h enèrgeia kèntrou mˆzac thc sklhr c
skèdashc partonÐwn eÐnai

ŝ = ( pi + pj )2 = p2
i + p2

j + 2pi � pj = 2x i x j P1P2 ) ŝ = x i x j s: (4.4)

Me th metatrop  aut  mporeÐ kaneÐc na melet sei ti eÐnai pio pijanì wc proc ta arqikˆ partìnia se
mÐa sugkekrimènh kinhmatik  perioq . Gia parˆdeigma, eˆn jèlei kaneÐc ènatop quark sthn telik 
katˆstash prèpei ŝ > m 2

t ) x i x j > 1:8 � 10� 4.

4.1.3 Energìc diatom 

H sunolik  energìc diatom  gia thn allhlepÐdrash dÔo prwtonÐwn eÐnai� 100mb, ìpwc faÐnetai
sto Sq ma 4.3. Apì aut  èna mèroc thc mìno parousiˆzei endiafèron gia th fusik  twn sugkroÔsewn
ston LHC, kaj¸c epikentr¸netai stic anelastikèc skedˆseic ìpou ta dÔo prwtìnia spˆne kai allh-
lepidroÔn ta partìniˆ touc. 'Etsi, afair¸ntac to mèroc twn elastik¸n   difractive allhlepidrˆsewn,
h energìc diatom  gia tic skedˆseic pou mac endiafèroun eÐnai perÐpou70mb. Parìlo pou to noÔmero
autì eÐnai megˆlo, parathreÐ kaneÐc apì to Ðdio sq ma ìti oi energèc diatomèc gia diadikasÐec ìpwc
h paragwg  top quark   mpozonÐouHiggs eÐnai polÔ mikrèc. Gia ton lìgo autì kai prokeimènou na
parˆgetai arketìc ìgkoc gegonìtwn me endiafèrousa fusik  qreiˆzetai oi sugkrouìmenec dèsmec
prwtonÐwn na apoteloÔntai apì pakèta(bunches) me pollˆ prwtìnia.

Sq ma 4.3: Energèc diatomèc anˆ enèrgeia kèntrou mˆzac gia orismènec tupikèc diergasÐec pou pro-
kÔptoun se sugkroÔseic prwtonÐou - prwtonÐou.
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4.1.4 Fwteinìthta

H fwteinìthta L (Luminosity ) eÐnai mÐa posìthta pou qrhsimopoieÐtai sth fusik  twn epitaqu-
nt¸n gia na posotikopoi sei thn apìdosh kai thn èntash twn sugkroÔsewn [25]. Exartˆtai apì ta
qarakthristikˆ tou epitaqunt  kai ekfrˆzei ton rujmì R paragwg c N arijmoÔ swmatidÐwn apì mÐa
diadikasÐa me energì diatom � anˆ monˆda qrìnou dt,

R =
dN
dt

= � � L: (4.5)

Stic analÔseic qrhsimopoieÐtai h oloklhrwmènh fwteinìthta (integrated luminosity ), h opoÐa dÐnetai
apì th sqèsh

L int =
Z

dtL: (4.6)

Sthn perÐptwsh dÔo sugkrou¸menwn aktin¸n apìNb dèsmec swmatidÐwn h kajemÐa kai men1, n2

prwtìnia h kˆje dèsmh, h fwteinìthta eÐnai

L = f N d
n1 n2

4� � x � y
F; (4.7)

ìpou jewroÔme gkaousianˆ profÐl stic x, y diastˆseic thc dèsmhc me apoklÐseic� x , � y kai suqnìthta
peristrof c f . O parˆgontac F eÐnai ènac gewmetrikìc diorjwtikìc parˆgontac. H posìthta aut 
deÐqnei pìsoi pijanoÐ sunduasmoÐ sugkroÔsewn upˆrqoun anˆ monˆda epifˆneiac thc dèsmhc kai anˆ
monˆda qrìnou. Gia na diathrhjeÐ h apodotikìthta tou peirˆmatoc gia mÐa dedomènh enèrgeiaE , h
fwteinìthta thc diˆtaxhc prèpei na auxˆnetai wc E 2, kaj¸c h energìc diatom  eÐnai � � 1=E2.

4.1.5 Underlying Event

Kaj¸c ta prwtìnia eÐnai sÔnjeta swmatÐdia mporoÔn na prokÔyoun pollaplèc allhlepidrˆseic
partonÐwn se mÐa sÔgkroush prwtonÐwn. Ta gegonìta ìpou pollaplˆ partìnia twn dÔo sugkrouìme-
nwn prwtonÐwn allhlepidroÔn metaxÔ touc anafèrontai me ton ìroUnderlying Events [26]. Epiprì-
sjeta, tìso prin apì th sklhr  skèdash twn partonÐwn ìso kai metˆ, mporeÐ na ekpemfjeÐ aktinobolÐa
pou anafèretai wc initial-state kai �nal-state radiation , en¸ upˆrqoun kai mèrh twn prwtonÐwn pou
den allhlepidroÔn (beam reamnants). Efìson oi diadikasÐec autèc èqoun koinì shmeÐo sÔgkrou-
shc, den mporoÔn na diaqwristoÔn metaxÔ touc kai sunep¸c ìla ta partìnia kai ta proðìnta twn
sugkroÔse¸n touc ja emfanistoÔn sthn telik  katˆstash kai prèpei na sumperilhfjoÔn stic pro-
somoi¸seic twn gegonìtwn. Oi sunist¸sec tou underlying event pou emfanÐzontai se mÐa sÔgkroush
prwtonÐwn faÐnontai sto Sq ma 4.4.

Sq ma 4.4: Underlying event katˆ th sklhr  skèdash dÔo prwtonÐwn.
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4.1.6 Pile Up

O skopìc tou LHC eÐnai h paragwg  megˆlou ìgkou dedomènwn ¸ste na mporèsoun na parathrh-
joÔn akìma kai polÔ spˆniec diergasÐec, exoÔ kai o megˆloc rujmìc sugkroÔsewn pou pragmatopoi-
oÔntai. H auxhmènh aut  fwteinìthta tou epitaqunt  shmaÐnei ìti katˆ tic pollaplèc allhlepidrˆseic
prwtonÐou - prwtonÐou pou pragmatopoioÔntai anˆ diastaur¸menh dèsmh, prokÔptoun pollˆ epiplèìn
gegonìta pou parousiˆzoun endiafèron (kurÐwcsoft QCD diadikasÐec). To fainìmeno katˆ to opoÐo
katagrˆfontai ston aniqneut  perissìtera apì èna gegonìta onomˆzetai pile up. Stic sugkroÔseic
prwtonÐwn touLHC h katˆstash aut  perilambˆnei dÔo epimèrouc tm mata, toin time kai to out of
time pile-up. To in time pile-up anafèretai sthn katˆstash ìpou sth sÔgkroush dÔo dèsmewn apì
prwtìnia gÐnontai parapˆnw apì mÐa skedˆseic prwtonÐwn. O arijmìc tètoiwn sugkroÔsewn akolou-
jeÐ katanom Poissonme mèsh tim � = L=N b� inel � 23 gia energì diatom  anelastik¸n skedˆsewn
� inel � 70mb. To out of time pile-up eÐnai o epiplèon arijmìc sugkroÔsewn pou katagrˆfontai
tautìqrona ìtan o qrìnoc apìkrishc tou aniqneut  eÐnai megalÔteroc apì ton qrìno metaxÔ dÔo
diadoqik¸n dèsmewn. Topile up eÐnai mÐa parˆmetroc sth fusik  twn sugkroÔsewn h opoÐa prèpei
na upologÐzetai kai na afaireÐtai apì ta dedomèna, kaj¸c diaforetikˆ oi metr seic thc enèrgeiac den
perilambˆnoun mìno ta swmatÐdia pou proèrqontai apì th diadikasÐa thc sklhr c skèdashc pou mac
endiafèrei, allˆ kai apì epiprìsjetec korufèc allhlepÐdrashc.

4.2 Adronikˆ Jets

4.2.1 Anakataskeu  Adronik¸n Jets

To jet eÐnai èna sÔnolo adronÐwn kai ˆllwn swmatÐdiwn pou parˆgontai apì thn adronopoÐhsh6

enìc quark   enìc glouonÐou kai brÐskontai mèsa se ènan diaqwrismèno k¸no kajorismènhc aktÐnac
� R. Ta quarks kai ta glouìnia pou parˆgontai apì thn anelastik  skèdash, ta opoÐa apoteloÔn
ègqrwmec partonikèc katastˆseic, den mporoÔn na upˆrxoun wc eleÔjera swmatÐdia lìgwQCD pe-
riorism¸n, parˆ adronopoioÔntai se ˆqrwmec dèsmiec katastˆseic kai metatrèpoun thn enèrgeiˆ touc,
prokal¸ntac ènan stenì kataigismì swmatidÐwn. 'Enajet perilambˆnei ìla autˆ ta mh suggrammikˆ
swmatÐdia, ta opoÐa mporeÐ na eÐnai piìnia, kaìnia, akìma kai prwtìnia, netrìnia kai fèrei to apo-
tÔpwma twn arqik¸n partonÐwn. Ja mporoÔsame, ètsi, na poÔme ìti tajets eÐnai topikˆclusters
enèrgeiac sunodeuìmena apì troqièc swmatidÐwn. Tajets qwrÐzontai se dÔo kathgorÐec: taprompt
jets pou proèrqontai apì thn kÔria sÔgkroush kai ta pile up jets pou proèrqontai apì deutereÔousec
sugkroÔseic (twn Ðdiwn diastaur¸menwn dèsmewn).

'Ena polÔ krÐsimo kommˆti thc anˆlushc twn telik¸n adronik¸n katastˆsewn eÐnai h anakataskeu 
twn adronik¸n jets (Jet Reconstruction), kaj¸c autˆ fèroun thn plhroforÐa gia ta arqikˆ partìnia.

'Opwc faÐnetai sto Sq ma 4.5 ènajet qwrÐzetai se trÐa epÐpeda[17]:

1. To partonikì epÐpedo - Parton Level , pou apoteleÐ to arqikì partìnio ( quark   glou-
ìnio) apì to opoÐo pro lje to jet,

2. To swmatidiakì epÐpedo - Particle Level , sto opoÐo an koun ta swmatÐdia pou parˆgo-
ntai apì to arqikì partìnio metˆ thn adronopoÐhs  tou kai

3. To epÐpedo tou aniqneut  - Detector Level , to opoÐo anafèretai sto jet pou anti-
lambanìmaste lìgw thc allhlepÐdrashc twn swmatidÐwn tou kataigismoÔ me ta aniqneutikˆ
sust mata.

O skopìc thc anakataskeu c tou jet eÐnai na ekmaieÔsei apì tic plhroforÐec pou katagrˆfontai
sto epÐpedo tou aniqneut  thn pragmatik  plhroforÐa gia to arqikì partìnio. Lìgw thc diadika-
sÐac kataigismoÔ, mikrèc allagèc sthn arq  thc diadikasÐac adronopoÐhshc mporoÔn na odhg soun
se arketˆ megˆlec apoklÐseic sta antikeÐmena pou metrˆme. Ta telikˆ apotelèsmata ephreˆzontai
epiprìsjeta apì hlektronikì jìrubou, kajist¸ntac th diadikasÐa tautopoÐhshc akìma duskolìterh.
'Etsi, gia thn apotelesmatik  anakataskeu  kai melèth twn jets èqoun anaptuqjeÐ diˆforoi algì-
rijmoi, oi opoÐoi sunduˆzoun plhroforÐec apì ta kalorÐmetra kai to sÔsthma anÐqneushc troqi¸n
¸ste na tautopoi soun to jet [27].

6AdronopoÐhsh - Hadronization : H diadikasÐa katˆ thn opoÐa quarks kai glouìnia, ta opoÐa sthn eleÔjer  touc
morf  eÐnai astaj , sunduˆzontai se dèsmiec stajerèc katastˆseic sqhmatÐzontac adronÐa.
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Sq ma 4.5: Anaparˆstash enìc gegonìtoc, ìpou faÐnetai to shmeÐo thc sÔgkroushc twn dèsmewn
prwtonÐwn, h paragwg  twn arqik¸n partonÐwn, o kataigismìc pou prokaleÐtai apì thn adronopoÐ-
hs  touc kai en tèlei h anÐqneus  touc mèsw thc allhlepÐdrashc twn stajer¸n swmatidÐwn me tic
aniqneutikèc diatˆxeic.

DÔo eÐnai oi kÔrieckathgorÐec algorÐjmwn anakataskeu c twn jets pou qrhsimo-
poioÔntai. H pr¸th kathgorÐa eÐnai oiCone Typealgìrijmoi [28], stouc opoÐouc empÐptoun oiIC-PR
(Iterative Cone with Progressive Removal), IC-SM (Iterative Cone with Split-Serge procedure) kai
SIScone (Seedless Infra-red Safe cone). H deÔterh kathgorÐa eÐnai oisequential clusteringalgìrijmoi
[29], stouc opoÐouc an koun oi algìrijmoi kT , anti-kT kai Cambridge/Aachen.

Orismèna koinˆ stoiqeÐa pou qarakthrÐzoun touc algorÐjmouc autoÔc eÐnai oprosdiorismìc tou
mègejoc tou jet kai h idiìthta na eÐnaiIRC safe (Infrared and Collinear) . To mègejoc kai h perioq 
kˆluyhc tou k¸nou mèsa ston opoÐo orÐzetai ènajet kajorÐzoun thn euaisjhsÐa tou se anepijÔmhth,
soft aktinobolÐa. MÐa megˆlh aktÐna tou k¸nou toujet epitrèpei na sumperilambˆnetai se autì
arketˆ megˆlo mèroc twn adronopoihmènwn swmatidÐwn kai ètsi o upologismìc thc mˆzac kai thc
enèrgeiac toujet gÐnetai me megalÔterh akrÐbeia. Apì thn ˆllh, o orismìcjet mikrìterwn aktÐnwn
eÐnai qr simoc gia th meÐwsh tou arijmoÔunderlying events kai pile-up pou sullambˆnontai sto
jet, ¸ste na apotrèpetai h uperektÐmhsh thc mˆzac kai thc enèrgeiˆc tou. Peraitèrw, èna gegonìc
qarakthrÐzetai wcIRC Safe ìtan sto ìrio mÐac diˆspashc   katˆ thn ekpomp  enìc soft swmatidÐou,
to parathroÔmenohard jet paramènei ametˆblhto. H qr sh enìc collinear unsafealgorÐjmou èqei wc
apotèlesma thn diaforopoÐhsh tou arijmoÔ kai tou perieqomènou toujet katˆ th diˆspash enìc hard
swmatidÐou. Parìmoiec epipt¸seic èqei kai h qr sh enìcinfrared unsafealgorÐjmou ìtan prostÐjetai
sto sÔsthma ènasoft glouìnio. 'Etsi, mèsw thc idiìthtac IRC Safe o algìrijmoc egguˆtai akÔrwsh
pragmatik¸n kai eikonik¸n apoklÐsewn se upologismoÔc ìrwn uyhlìterhc tˆxhc.

H anakataskeu  twn jets xekinˆei apì thn anˆgnwsh twn enapojèsewn enèrgeiac pou kata-
grˆfoun ta dÔo jermidìmetra ( ECAL kai HCAL ) kai twn jèsewn twn kataigism¸n, plhroforÐec oi
opoÐec qrhsimopoioÔntai wc eÐsodoc ston algìrijmo anakataskeu c. H diadikasÐa aut  exelÐssetai
se tèssera stˆdia. Pr¸ta, efarmìzontai energeiakˆ kat¸flia sta jermidìmetra ¸ste na diaqwrÐzo-
ntai ta counts apì ton metroÔmeno jìrubo. 'Epeita, oi plhroforÐec pou lambˆnontai memonwmèna
apì ta jermidìmetra ECAL kai HCAL , sunduˆzontai. 'Ena epiprìsjeto cut epibˆlletai ¸ste na
gÐnei katastoll  thc sullog c enèrgeiac apì Pile Up kai Underlying Events sto jermidìmetro. Sth
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sunèqeia, o algìrijmoc sugkentr¸nei ìlh thn enèrgeia pou brÐsketai sta jets qrhsimopoi¸ntac mÐa
sugkekrimènh fìrmoula kai efarmìzetai èna cut sthn egkˆrsia enèrgeia, kaj¸c ta jets me qam lèc
enèrgeiec den eÐnai kalˆ orismèna. Telikˆ, ta anakataskeuasmènajets bajmonomoÔntai me th bo jeia
kalˆ orismènwn fusik¸n gegonìtwn. Se autì to b ma prokÔptoun diaforetikèc pijanìthtec gia
na lhfjeÐ h akrib c enèrgeia tou jet, kaj¸c kaneÐc diakrÐnei metaxÔ diadikasi¸n bajmonìmhshc me
exwterikˆ (p.q. test beams) kai eswterikˆ (p.q. in situ ) dedomèna.

'Ena shmantikì mèroc thc anakataskeu c twnjets eÐnai henergeiak  touc bajmonìmhsh ,
dhlad  h rÔjmish thc susqètishc metaxÔ thc enèrgeiac tou swmatidÐou kai tou s matoc pou epistrèfei
o aniqneut c. Pr¸ta, h bajmonìmhsh twn aniqneut¸n gÐnetai me dokimastikèc dèsmec(test beams)me
gnwstˆ swmatÐdia kai enèrgeiec. 'Epeita, pragmatopoieÐtai epiplèon bajmonìmhsh katˆ th diˆrkeia
leitourgÐac tou peirˆmatoc, qrhsimopoioÔntai arketˆ melethmènec kai gnwstèc fusikèc diergasÐec
(gia parˆdeigma gia th bajmonìmhsh touECAL qrhsimopoieÐtai h diˆspashZ ! e+ e� en¸ gia th
bajmonìmhsh touHCAL qrhsimopoioÔntai
 + jets gegonìta).

Epiprìsjeta, to CMS èqei anaptÔxei èna sÔsthmaenergeiak c diìrjwshc twn jets polla-
pl¸n epipèdwn. Oi diorjwtikoÐ parˆgontec lambˆnontai apì prosomoi¸seic basismènec se dedomèna
apì test beams, se dedomèna pou proèrqontai apeujeÐac apì sugkroÔseic kai apì prosomoi¸seic
suntonismènec me dedomèna sugkroÔsewn. H seirˆ me thn opoÐa efarmìzontai oi diorj¸seic eÐnai h
akìloujh: pr¸ta gÐnetai h diìrjwsh O�set lìgw pile-up kai hlektronikoÔ jorÔbou, sth sunèqeia
diorj¸netai to sqetikì � , ¸ste na gÐnei h apìkrish tou jet epÐpedh sunart sei tou� jet gia mÐa sugke-
krimènhpT kai tèloc, pragmatopoieÐtai diìrjwsh sthn apìluth pT gia na gÐnei h apìkrish toujet
epÐpedh sunart sei toupT jet .

4.2.2 TautopoÐhsh twn b quarks - b-tagging

H diadikasÐa eÔreshc kai tautopoÐhshc toujet pou proèrqetai apì èna bottom quark onomˆzetai
b-tagging [30] [31]. O diaqwrismìc twn b jets apì ta ˆlla jets pou proèrqontai apì elafriˆ quarks
  glouìnia eÐnai exairetikˆ shmantikìc gia th diˆkrish metaxÔ s matoc kai upobˆjrou se pollèc
analÔseic. Lìgw thc mikr c tim c twn suntelest¸n Vub kai Vcb tou pÐnakaCabibbo-Kobayashi-
Maskawa, ta b adrìnia èqoun arketˆ uyhlì qrìno zw c ( 1:5 ps) kai se sunduasmì me thn taqÔthtˆ
touc taxideÔoun merikˆmm mèsa ston aniqneut  mèqri na diaspastoÔn. 'Eqoun dhlad  embèleia
pou eÐnai mÐa tˆxh megèjouc megalÔterh apì th qwrik  diakritik  ikanìthta tou aniqneut  troqiˆc.
Autì dÐnei th dunatìthta sto sÔsthma anÐqneushc touCMS gia diaqwrismì me polÔ uyhl  akrÐbeia
metaxÔ thc kÔriac koruf c(primary vertex) apì anelastik  skèdash kai thc deutereÔousac koruf c
(secondary vertex) pou proèrqetai apì diˆspash tou b quark. O algìrijmoc pou efarmìzetai eÐnai
o CSV (Combined Secondary Vertex), o opoÐoc qrhsimopoieÐ sunduastikˆ plhroforÐec troqi¸n apì
ton Tracker pou sth sunèqeia pernˆne apì pollaplˆ krit ria epilog c. EpÐshc, to klˆsma thc
enèrgeiac apì fortismèna adrìnia se ènajet kai h analloÐwth mˆza ìlwn twn swmatidÐwn pou èqoun
antistoiqhjeÐ se deutereÔ-ousa koruf  lambˆnontai upìyh ètsi ¸ste na gÐnetai h diˆkrish touc apì
non b tagged jets, dhlad  jets pou den perièqoun proðìnta apì diˆspashb quark. O CSV algìrijmoc
dÐnei mÐa suneq  èxodo, metaxÔ 1 kai 0 upodeiknÔontac an ènajet eÐnaib-tagged   ìqi, antÐstoiqa. H
elˆqisth tim  tou b-tag scorepou mporeÐ na èqei ènajet gia na jewrhjeÐ b-tagged exartˆtai apì to
working point twn metr sewn.

4.3 Algìrijmoc Ro c SwmatidÐwn

O algìrijmoc anakataskeu c thc ro c swmatidÐwn (Particle Flow Algorithm ) qrhsimopoieÐtai
sqedìn se ìlec tic analÔseic sto CMS [32]. 'Eqei skopì thn anagn¸rish kai thn anakataskeu  kˆje
swmatidÐou pou prokÔptei apì tic sugkroÔseic prwtonÐou - prwtonÐou sto kèntro tou aniqneut ,
sunduˆzontac ìlec tic plhroforÐec pou proèrqontai apì ta aniqneutikˆ uposust mata. To apo-
tèlesma pou prokÔptei apì ton algìrijmo ro c swmatidÐwn odhgeÐ se mÐa beltiwmènh apìdosh sthn
anakataskeu  twn jets, allˆ kai sthn tautopoÐhsh hlektronÐwn, mionÐwn kai tau swmatidÐwn.

O algìrijmoc ro c swmatidÐwn basÐzetai se mÐa apotelesmatik  kai kajar  anakataskeu  troqiˆc,
se ènan algìrijmo sumplègmatoc (cluster) pou èqei thn ikanìthta na aposunarmologeÐ epikaluptìme-
nouc kataigismoÔc swmatidÐwn kai se mÐa apotelesmatik  diadikasÐa sÔndeshc pou mporeÐ na sundèsei
tic enapojèseic enèrgeiac tou kˆje swmatidÐwn se kˆje upoaniqneut [33]. Sunoptikˆ, o algìrijmoc
mporeÐ na perigrafeÐ me ton akìloujo trìpo. Oi troqièc prokÔptoun mèsw twn jermidomètrwn, an
brejoÔn mèsa sta ìria enìc apì ta pollˆ clusters, ta opoÐa sqetÐzontai me thn ekˆstote troqiˆ. To
sÔnolo twn troqi¸n kai twn clusters apoteloÔn èna fortismèno adrìnio kai ta stoiqeÐa kataskeu c
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tou swmatidÐou autoÔ paÔoun na qrhsimopoioÔntai ston algìrijmo. Ta miìnia anagnwrÐzontai nw-
rÐtera, ¸ste oi troqièc touc na mh mporoÔn na mperdeutoÔn me èna fortismèno adrìnio. H diaqeÐrish
twn hlektronÐwn eÐnai pio dÔskolh. Lìgw thc aktinobolÐac pèdhshc pou ekpèmpoun ta hlektrìnia,
qrhsimopoieÐtai mÐa sugkekrimènh anakataskeu  thc troqÐac touc, kaj¸c kai mÐa sugkekrimènh diadi-
kasÐa gia th sÔndesh twnclusters fwtonÐwn me ta hlektrìnia, ètsi ¸ste na apofeuqjeÐ h mètrhsh
thc enèrgeiac dÔo forèc. 'Otan ìlec oi parapˆnw troqièc èqoun anakataskeuasteÐ, ta enapomeÐnanta
clusters antistoiqÐzontai se fwtìnia ìson aforˆ to hlektromagnhtikì jermidìmetro ( ECAL ) kai se
oudètera adrìnia ìson aforˆ to adronikì jermidìmetro ( HCAL ).

'Otan ìlec oi enapojèseic enìc swmatidÐou èqoun susqetisteÐ mporeÐ na ektimhjeÐ h fÔsh tou kai
oi plhroforÐec apì ta aniqneutikˆ uposust mata sunduˆzontai gia ton upologismì thc tetraorm c
tou me megˆlh akrÐbeia. Se perÐptwsh pou h bajmonomhmènh enèrgeia twn jermidomètrwn twnclusters
pou sqetÐzontai me mÐa troqiˆ uperbeÐ thn orm  thc troqiˆc perissìtero apì1� , tìte h diaforˆ aut 
apodÐdetai se èna epikaluptìmeno oudètero swmatÐdio (fwtìnio   adrìnio), pou èqei enèrgeia pou
antapokrÐnetai sth diaforˆ twn dÔo metr sewn. H telik  lÐsta twn swmatidÐwn apoteleÐtai apì
fortismèna adrìnia, fwtìnia, oudètera adrìnia, hlektrìnia kai miìnia kai qrhsimopoieÐtai gia thn
anakataskeu  twn jets kai thc elleÐpousac egkˆrsiac enèrgeiac.

4.4 Kinhmatikèc Metablhtèc

Ston LHC h eikìna thc sÔgkroushc twn prwtonÐwn se enèrgeia kèntrou mˆzac13TeV èqei wc
ex c: ta dÔo prwtìnia epitaqÔnontai se enèrgeiaEptoron = 6 :5 TeV to kajèna kai sugkroÔontai me
antidiametrikèc ormèc katˆ m koc tou ˆxonaz. 'Etsi oi tetraormèc twn prwtonÐwn grˆfontai

P �
1 = ( Eptoron ; 0; 0; Eptoron ); P �

2 = ( Eptoron ; 0; 0; � Eptoron );

ìpou se autèc tic enèrgeiec h mˆza twn prwtonÐwn eÐnai amelhtèec se sqèsh me thn kinhtik  touc
enèrgeia. Wstìso, h pragmatik  sÔgkroush gÐnetai metaxÔ twn partonÐwn, ta opoÐa fèroun èna tuqaÐo
klˆsma thc orm c tou prwtonÐou, to opoÐo den gnwrÐzoume. Sunep¸c, ta proðìnta miac partonik c
sklhr c skèdashc èqoun epÐshc ˆgnwsth orm  stonz ˆxona. Prokeimènou na ergastoÔme me megèjh
pou aforoÔn ta prwtìnia, boleÔei na epilèxoume posìthtec pou den diaforopoioÔntai metaxÔ tou
sust matoc tou ergasthrÐou kai tou kèntrou mˆzac twn partonÐwn. Tètoiec kinhmatikèc posìthtec
eÐnaiLorentz analloÐwtec se diam keic prowj seic [34], [35].

Stic sugkroÔseic prwtonÐwn qrhsimopoieÐtai èna kartesianì kai dexiìstrofo sÔsthma suntetag-
mènwn (Sq ma 4.6), ìpou oi sugkrouìmenec dèsmec kinoÔntai katˆ m koc tou ˆxonaz (beam axis) kai
to egkˆrsio sthn sÔgkroush epÐpedo eÐnai toxy epÐpedo(transverse plane). H arq  tou sust matoc
suntetagmènwn orÐzetai wc to shmeÐo sÔgkroushc twn dèsmewn. Lìgw tou kulindrikoÔ sq matoc
twn aniqneut¸n sunhjÐzetai na qrhsimopoioÔntai oi gwnÐec twn kuliknrik¸n suntetagmènwn(r; �; � ),
ìpou r eÐnai h apìstash apì ton ˆxonaz, � eÐnai h azimoujiak  gwnÐa h opoÐa metrˆtai sto epÐpedo
xy xekin¸ntac apì ton ˆxona x kai � eÐnai h polik  gwnÐa pou metrˆtai sto epÐpedorz xekin¸ntac
apì ton ˆxona z.

Sq ma 4.6: SÔsthma suntetagmènwn stonCMS
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H triorm  tou kˆje swmatidÐou ~p = ( px ; py ; pz ) analÔetai sth diam kh sunist¸sa, pz , katˆ
m koc tou ˆxona z kai sthn egkˆrsia sunist¸sa tou, pT . To diˆnusma thc egkˆrsiac orm c
( transverse momentum ) kai to mètro thc dÐnontai apì tic sqèseic

~pT � (px ; py ; 0) = ( pT cos�; p T sin�; 0) kai pT � j ~pT j =
q

p2
x + p2

y ; (4.8)

ìpou h azhmoujiak  gwnÐa grˆfetai sunart sei twn sunistws¸n thc orm c wc

� = tan � 1
�

px

py

�
: (4.9)

Tìso h egkˆrsia orm  pT ìso kai h gwnÐa� eÐnaiLorentz analloÐwtec se diam keic prowj seic, se
antÐjesh me th sunist¸sa pz . EpÐshc, mh analloÐwth eÐnai h polik  gwnÐa

� = tan � 1
�

pT

pz

�
: (4.10)

Prokeimènou na emfanÐsoume mÐa metablht  pou ja eÐnaiLorentz analloÐwth antikajistoÔme th �
me thn posìthta

y �
1
2

ln
E + pz

E � pz
; (4.11)

ìpou E h enèrgeia tou swmatidÐou. Hy onomˆzetaiwkÔthta ( rapidity ) , apoteleÐ èna mètro thc
sqetikistik c taqÔthtac tou swmatidÐou kai èqei thn idiìthta se mÐa diam kh pro¸jhsh na allˆzei
mìno katˆ mÐa stajerˆ kai ètsi oi metabolèc � y na paramènoun analloÐwtec. Sthn perÐptwsh ˆmazwn
swmatidÐwn (m = 0) eÐnaipz = j ~pj cos� = E cos� , opìte h (4.11) paÐrnei th morf 

y =
1
2

ln
E + pz

E � pz
=

1
2

ln
1 + cos�
1 � cos�

=
1
2

ln
2cos2�=2
2sin 2�=2

= ln cot
�

�
2

�
; (4.12)

ìpou faÐnetai h susqètis  thc me thn polik  gwnÐa � . Apì th sqèsh aut  orÐzetai h gewmetrik 
posìthta � , h opoÐa onomˆzetaiyeudowkÔthta ( pseudorapidity ) ,

� = � ln
�
tan

�
�
2

��
: (4.13)

Gia ˆmaza swmatÐdia isoÔtai me thn wkÔthta, en¸ sthn perÐptwsh swmatidÐwn me mˆza oi metabolèc
� � den eÐnai analloÐwtec kˆtw apìLorentz prowj seic. Sto Sq ma 4.7 faÐnontai oi timèc thc � gia
diaforetikèc gwnÐec� .

Sq ma 4.7: H pseudorapidity wc sunˆrthsh thc gwnÐac j.

Grˆfontac th gwniak  metrik  gia swmatÐdia mem = 0 sunart sei thc � paÐrnoume thn eukleÐdia
metrik 

d
 2 = d� 2 + sin 2� d� 2 ) d
 2 =
1

cosh2�
(d� 2 + d� 2): (4.14)
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'Etsi, orÐzoume thgwniak  apìstash ( angular seperation )

� R =
p

(� � )2 + (� � )2; (4.15)

h opoÐa eÐnaiLorentz analloÐwth se prowj seic. Gia stajerì � R, ìso megalÔtero eÐnai to� sto
opoÐo briskìmaste tìso mikrìtero eÐnai to gwniakì ˆnoigma� � . To gegonìc autì eÐnai shmantikì
kaj¸c ta fainìmena twn underlying events kai tou pile-up teÐnoun na prokalèsoun megalÔtero ek-
fullismì sthn prìsjia perioq , dhlad  ekeÐnh me megˆla � , apì ìti sthn kentrik , me apotèlesma
sto epÐpedo� � � aut  na eÐnai perÐpou omoiìmorfh.

Stouc aniqneutèc ìlec o parathroÔmenec posìthtec sqetÐzontai me thn enèrgeia kai thn orm 
twn paragìmenwn apì th sÔgkroush swmatidÐwn. Idanikˆ ja jèlame na mporoÔme na metr soume thn
tetraorm  p� = ( E; ~p) kˆje swmatidÐou tou gegonìtoc, allˆ praktikˆ kˆti tètoio den eÐnai reali-
stikì. Oi enèrgeiec prosdiorÐzontai apì tic enapojèseic enèrgeiac twn swmatidÐwn sta kalorÐmetra
kaj¸c dièrqontai apì ton aniqneut , en¸ oi ormèc apì thn kampulìthta twn troqi¸n touc. Wstìso,
upˆrqoun swmatÐdia ta opoÐa den katafèrnoun na aniqneutoÔn apì to sÔsthma aniqneutik¸n monˆdwn.
Tètoia eÐnai ta netrÐna, pou exèrqontai apì ton aniqneut  qwrÐc na allhlepidroÔn kajìlou me autìn
kai ta miìnia, ta opoÐa ton diapernoÔn qwrÐc na enapojèsoun pˆnta ìlh touc thn enèrgeia. Gia autìn
ton lìgo, gia ton entopismì twn mionÐwn kai thn anakataskeu  thc orm c touc qrhsimopoieÐtai h
kampÔlwsh twn troqi¸n mèsa stouc mionikoÔc aniqneutèc (exoÔ kai o spoudaÐoc rìloc tou magn th
tou aniqneut ). Pèra apì ta netrÐna kai ta miìnia, mh aniqneÔsima eÐnai kai ta en dunˆmei swmatÐdia
nèac fusik c pou allhlepidroÔn asjen¸c kai ètsi den entopÐzontai apì tic aniqneutikèc diatˆxeic.

H orm  twn swmatidÐwn pou den aniqneÔontai apì to sÔsthma aniqneut¸n upologÐzetai èmmesa
mèsw thcelleipoÔsac egkˆrsiac orm c (missing transverse momentum) , h opoÐa isoÔ-
tai me to arnhtikì dianusmatikì ˆjroisma ìlwn twn epimèrouc egkˆrsiwn orm¸n ~pT;i enìc gegonìtoc,

~pT
miss = �

X

i

~pT;i ; i = leptons, jets: (4.16)

Onomˆzetai eleipoÔsa kaj¸c kanonikˆ oi egkˆrsiec ormèc twn telik¸n swmatidÐwn prèpei na ajroÐ-
zontai sto mhdèn, lìgw diat rhshc thc orm c.

AntÐstoiqa, orÐzetai helleipoÔsa egkˆrsia enèrgeia ( missing transverse energy -
MET ) , ET

miss , wc h enèrgeia pou qˆnetai apì to gegonìc lìgw twn mh aniqneÔsimwn swmatidÐwn kai
isoÔtai me thn apìluth tim  tou arnhtikoÔ ajroÐsmatoc pˆnw se ìla ta swmatÐdia pou aniqneÔontai,

E miss
T � j ~pT

miss j =

�
�
�
�
�
�

X

i

~pT;i

�
�
�
�
�

; i = leptons, jets: (4.17)

Epiprìsjetec posìthtec pou qrhsimopoioÔntai sth fusik  twn sugkroÔsewn eÐnai to bajmwtì
ˆjroisma twn egkˆrsiwn orm¸n twn adronik¸n jets,

HT =

�
�
�
�
�
�

X

j

~pT;j

�
�
�
�
�
�

  HT =
X

j

j ~pT;j j ; j = jets (4.18)

kai to bajmwtì ˆjroisma twn egkˆrsiwn orm¸n ìlwn twn aniqneÔsimwn swmatidÐwn, adronik c kai
leptonik c fÔshc,

ST =

�
�
�
�
�

X

i

~pT;i

�
�
�
�
�

; i = leptons, jets: (4.19)

Tèloc, shmantikì mègejoc eÐnai hanalloÐwth mˆza ( invariant mass ) , m, h opoÐa gia èna
swmatÐdio me tetraorm p� = ( E; ~p) isoÔtai me th mˆza hremÐac tou swmatidÐou kai orÐzetai wc

m =
p

p� p� =
p

E 2 � ~p2: (4.20)

H katanom  thc analloÐwthc mˆzac enìc sunìlou swmatidÐwn sthn telik  katˆstash mÐac diˆspashc
ìtan upologisteÐ gia megˆlo arijmì gegonìtwn ja prèpei na emfanÐzei koruf  sth mˆza hremÐac tou
swmatidÐou pou diaspˆsthke. 'Etsi, gia parˆdeigma, sth diˆspashZ ! l+ l � h analloÐwth mˆza twn
dÔo leptonÐwn ja eÐnai

mll =

�
�
�
�
�

X

i = l �

p�
i

�
�
�
�
�

=
p

(E1 + E2)2 � (~p1 + ~p2)2 (4.21)
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kai h katanom  thc metablht c mll ja parousiˆzei mègisto sthn tim  mZ thc mˆzac tou mpozonÐouZ .
Upˆrqoun wstìso peript¸seic ìpou sthn telik  katˆstash thc diˆspashc enìc swmatidÐou den

eÐnai ìla ta proðìnta aniqneÔsima swmatÐdia. Kˆti tètoio sumbaÐnei stic diaspˆseic pou perilambˆnoun
netrÐna, ìpwc gia parˆdeigma sth diˆspashW ! � l l . Tìte den mporeÐ na prosdiorisjeÐ h analloÐwth
mˆza kai sth jèsh thc qrhsimopoioÔme èna antÐstoiqo mègejoc, thnegkˆrsia mˆza (transverse
mass) , mT , h opoÐa upologÐzetai mìno apì tic kˆjetec sunist¸sec thc orm c sÔmfwna me th sqèsh

mT =
q

(ET;1 + ET;2)2 � (~pT;1 + ~pT;1)2: (4.22)

H posìthta ET =
p

m2 + p2
T eÐnai katˆ analogÐa hegkˆrsia enèrgeia ( transverse energy ) .

An mT = m tìte oi ormèc p1, p2 brÐskontai kajarˆ sto egkˆrsio epÐpedo (� = 0 ), en¸ an mT = 0
oi ormècp1, p2 eÐnai diam keic. Stic upìloipec peript¸seic0 � mT � m.
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Kefˆlaio 5

Anˆlush

To kefˆlaio autì eÐnai to kÔrio mèroc thc paroÔsac ergasÐac kai perilambˆnei thn anˆlush
dedomènwn apì to peÐramaCMS me skopì ton prosdiorismì twn ˆnw orÐwn thc energoÔ diatom c
thc diadikasÐachZ ! a(bb)a(bb)ll . H exwtik  diˆspash tou mpozonÐouHiggs gÐnetai se susqètish
me th diˆspash tou Z sto leptonikì kanˆli. To h diaspˆtai se dÔo mpozìniaa, mhdenikoÔspin,
ta opoÐa dÐnoun sthn telik  touc katˆstash èna zeÔgocbottom quark - anti-quark to kajèna. Ta
dedomèna pou qrhsimopoioÔntai eÐnai apì sugkroÔseic prwtonÐou - prwtonÐou se enèrgeia kèntrou
mˆzac

p
s = 13 TeV, ta opoÐa katagrˆfhkan me ton aniqneut CMS ston LHC, katˆ to Run II 2017

kai antapokrÐnontai se41:5 fb � 1 oloklhrwmènh fwteinìthta.
Sthn upoenìthta 5.1 parousiˆzetai sunoptikˆ o sqediasmìc thc anˆlushc kai oi statistikèc

mèjodoi pou ja efarmostoÔn. IdiaÐterh shmasÐa èqei na paratejoÔn oi lìgoi pou èna tètoio exwtikì
montèlo swmatidÐwn proselkÔei to endiafèron mac kai epidèqetai peraitèrw melèth, to opoÐo gÐnetai
sthn upoenìthta 5.2. 'Epeita, parousiˆzontai oi diadikasÐec s matoc kai upobˆjrou, mazÐ me ta
stoiqeÐa pou tic qarakthrÐzoun kai akolojeÐ h ektèlesh twn statistik¸n mejìdwn.

5.1 MejodologÐa

O gn¸mwnac thc anˆlushc eÐnai na prosdioristeÐ kˆpoia arketˆ diaqwristik  metablht  gia na
mporèsoume na anagnwrÐsoume gegonìta s matoc mèsa apì to suntriptikì upìbajro. To pr¸to
b ma eÐnai na dialèxoume katˆllhla krit ria epilog c twn gegonìtwn sta set dedomèmwn pou epe-
xergazìmaste, ¸ste na mac apodìsoun th bèltisth analogÐa metaxÔ posostoÔ apìrriyhc upobˆjrou
kai apìdoshc s matoc. To deÔtero eÐnai h efarmog  statistik¸n mejìdwn kai sugkekrimèna tou�t
megisthc pijanofˆneiac (ML �t ).

Gia na doulèyei kalˆ qreiˆzetai na lhfjoÔn upìyh dÔo parˆgontec. O ènac eÐnai ìti to ML �t
prèpei na gÐnei pˆnw se mÐa arketˆ diaqwristik  metablht , diaforetikˆ ja anaptuqjoÔn isqurèc
susqetÐseic anˆmesa sto s ma kai sto upìbajro kai h megistopoÐhsh thc pijanofˆneiac den ja eÐnai
kalˆ orismènh. Gia na to petÔqoume autì ja efarmìsoume polumetablht  anˆlush ( MVA ) me th
mèjodo twn enisqumènwn dèntrwn apìfashc (BDT ), h opoÐa ja pˆrei tic diˆforec metablhtèc pou
ja kataskeuˆsoume kai ja tic sunduˆsei ¸ste na mac d¸sei mÐa metablht  me th mègisth dunat 
diaqwristik  ikanìthta. O deÔteroc eÐnai ìti gia na èqei to ML �t sunèpeia kai kal  sumperiforˆ
ja prèpei na mhn upˆrqoun statistikèc diakumˆnseic kai h ektÐmhsh pou ja dÐnei na qarakthrÐzetai
apì amerolhyÐa. Gia ton lìgo autì ja qrhsimopoi soume th mejodologÐa twn Monte Carlo Toys,
dhlad  parˆgontac pollaplˆ set yeudodedomènwn pˆnw sta opoÐa ekteleÐtai toML �t , èqoume èna
statistikˆ megˆlo sÔnolo ektim sewn kai mporeÐ na diapistwjeÐ ìti to �t douleÔei kalˆ.

Tèloc, h mejodologÐa thc anˆlushc perilambˆnei ton èlegqo upojèsewn, ìpou wc mhdenik  upìje-
sh jewroÔme thn Ôparxh mìno diadikasi¸n upobˆjrou (diadikasi¸n pou problèpontai sto KP) kai wc
enallaktik  thn epiplèon Ôparxh s matoc (epiplèon diadikasÐec ektìc tou KP). 'Eqontac mÐa arketˆ
diaqwristik  metablht  kai megˆlo deÐgma dedomènwn gia na efarmìsoumeML �t , kataskeuˆzoume
apì thn apìkris  tou - sugkekrimèna qrhsimopoioÔme ton lìgo pijanofˆneiac - tic katanomèc twn
dÔo upojèsewn. O èlegqìc touc gÐnetai qrhsimopoi¸ntac th mèjodoCLs, h opoÐa eÐnai èna sÔnhjec
ergaleÐo sth fusik  uyhl¸n energei¸n. 'Etsi, apì thn allhlepikˆluyh twn dÔo katanom¸n upolo-
gÐzontai ta epÐpeda empistosÔnhc gia diaforetikèc energoÔc diatomèc kai gia kˆje upìjesh mˆzac tou
jewrhtikoÔ montèlou. H sunj kh thc perioq c apìrriyhc tÐjetai se epÐpedo empistosÔnhc 95%, apì
thn opoÐa exˆgwntai en tèlei kai ta ìria apìrriyhc sthn energì diatom  tou montèlou.
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5.2 Motivation

Ta dedomèna pou sullèqjhkan apì sugkroÔseic prwtonÐou-prwtonÐou stonLHC apì ta peirˆmata
ATLAS kai CMS od ghsan to 2012 sthn anakˆluyh enìc mpozonÐouHiggs me mˆza125GeV. To
swmatÐdio autì eÐnai sumbatì me to mpozìnioHiggs, h, pou problèpei to Kajierwmèno Prìtupo (KP)
thc swmatidiak c fusik c. Bˆsei twn dedomènwn pou pro ljan apì sugkroÔseic pp me enèrgeia
kèntrou mˆzac

p
s = 7 kai 8 TeV, to ìrio gia to branching fraction twn diaspˆsewn tou h se

swmatÐdia ektìc tou KP eÐnai èwc kaiO(30%), se 95% epÐpedo empistosÔnhc[36]. To axioshmeÐwto
autì branching fraction twn exwtik¸n diaspˆsewn tou mpozonÐouHiggs, ìpwc kai to stenì plˆtoc
diˆspas c tou ( � h ' 4:07MeV ) af noun shmantikì perij¸rio gia thn anakˆluyh nèac fusik c.
Mˆlista ta dedomèna pou sullèqjhkan apì touc LHC7 kai LHC8 mporoÔn eÔkola na perièqoun
O(50; 000) exwtikèc diaspˆseic tou Higgs anˆ peÐrama.

Upˆrqoun pollèc protˆseic jewrhtik¸n montèlwn, proektˆsewn tou KP, pou problèpoun exw-
tikèc diaspˆseic tou mpozonÐouHiggs [37]. Se autèc perilambˆnontai montèla ìpou to h diaspˆtai
se krufˆ swmatÐdia (hidden sector particles) - ta opoÐa mporoÔn gia parˆdeigma na ermhneutoÔn
wc swmatÐdia skotein c Ôlhc - kai autˆ me th seirˆ touc dÐnoun mpozìnia bajmÐdac kai fermiìnia
tou KP. An perioristoÔme se peript¸seic ìpou h diˆspash xekinˆei me diadikasÐa dÔo swmˆtwn,
dhlad  h ! X 1X 2, meX 2; X 2 na eÐnai swmatidiakèc katastˆseic ektìc tou KP (pijanìn kai tau-
tìshmec), oi dunatèc topologÐec eÐnai arketèc. Gia parˆdeigma, toHiggs mporeÐ na diaspˆtai wc
h ! ss0; aa0; V1V2; aV1 ! (xx )(yy), ìpou ta s kai s0 (antÐstoiqa ta a kai a0, V1 kai V2) den eÐnai
aparaÐthta diaqwrÐshma bajmwtˆ (yeudobajmwtˆ, dianusmatikˆ) pedÐa, en¸ tax; y mporoÔn na eÐnai
quarks, leptìnia, fwtìnia   glouìnia. Tètoiec topologÐec emfanÐzontai se montèla ìpwc to 2HDM
(two-Higgs-doublet-model), NMSSM (next-to-minimal super-symmetry) , Little Higgs Models   pa-
rìmoia montèla pou proekteÐnontai me epiprìsjetec bajmwtèc aplètec tou KP(additional SM singlet
scalars).

Sthn teleutaÐa kathgorÐa an kei to montèlo2HDM+S [38], to opoÐo problèpei eptˆ fusikˆ
mpozìnia Higgs: trÐa bajmwtˆ (h1;2;3), dÔo yeudobajmwtˆ (a1; a2) kai dÔo fortismèna swmatÐdia
(H � ). Sthn sugkekrimènh anˆlush h prosoq  mac estiˆzetai se èna yeudobajmwtì mpozìnio" a" ,
to opoÐo mporeÐ na eÐnai arketˆ elafrÔ ¸ste na eÐnai kinhmatikˆ epitrept  h diˆspashh ! aa.

5.3 Fusikèc DiergasÐec

Se aut  thn upoenìthta anafèrontai ta qarakthristikˆ twn fusik¸n diergasi¸n pou ja apote-
lèsoun to s ma kai to upìbajro thc anˆlushc. Apì autˆ kajorÐzontai oi upografèc twn gegonìtwn
ston aniqneut  kai epomènwc o trìpoc pou ja sthjeÐ h anˆlush.

5.3.1 DiergasÐa S matoc

H diergasÐa pou meletˆtai se aut  thn anˆlush kai ja anafèretai wc s ma eÐnai h exwtik  diˆspash
tou mpozonÐouHiggs twn 125GeV se zeÔgoc yeudobajmwt¸n mpozonÐwna, ìpou to kajèna diaspˆtai
me th seirˆ tou se èna zeÔgocbottom quark - anti-quark , h ! aa ! b�bb�b. H paragwg  tou h gÐnetai
se susqètish me to leptonikì kanˆli diˆspashc tou mpozonÐou Z , dhladh Z ! l �l , ¸ste na eÐnai
apotelesmatikìterh h epilog  gegonìtwn apì to sÔsthma skandalismoÔ katˆ th dièleus  touc apì

Sq ma 5.1: Antiproswpeutikì diˆgrammaFeynman se epÐpedo dèntrou gia th diadikasÐa tou s matoc
hZ ! a(bb)a(bb)ll , mel = � , ìpou faÐnetai h anamenìmenh telik  katˆstash.
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tic aniqneutikèc diatˆxeic, allˆ kai diìti leitourgeÐ wc isqurì krit rio apìrriyhc diergasi¸n upo-
bˆjrou tou KP. Sugkekrimèna, dialègoume ta leptìnia na eÐnai mionikoÔ qarakt ra, kaj¸c to Ðqnoc
pou af noun eÐnai diakritikì kai epomènwc h anÐqneus  touc pio apodotik  se sqèsh me aut  twn
hlektronÐwn.

Gia na eÐnai kinhmatikˆ epitretpt  h diˆspash pou meletˆme ja prèpei2 ma < m h = 125 GeV,
dhlad  h mˆza ma tou mpozonÐoua na eÐnai mikrìterh apì to misì thc mˆzacmh tou mpozonÐouHiggs.
'Etsi, upeisèrqetai o periorismìc h mˆza ma na eÐnai mikrìterh apì perÐpou60GeV. Ta deÐgmata tou
s matoc pou qrhsimopoi jhkan èqoun paraqjeÐ gia mˆzecma = [15; 20; 30; 40; 50; 60]GeV.

Dialègoume h telik  katˆstash tou s matoc na apoteleÐtai apì 4b quarks (b-jets) diìti eÐnai to
kurÐarqo kanˆli diˆspashc ìtan h mˆza tou mpozonÐoua eÐnai megalÔterh apì to diplˆso thc mˆzac tou
b quark, dhlad  gia ma > 2mb � 10GeV. Autì faÐnetai sta diagrˆmmata tou Sq matoc (5.2)7, ta
opoÐa èqoun proèljei apì prohgoÔmenec èreunec[36] pou èqoun asqolhjeÐ me th diadikasÐa diˆspashc
h ! aa ! X �XY �Y , meX; Y swmatÐdia tou KP kai èqoun deÐxei ìti giama > 10GeV to branching
ratio eÐnaiBR(a ! bb) ' 1. Shmei¸netai, epÐshc, ìti gia tobranching ratio thc diˆspashc h ! aa
kˆnoume thn paradoq  ìti BR(h ! aa) ' 1 8 gia to eÔroc twn maz¸n pou mac endiafèroun se aut 
thn anˆlush.

(aþ) (bþ)

(gþ) (dþ)

Sq ma 5.2: Branching ratios thc diˆspashc enìc yeudobajmwtoÔ mpozonÐoua sta diˆfora swmatÐdia
tou KP sunart sei thc mˆzac ma . Ta diagrˆmmata (a'), (b'), (g'), (d') aforoÔn montèla2HDM+S
gia Yukawa suzeÔxeic tÔpou I, II, III kaiIV antÐstoiqa, en¸ oi skiasmènec perioqèc dhl¸noun ta
shmeÐa ìpou h adronopoÐhsh twn swmatidÐwn mporeÐ na diaforopoi sei touc upologismoÔc.
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Sq ma 5.3: Oi epikratèsterec telikèc katastˆseic thc exwtik c diˆspashc tou mpozonÐou Higgs,
h ! aa ! 2X 2Y , anˆloga th mˆza tou mpozonÐoua.

Sunep¸c, h diergasÐa s matoc gia to montèlo pou epexergazìmaste eÐnai hhZ ! a(bb)a(bb)ll , me
energì diatom 

� model = � hZ � � Z ! ll � � h! aa � � 2
a! bb: (5.1)

Gia th diˆspash tou h se susqètish me to mpozìnioZ qrhsimopoioÔme thn energì diatom  pou èqei
kajoristeÐ sto KP gia th diadikasÐa pp ! hZ kai eÐnai� hZ = 0 :8839pb, en¸ gia th leptonik 
diˆspash tou Z to branching ratio eÐnaiBR(Z ! ll ) = 0 :10099 [10]. 'Opwc anafèrjhke sthn
parapˆnw parˆgrafo èqoume BR(h ! aa) ' 1 kai BR(a ! bb) ' 1. Epomènwc, h energoc diatom 
tou montèlou eÐnai

� model = 0 :8839� 0:10099� 1 � 12 )

� model = 0 :0893 pb : (5.2)

5.3.2 DiadikasÐec Upobˆjrou

Wc upìbajro jewroÔme diergasÐec tou KP oi opoÐec qarakthrÐzontai apì thn Ðdia   parìmoia
telik  katˆstash me aut  tou s matoc. Sthn paroÔsa anˆlush oi diergasÐec pou ja sumperilhfjoÔn
wc upìbajro eÐnai h paragwg Drell Young mazÐ mejets (DY+jets ) kai kanˆlia diˆspashc tou zeÔgouc
top - anti-top quark (t �t).

H paragwg  Drell Young pragmatopoieÐtai katˆ th skèdash adronÐwn kai perigrˆfei thn exaölwsh
enìc zeÔgoucquark - anti-quark se mpozìnioZ , to opoÐo me th seirˆ tou diaspˆtai se zeÔgoc antÐjeta
fortismènwn leptonÐwn. Sthn perÐptwsh pou parˆgwntai epiplèonquarks (jets) apì ta sugkrouìmena
q�q (mèswgluon spliting) èqoume th diadikasÐaDY+jets , to diˆgrammaFeynman thc opoÐac faÐnetai
sto Sq ma 5.4.

Sq ma 5.4: DiˆgrammaFeynman se epÐpedo dèntrou gia th diadikasÐaDrell Young + jets .

EpÐshc, mac endiafèroun wc diadikasÐec upobˆjrou trÐa kanˆlia diˆspashc tou zeÔgouct�t: to
adronikì, to leptonikì kai to hmileptonikì. O diaqwrismìc autìc gÐnetai anˆloga me to eÐdoc twn
swmatidÐwn pou ja pˆroume sthn telik  katˆstash apì th diˆspash tou kˆje W mpozonÐou pou èqei

7Ta montèla 2HDM + Scalar perilambˆnoun tèssereic tÔpouc jewri¸n ( Type I to IV ) anˆloga me to eÐdoc thc
Yukawa sÔzeuxhc twn fermionÐwn. Stouc diagwnopoihmènouc pÐnakec mˆzac twn bajmwt¸n kai yeudobajmwt¸n pedÐwn
pou prostÐjontai sta montèla emperièqetai h gwnÐa strèyhc � , h opoÐa orÐzetai wctan� = v1=v2 , mev1 ; v2 tic
anamenìmenec timèc tou kenoÔ pou èqoun oi bajmwtèc diplètecH 1 ; H 2 . H gwnÐa aut  epireˆzei ta branching ratios
gia ta montèla tÔpou II - IV , ta opoÐa empÐptoun sto montèlo tÔpou I ìtan tan� = 1 .

8H paradoq  aut  gÐnetai ¸ste na exˆgoume èna apotèlesma ìso to dunatìn pio anexˆrthto apì to montèlo, gia
na mporèsoume na èqoume èna shmeÐo anaforˆc sthn èreuna. O periorismìc aut c thc paramètrou mporeÐ na gÐnei apì
akìloujec analÔseic, me anagwg  se eidikìterec peript¸seic anˆloga thn upìjesh mˆzac tou montèlou.
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prokÔyei apì to top kai anti-top quark . Sto adronikì kanˆli diaspìntai kai ta dÔo W se quarks,
sto leptonikì kanˆli diaspìntai se leptìnia, en¸ sto hmileptonikì diaspìntai to èna se quarks kai
to ˆllo se leptìnia. Ta antÐstoiqa diagrˆmmata Feynman faÐnontai sto Sq ma 5.5.

(aþ) (bþ)

(gþ)

Sq ma 5.5: DiagrˆmmataFeynman t�t diaspˆsewn me telikèc katastˆseic pou moiˆzoun me aut  tou
s matoc. Sto diˆgramma (a') faÐnetai to adronikì kanˆli diˆspashc, sto diˆgramma (b') to leptonikì
kai sto diˆgramma (g') to hmileptonikì.

5.4 DeÐgmata Monte Carlo kai Set dedomènwn

Gia na mporèsei na gÐnei opoiad pote anˆlush pˆnw sta peiramatikˆ dedomèna pou katagrˆfontai
ston aniqneut  eÐnai aparaÐthto na upˆrqoun proc sÔgkrish, tìso gia to s ma ìso kai gia tic
diadikasÐec upobˆjrou, montelopoihmènec oi katanomèc diafìrwn metablht¸n pou metr¸ntai apì ta
aniqneutikˆ sust mata, ìpwc h enèrgeia kai h orm  twn swmatidÐwn. ExÐsou shmantikì eÐnai na
gnwrÐzoume mÐa arqik  ektÐmhsh tou arijmoÔ gegonìtwn thc kˆje diadikasÐac, dhlad  thn ekˆstote
energì diatom . Gia autìn ton skopì qrhsimopoioÔntai genn torec dedomènwnMonte Carlo (MC),
logismikˆ pakèta pou mac epitrèpoun na prosomoi¸soume gegonìta thc swmatidiak c fusik c uyhl¸n
energei¸n, parˆgontac me tuqaÐo trìpo sugkroÔseic swmatidÐwn ìpwc autèc pou pragmatopoioÔntai
mèsa stouc epitaquntèc.

To kˆje set dedomènwn perilambˆnei ènan arijmì paragìmenwn gegonìtwn, ta opoÐa lìgw thc
tuqaÐac fÔshc touc qarakthrÐzontai apì statistikèc diakumˆnseic9. 'Oso megalÔteroc eÐnai o arijmìc
gegonìtwn pou perièqontai sto deÐgma, tìso perissìtero periorÐzontai oi statistikèc diakumˆnseic
kai epomènwc auxˆnetai h akrÐbeia sto sq ma twn katanom¸n twn metablht¸n. EpÐ thc ousÐac,
prèpei oi statistikèc diakumˆnseic twn prosomoiwmènwn gegonìtwn na eÐnai mikrìterec apì autèc
twn peiramatik¸n dedomènwn, dhlad  prèpei o arijmìc twn paragìmenwn gegonìtwnMonte Carlo na
eÐnai arketˆ megalÔteroc apì ton arijmì gegonìtwn pou aniqneÔontai apì ta pragmatikˆ dedomèna.
Pio sugkekrimèna, autì ja prèpei na sumbaÐnei gia to tm ma tou fasikoÔ q¸rou pou apoteleÐ thn
perioq  endiafèrontoc thc kˆje èreunac. Gia parˆdeigma, gia th diadikasÐaDY h diaforik  energìc
diatom  mei¸netai ragdaÐa me thn enèrgeia. Gia na epilujoÔn tètoiou eÐdouc probl mata, qwrÐzei
kaneÐc ton fasikì q¸ro se upotm mata, krat¸ntac stajer  kˆpoia metablht  kai parˆgei dedomèna
se kˆje èna upotm ma xeqwristˆ.

9 'Ena deÐgma dedomènwnMonte Carlo qarakthrÐzetai kai apì ˆllec abebaiìthtec pou proèrqontai apì thn akrÐbeia
thc energoÔ diatom c pou qrhsimopoieÐtai, apì th diamìrfwsh twn kataigism¸n twn swmatidÐwn, ta qarakthristikˆ
tou montèlou adronopoÐhshc, ton aniqneut  k.t.l.. Se aut  thn anˆlush den ja mac apasqol soun tètoiou eÐdouc
sfˆlmata.
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H paroÔsa anˆlush gÐnetai pˆnw se deÐgmataMonte Carlo dedomènwn apì epÐshmaroot arqeÐa
pou èqoun parjeÐ apì to peÐramaCMS tou CERN. Ta dedomèna autˆ proèkuyan apì sugkroÔseic
prwtonÐou-prwtonÐou se enèrgeia kèntrou mˆzac

p
s = 13 TeV, ta opoÐa èqoun paraqjeÐ me ton

aniqneut  CMS katˆ to Run II 2017 kai antapokrÐnontai se41:5 fb � 1 oloklhrwmènh fwteinìth-
ta. Ta deÐgmataMonte Carlo pou qrhsimopoi jhkan gia kˆje diadikasÐa upobˆjrou, mazÐ me tic
energoÔc diatomèc pou touc antistoiqoÔn, faÐnontai ston PÐnaka 5.1. Gia to s ma ta dedomèna
parˆqjhkan me ton genn tora Madgraph5_aMC@NLO se pr¸th tˆxh megèjouc ( leading order -
LO), me shmeÐa qamhl c mˆzacma = [12; 15; 20; 25]GeV, b matoc 5 GeV kai shmeÐa uyhl c mˆzac
ma = [30; 40; 50; 60]GeV, b matoc 10GeV [39].

Process Dataset � (pb)

Z ! ll /DYJetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8/S17 4895

/TTTo2L2Nu_TuneCP5_PSweights_13TeV-powheg-pythia8/S17 88:29

t�t /TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8/S17 365:34

/TTToHadronic_TuneCP5_PSweights_13TeV-powheg-pythia8/S17 377:96

PÐnakac 5.1: LÐsta twn deigmˆtwnMonte Carlo mazÐ me tic antÐstoiqec energoÔc diatomèc, pou
qrhsimopoi jhkan wc diadikasÐec upobˆjrou sthn anˆlush. H suntomografÐaS17 antistoiqeÐ sto
RunIIFall17MiniAODv2-PU2017_12Apr2018(_new_pmx)_94X_mc2017_realistic_v14(_ext*)-
v* [39].

5.5 Epilog  Gegonìtwn

O prwtarqikìc mac stìqoc eÐnai na epitÔqoume ìso to dunatìn pio kajarì s ma. Arqikˆ, epi-
lègoume katˆllhla ton fasikì q¸ro ston opoÐo ja doulèyoume, ¸ste na èqoume to perissìtero
s ma kai na periorÐsoume to upìbajro. Efarmìzoume periorismoÔc stic metablhtèc twn deigmˆtwn
MC - periorismoÔc pou an kˆpoio gegonìc den touc ikanopoieÐ tìte to aporrÐptoume apì to deÐgma -
oi opoÐoi ja eÐnai Ðdioi gia ìlec tic diadikasÐec kai onomˆzontaibaseline cuts.

Gia na diamorf¸soume to leptonikì kommˆti tou s matoc apaitoÔme na upˆrqoun sto gegonìc
akrib¸c dÔo leptìnia, mionikoÔ qarakt ra kai antÐjetou hlektrikoÔ fortÐou. Epiplèon, apaitoÔme h
pT tou prwteÔontoc10 mionÐou na eÐnai megalÔterh apì25GeV, en¸ h pT tou deutereÔontoc mionÐou
na eÐnai megalÔterh apì10GeV. Akìma, prosjètoume ton kinhmatikì periorismì h analloÐwth mˆza
twn dÔo leptonÐwn na eÐnai metaxÔ80GeV kai 100GeV, dhlad  se eÔroc � 10GeV apì th mˆza tou
Z mpozonÐou,mZ = 91 GeV, ¸ste na meiwjeÐ tot �t upìbajro.

Gia to adronikì kommˆti, apaitoÔme o arijmìc twnjet (multiplicity ) pou upˆrqoun sto gegonìc
na eÐnai toulˆqiston trÐa kai to kˆje jet na èqei elˆqisth egkˆrsia orm  20GeV11. Tèloc, prèpei
toulˆqiston dÔo jets na eÐnaib-taggedsÔmfwna me tomedium working point, to opoÐo qarakthrÐzetai
meb-tag score> 0:4941gia th qroniˆ tou 2017.

H epilog  twn sugkekrimènwn cuts sthn pollaplìthta twn jets kai b-jets ofeÐletai sthn kinhma-
tik  tou s matoc. Sto diˆgramma (a') tou Sq matoc 5.6 faÐnetai h katanom  thc elˆqisthc egkˆrsiac
orm c pb;min

T twn b-jets, gia th diadikasÐa s matocpp ! Zh; h ! aa ! 4b. Autì pou parathroÔme
gia ìlec tic upojèseic mˆzac eÐnai ìti h pb;min

T eÐnai polÔ mikr , dhlad  tajets pou anakataskeuˆzo-
ntai eÐnaisoft, to opoÐo eÐnai anamenìmeno lìgw thc qamhl c klÐmakac mˆzac twn gegonìtwnHiggs.
Ta 125GeV thc mˆzac tou swmatidÐouHiggs pou diaspˆtai katanèmontai sta 4 b-jets thc telik c
katˆstashc, dÐnontac proseggistikˆ sto kajèna 125=4 � 30GeV (h kinhtik  enèrgeia tou h den
suneisfèrei idiaÐtera kaj¸c h diˆspas  tou gÐnetai sqedìn se katˆstash hremÐac). Gia to lìgo autì
qrhsimopoieÐtai to kat¸fli twn 20GeV sthn egkˆrsia orm  twn jets sta MC deÐgmata dedomenwn
kai eÐnai anamenìmeno sth sullog  twnjets tou kˆje gegonìtoc na mhn èqei katametrhjeÐ to tètarto

10 To prwteÔon miìnio eÐnai ekeÐno me th megalÔterh orm . AntÐstoiqa, to deutereÔon miìnio eÐnai to amèswc epìmeno
me th megalÔterh orm .

11 O periorismìc autìc eÐnai  dh efarmosmènoc sta root �les wc kat¸fli sthn orm  twn jets pou anakataskeuˆzontai.
O skopìc tou eÐnai na periorÐzei to fake ratio , dhlad  to posostì twn antikeimènwn pou lanjasmèna katagrˆfontai
wc jets.
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jet. Epomènwc, epitrèpoume na epibi¸soun apì tacuts kai gegonìta me trÐa mìnojets, sta opoÐa
mˆlista upˆrqei shmantikì mèroc tou s matoc.

(aþ) (bþ)

Sq ma 5.6: Oi katanomèc twn kinhmatik¸n metablht¸n pb;min
T kai � Rbb gia th diadikasÐa tou s ma-

toc, gia upojèseic mˆzac ma = 15; 30; 50GeV. Ta diagrˆmmata èqoun parjeÐ apì prosomoi¸seic
tou CMS gia to kanˆli diˆspashc pp ! Zh; h ! aa ! 4b [39].

Parˆllhla, ènac akìma lìgoc pou eÐnai pijanì na mh metrhjoÔn tèssera jets sto gegonìc eÐnai
ìti gia tic upojèseic twn qamhl¸n maz¸n, ma < 30GeV, ta b quarks pou proèrqontai apì ton Ðdio
gonèa teÐnoun na eÐnai eujugrammismèna metaxÔ touc (collimated). Autì faÐnetai sto diˆgramma (b')
tou Sq matoc 5.6, ìpou anaparistˆtai h katanom  thc gwniak c apìstashc � R metaxÔ twn dÔob
quarks. ParathroÔme ìti gia mikrìterec mˆzec ma h gwnÐa� Rbb paÐrnei mikrìterec timèc. Kaj¸c
sthn anˆlush qrhsimopoieÐtai h sunj kh � R < 0:4 gia ton prosdiorismì thc aktÐnac tou k¸nou pou
orÐzei ènajet, h parat rhsh aut  shmaÐnei ìti gia qamhlèc mˆzec upˆrqei ekfullismìc kai se pollèc
peript¸seic ta dÔo b quarks katatˆssontai se èna jet (se aut  thn perÐptwsh apì ta dedomèna mac
den qˆnetai mèroc thc enèrgeiac tou sust matoc, aplˆ apodÐdetai se èna antÐ gia dÔo antikeÐmena).
O lìgoc pou den elatt¸noume to ìrio pou kajorÐzei ton k¸no twn jets eÐnai epeid  h anˆlush eÐnai
beltistopoihmènh gia tic megalÔterec mˆzec, oi opoÐec eunooÔntai apì megalÔtera� R.

Baseline Cuts

Leptons 2 opposite-charged muons

pmuon 1
T > 25GeV

pmuon 2
T > 10GeV

80GeV < m �� < 100GeV

Jets Njets � 3 (pjet
T � 20GeV)

Nbjets � 2 (medium WP)

PÐnakac 5.2: To sÔnolo twn krithrÐwn epilog c pou efarmìzontai sthn anˆlush.

'Ola ta cuts pou efarmìzontai sthn anˆlush faÐnontai ston PÐnaka 5.2. Katˆ thn efarmog 
kˆje krithrÐou epilog c epibi¸nei èna mèroc mìno twn arqik¸n gegonìtwn, o arijmìc twn opoÐwn
anaparistˆtai se èna diˆgramma ro c gegonìtwn (Event Flow). Parakˆtw faÐnontai ston PÐnaka
5.3 oi sqetikoÐ arijmoÐ gegonìtwn, tìso gia to s ma, ìso kai gia tic tèssereic diadikasÐec upo-
bˆjrou. 'Opwc èqei anaferjeÐ èqoume èxi peript¸seic s matoc, mÐa gia kˆje upìjesh mˆzac tou mpo-
zonÐoua, ma = [15; 20; 30; 40; 50; 60]GeV. Epiprìsjeta, paratÐjetai to diˆgramma ro c gegonìtwn
(Sq ma 5.7), ìpou anaparistˆtai to event �ow tou s matoc gia tic upojèseic mˆzac ma = 60 GeV
kai ma = 15 GeV ènanti twn event �ows tou kˆje upobˆjrou.
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Selection steps
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signal_amass60 377038 127065 125009 108713 57693 50672

signal_amass50 378360 127121 125008 108805 57766 50761

signal_amass40 375604 125479 123400 107122 56062 49467

signal_amass30 376716 124873 122701 106295 53389 47267

signal_amass20 378474 124994 122765 106133 43794 38027

signal_amass15 379633 124596 122267 105489 37653 32800

DYJetsToLL 31901042 13657586 13061681 11287640 596057 245831

TTTo2L2Nu 45359641 7609997 7122438 894940 521152 381415

TTToHadronic 1410951 379315 241454 13762 12498 4529

TTToSemiLeptonic 17236420 943314 812750 76467 60936 32405

PÐnakac 5.3: Ston pÐnaka faÐnetai o arijmìc gegonìtwn pou epibi¸noun metˆ apì thn efarmog  tou
kˆje cut gia thn antÐstoiqh diadikasÐa s matoc   upobˆjrou.

Sq ma 5.7: Diagrammatik  anaparˆstash tou Event Flow tou s matoc se sÔgkrish me autì twn
upobˆjrwn. FaÐnontai oi peript¸seic s matoc gia th mègisth kai thn elˆqisth upìjesh mˆzac,
ma = 60 GeV kai 15GeV.
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'Opwc anafèrjhke kai prohgoumènwc, eÐnai shmantikì na èqoume mÐa ektÐmhsh tou anamenìme-
nou arijmoÔ gegonìtwn, Nexp , kˆje diadikasÐac. Autìc exˆgetai apì to posostì twn gegonìtwn
pou èqoun perˆsei epituq¸c apì ta krit ria epilog c, kanonikopoihmèno me thn energì diatom  �
thc ekˆstote diadikasÐac kai thn oloklhrwmènh fwteinìthta L int tou aniqneut  katˆ thn perÐodo
sullog c twn dedomènwn. 'Etsi, o anamenìmenoc arijmìc gegonìtwn upologÐzetai apì th sqèsh

Nexp = � � L int �
Npass

Ngen
; (5.3)

ìpou Ngen eÐnai o sunolikìc arijmìc twn gegonìtwn pou èqoun paraqjeÐ kaiNpass eÐnai o arij-
mìc twn gegonìtwn pou epibÐwsan tacuts. H posìthta � � L int =Ngen me thn opoÐa kanonikopoioÔme
ton telikì arijmì gegonìtwn ( yield) qarakthrÐzetai wc bˆroc (weight) thc kˆje diadikasÐac. ELENA

Process � (pb) weight N exp (events)

signal_amass60 1( � ) 0.084 4241

signal_amass50 1 0.084 4244

signal_amass40 1 0.084 4160

signal_amass30 1 0.084 3967

signal_amass20 1 0.084 3178

signal_amass15 1 0.084 2739

DYJetsToLL 4895 2.08 511379

TTTo2L2Nu 88.29 0.0535 1473860

TTToHadronic 377.96 0.121 171360

TTToSemiLeptonic 365.34 0.35 3411250

PÐnakac 5.4: Oi anamenìmenoi arijmoÐ gegonìtwn kˆje diadikasÐac (metˆ thn efarmog  twncuts),
mazÐ me ta bˆrh kai tic energoÔc diatomèc touc, ìpwc prokÔptoun apì th sqèsh (5.3), me
L int = 41529:152pb� 1.
(� ) Oi upologismoÐ gÐnontai me energì diatom  s matoc Ðsh me th monˆda ¸ste na mhn qrhsimopoi-
 soume kˆpoion pollaplasiastikì parˆgonta. Argìtera ja epilèxoume diˆforec timèc gia thn energì
diatom  tou s matoc kai ja tic efarmìsoume sthn kanonikopoÐhsh.

5.6 Katanomèc Metablht¸n

Sthn upoenìthta aut  ja perigrafoÔn oi metablhtèc thc anˆlushc kai ja parousiastoÔn oi
katanomèc touc, afoÔ èqoun efarmosteÐ ìla tacuts kai èqei gÐnei kanonikopoÐhsh sthn energì diatom 
(to bˆroc thc kˆje diadikasÐac me to opoÐo pollaplasiˆzontai oi katanomèc faÐnetai ston PÐnaka 5.4).
Ta diagrˆmmata pou akoloujoÔn aforoÔn tic upojèseic mˆzacma = 60 GeV kai 15GeV. Gia tic
upìloipec mˆzec oi katanomèc èqoun endiˆmesh sumperiforˆ se sqèsh me aut  twn dÔo akraÐwn tim¸n
mˆzac. Ston PÐnaka 5.5 katagrˆfontai oi dèka metablhtèc me thn onomasÐa pou qrhsimopoi jhke gia
kˆje mÐa, mazÐ me mÐa sÔntomh perigraf  touc.
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Variable Description

1. njets multiplicity of jets per event

2. nbjets multiplicity of b-tagged jets per event (medium working point)

3. Pt_Z transverse momentum of Z boson

4. phi_HZ angle � � HZ between H and Z boson in center of mass

5. M_3j_hbtag invariant mass of the 3 jets with the highest b-tag score

6. M_4j_hbtag invariant mass of the 4 jets with the highest b-tag score

7. M_jj_max maximum value of invariant mass out of the two pairs in each combo

8. M_jj_min minimum value of invariant mass out of the two pairs in each combo

9. M_4j_combo invariant mass of the 4 jets with the minimum � 2

10. p_value p � value of the combination with the minimum � 2

PÐnakac 5.5: Oi metablhtèc endiafèrontoc thc anˆlushc.

ˆ njets , nbjets : o arijmìc twn jets kai o arijmìc twn b-jets pou perilambˆnontai se kˆje
gegonìc.

Sto Sq ma 5.8 faÐnetai h katanom  thc pollaplìthtac twn jets (aristerˆ) kai to disduˆstato istì-
gramma tounbjets sunart sei tou njets (dexiˆ). ParathroÔme ìti h perioq  tou fasikoÔ q¸rou me
njets = 3 perièqei to megalÔtero pl joc gegonìtwn, parìlo pou to s ma mac apoteleÐtai jewrhtikˆ
apì tèssera jets. EpÐshc, parathroÔme ìti stic perissìterec peript¸seic mìno dÔo   trÐa apì ta jets
anagnwrÐzontai wcb-jets.

(aþ) (bþ)

Sq ma 5.8: Aristerˆ faÐnetai o arijmìc twn gegonìtwn anˆ kathgorÐa pollaplìthtac twn jets
(kìkkinh gramm ) kai twn b-jets (prˆsinh gramm ), en¸ dexiˆ faÐnetai o arijmìc twn b-jets anˆ
gegonìc se kˆje kathgorÐa pollaplìthtac twn jets. Ta posostˆ eÐnai upologismèna anˆ st lh kai
dhl¸noun to posostì twn gegonìtwn pou perièqoun nbjets anˆ kathgorÐa pollaplìthtac twn jets.

'Opwc exhg jhke prohgoumènwc (upoenìthta 5.5), ta kinhmatikˆ qarakthristikˆ tou s matoc kaji-
stoÔn dÔskolh thn katagraf  tou tètartou jet, wstìso h perioq  njets = 3 perièqei shmantikì posì
plhroforÐac kai gi autì thn sumperilambˆnoume sthn anˆlush. Autì, se sunduasmì me to gegonìc
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ìti periorÐzontac thn pollaplìthta twn jets mei¸netai aisjhtˆ to DY+jets upìbajro, eÐnai o lìgoc
pou epilèxame to sugkekrimènocut se aut  th metablht . Parìmoia, epilèxame na efarmìsoume to
cut nbjets � 2, diìti tìte eÐqame th mègisth meÐwsh upobˆjrou qwrÐc na qˆnoume shmantikì posostì
tou s matoc.

ˆ Pt_Z : h egkˆrsia orm  tou mpozonÐouZ .

Gia na thn upologÐsoume ajroÐzoume dianusmatikˆ tic tetraormèc twn dÔo mionÐwn kai paÐrnoume thn
egkˆrsia probol  touc. Sto Sq ma 5.10 (a') faÐnontai oi kanonikopoihmènec sth monˆda katanomèc
gia kˆje diadikasÐa, epitrèpontˆc mac na diakrÐnoume th diaqwrisimìthta sto sq ma twn katanom¸n.

ˆ M_3j_hbtag, M_4j_hbtag : h analloÐwth mˆza twn tri¸n kai tessˆrwn, antÐstoiqa, jets
me to mègalÔterob-tag score.

Efìson èqoume to cut sthn pollaplìthta twn b-jets (nbjets � 2), toulˆqiston dÔo apì ta jets pou
ftiˆqnoun tic analloÐwtec mˆzec ja eÐnai kaib-tagged. Sthn perÐptwsh twn gegonìtwn ìpou h pol-
laplìthta twn jets eÐnai akrib¸c Ðsh me trÐa (njets = 3 ), h analloÐwth mˆza twn tessˆrwn jets den
èqei kˆpoio nìhma kai sthn metablht  M_4j_hbtag dÐnetai h tim � 1. Oi katanomèc twn metablht¸n
aut¸n faÐnontai sta Sq mata 5.10 (g') kai (d'), ìpou ta upìbajra eÐnai sqediasmèna sestack morf ,
en¸ ta s mata eÐnai pollaplasiasmèna me ènan parˆgonta500 gia na mporoÔn na diakrÐnontai.

Sto diˆgramma thc katanom  thc metablht c M_4j_hbtag parathroÔme ìti gia thn upìjesh mˆzac
ma = 60 GeV, emfanÐzetai koruf  gÔrw sthn tim  thc mˆzac tou Higgs, sta 125GeV, ìpwc ana-
mènetai. To Ðdio parathroÔme kai sta Sq mata 5.9 (b') kai (g'), ìpou anaparÐstatai gia to s ma
h kanonikopoihmènh katanom  thcM_4j_hbtag , qwrÐc kai me diaqwrismì twnnbtag kathgori¸n
(kathgoriopoÐhsh bˆsei tou arijmoÔb-jets pou qrhsimopoioÔntai gia thn anakataskeu  thc mˆzac).
Mˆlista, diapist¸noume ìti ìsa perissìtera apì ta tèssera jets eÐnaib-tagged tìso megalÔterh
eÐnai h akrÐbeia me thn opoÐa paÐrnoume th mˆza touHiggs. Epiprìsjeta, se ìla ta sqetikˆ dia-
grˆmmata mporoÔme na diakrÐnoume ìti oi katanomèc thc metab t cM_4j_hbtag gia to s ma eÐnai
metatopismènec proc tic megalÔterec enèrgeiec antÐ na eÐnai gkaousianèc gÔrw apì ta125GeV. Autì
sumbaÐnei diìti tajets pou analÔontai eÐnai polÔ energhtikˆ (boosted) kai metatopÐzoun to energeiakì
fˆsma pou katagrˆfoume proc tic megalÔterec timèc (upˆrqei kat¸fli pjet

T � 20GeV).

Sthn katanom  tou s matoc thc metablht c M_3j_hbtag upˆrqei epÐshc koruf  gÔrw sta 100GeV,
parìlo pou leÐpei to èna jet. Kˆti tètoio eÐnai logikì efìson to tètarto jet pou den èqei katagrafeÐ
sth sullog  tou gegonìtoc eÐnai soft kai h energeiak  suneisforˆ tou eÐnai arketˆ mikr  ¸ste h
anakataskeu  twn jets na proseggÐzei th mˆza touHiggs. Tèloc, mporoÔme na parathr soume ìti h
koruf  tou s matoc metatopÐzetai proc megalÔterec enèrgeiec ìso mikraÐnei h mˆzama .

ˆ phi_HZ : h gwnÐa ekpomp c� � HZ metaxÔ tou mpozonÐouHiggs kai tou mpozonÐouZ .

Gia na upologÐsoume th gwnÐa� � , brÐskoume tic azimoujiakèc gwnÐec� twn tetraorm¸n twn dÔo
mpozonÐwn kai tic afairoÔme,� � HZ = j� H � � Z j. PaÐrnoume thn tetraorm  touZ ajroÐzontac
tic epimèrouc tetraormèc twn dÔo mionÐwn, en¸ gia thn tetraorm  touH ajroÐzoume tic tetraormèc
twn tessˆrwn jets me to megalÔterob-tag score. Sthn perÐptwsh pou to gegonìc èqeinjets = 3
ajroÐzoume tic tetraormèc twn tri¸n jets. H metablht  phi_HZ paÐrnei timèc apì0 èwc2� . 'Opwc
faÐnetai sto Sq ma 5.10 (b'), gia to s ma h ekpomp  twn dÔo mpozonÐwn gÐnetai epi to pl stwn
antidiametrikˆ.

Ektimht c � 2

Sth sunèqeia thc anˆlushc kataskeuˆzoume ènan ektimht � 2 ¸ste na prosdiorÐsoume poioc sunduas-
mìc apì ta jets tou kˆje gegonìtoc anakataskeuˆzei kalÔtera thn analloÐwth mˆza tou mpozonÐou
Higgs, en¸ tautìqrona ikanopoieÐ me megalÔterh akrÐbeia thn upìjesh tou montèlou mac ìti toh
diaspˆtai se dÔo tautìshma swmatÐdiaa. ParathroÔme ìti ta gegonìta twn deigmˆtwn mac perièqoun
megalÔtero arijmì jets apì autˆ pou upˆrqoun sto montèlo tou s matoc, to opoÐo mac odhgeÐ sthn
er¸thsh poia apì autˆ proèrqontai apì thn exwtik  diˆspash pou meletˆme. Idanikˆ ja jèlame ta
tèssera jets thc telik c katˆstashc na èqoun analloÐwth mˆza, M 4j , Ðsh me th mˆza touHiggs,
M H = 125 GeV. Epiplèon, èqoume dÔo zeugˆriajets, èna gia kˆje a swmatÐdio pou diaspˆtai.
Efìson ta swmatÐdia a eÐnai tautìshma, ja jèlame oi analloÐwtec mˆzec kˆje zeÔgoucjets na eÐnai
Ðsec metaxÔ touc, dhlad M ( i )

2j = M ( ii )
2j . 'Etsi, o ektimht c � 2 paÐrnei th morf 
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� 2 =

�
M I

4j � M H

� 2

M H
2I +

�
M ( i )

2j � M ( ii )
2j

� 2

�
M ( i )

2j + M ( ii )
2j

� 2 (5.4)

kai zhtˆme thn perÐptwsh ekeÐnh pou ton elaqistopoieÐ.
Profan¸c, h anˆlush aut  den aforˆ gegonìta me njets = 3 , kaj¸c apaiteÐ sunduasmì tessˆrwn

toulˆqiston jets. Se kˆje gegonìc me njets = 4 ; 5   6 qrhsimopoioÔme ìla tajets, en¸ se gegonìta
menjets > 6 epilègoume ta èxijets me to megalÔterob-tag score. PaÐrnoume ìlouc touc dunatoÔc
sunduasmoÔc twnjets anˆ tèssera kai gia kˆje tetrˆda touc sunduasmoÔc anˆ dÔo. ApaitoÔme,
epiplèon, o kˆje sunduasmìc pou dokimˆzoume na apoteleÐtai toulˆqiston apì dÔob-jets. Autì to
kˆnoume diìti me tocut nbjets � 2, paÐrnontac 4 apì ta 6jets mporeÐ kanèna apì autˆ na mhn eÐnai
b-tagged. Sunep¸c, upologÐzoume thn posìthta (5.4) kai brÐskoume ton sunduasmì pou dÐnei thn
elˆqisth tim  tou ektimht  � 2, thn opoÐa sumbolÐzoume� 2

min .

(aþ) (bþ)

(gþ) (dþ)

Sq ma 5.9: Ta diagrˆmmata (a') kai (b') anaparistoÔn tic kanonikopoihmènec sth monˆda katano-
mèc twn metablht¸n M_jj_max, M_jj_min kai M_4j_hbtag, M_4j_combo antÐstoiqa, oi opoÐec
aforoÔn th diadikasÐa s matoc mema = 60 GeV. Sta diagrˆmmata (g') kai (d') faÐnontai oi teleutaÐ-
ec dÔo metablhtèc anˆ kathgorÐanbtag (kathgoriopoÐhsh bˆsei tou arijmoÔb-jets pou qrhsimopoi-
oÔntai gia thn anakataskeu  thc mˆzac).
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ˆ M_4j_combo : h analloÐwth mˆza twn tessˆrwn jets pou dÐnoun to elˆqisto � 2.

H metablht  aut  den upologÐzetai gia gegonìta menjets = 3 , parˆ paÐrnei thn tim � 1. Oi sqetikèc
katanomèc gia tic diˆforec diadikasÐec s matoc kai upobˆjrou faÐnontai sto Sq ma 5.10(z'), en¸
sta Sq mata 5.9(b') kai (d') anaparÐstantai gia to s ma mˆzacma = 60 GeV oi kanonikopoihmènec
katanomèc qwrÐc kai me diaqwrismì twnnbtag kathgori¸n. Ta Ðdia sqìlia pou shmei¸jhkan gia th
metablht  M_4j_hbtag isqÔoun kai ed¸. ParathroÔme, wstìso, ìti h katanom  thc M_4j_combo
èqei pio sten  koruf  gÔrw apì ta 125GeV. Apì thn ˆllh eÐnai ligìtero diaqwristik  metaxÔ
s matoc kai upobˆjrou apì ìti h metablht  M_4j_hbtag .

ˆ M_jj_max, M_jj_min : oi analloÐwtec mˆzec twn dÔo zeug¸njets pou prokÔptoun apì
ton sunduasmì twn tessˆrwn jets me to elˆqisto � 2. H pr¸th metablht  eÐnai h mˆza me th
megalÔterh tim  kai h deÔterh eÐnai h mˆza me th mikrìterh tim  ek twn dÔo.

'Omoia me th mˆzaM_4j_combo , oi metablhtèc autèc den aforoÔn gegonìta menjets = 3 kai paÐrnoun
thn tim  � 1 se autèc tic peript¸seic. Oi katanomèc twn diafìrwn diadikasi¸n faÐnontai sta Sq mata
5.10(e') kai (�'), en¸ oi kanonikopoihmènec katanomèc touc gia to s ma mema = 60 GeV faÐnontai sto
Sq ma 5.9(a'). Se autˆ mporoÔme na parathr soume ìti emfanÐzontai korufèc gÔrw apì thn tim  twn
60GeV ìpwc anamènoume, efìson ta dÔojets proèrqontai apì th diˆspash tou a. Gia tic upìloipec
upojèseic mˆzac oi korufèc twn katanom¸n emfanÐzontai epÐshc se autèc tic enèrgeiec, pou eÐnai
uyhlìterec apì th mˆza tou swmatidÐou a. 'Opwc anafèrjhke kai gia tic mˆzec twn tessˆrwn jets,
autì ofeÐletai sto gegonìc ìti eÐnai energhtikˆ kai metatopÐzoun ta diagrˆmmata stic uyhlìterec
enèrgeiec tou fˆsmatoc.

ˆ p_value : to p � value thc katanom c � 2 twn sunduasm¸n twn jets sthn tim  � 2
min .

To p � value eÐnai to olokl rwma thc katanom c tou statistikoÔ test ( test statistic ) � 2 apì thn
parathroÔmenh tim  thc metablht c èwc to ˆpeiro. EÐnai dhlad  h ouriaÐa pijanìthta na prokÔyei mÐa
tim  tou � 2 megalÔterh apì to � 2

obs. To olokl rwma apì to opoÐo upologÐzetai eÐnai to akìloujo

p � value =
Z 1

� 2
min

f (� 2)d� 2: (5.5)

Gia gegonìta menjets = 3 , ìpou h metablht  aut  den mporeÐ na upologisteÐ, dÐnoume thn tim � 1.
Oi kanonikopoihmènec sth monˆda katanomèc gia tic diˆforec diadikasÐec s matoc kai upobˆjrou
faÐnontai sto diˆgramma tou Sq matoc 5.10(h').

(aþ) (bþ)

Sq ma 5.10
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(gþ) (dþ)

(eþ) (�þ)

(zþ) (hþ)

Sq ma 5.10: Oi katanomèc twn diafìrwn metablht¸n thc anˆlushc gia to s ma me ma = 60 GeV kai
15GeV kai gia tic diadikasÐec upobˆjrou. Sta diagrˆmmata (a'), (b'), (h') faÐnontai oi kanonikopoih-
mènec sth monˆda katanomèc twnPt_Z, phi_HZ, p_value . Sta diagrˆmmata (g'), (d'), (e'), (�'), (z')
faÐnontai oi katanomèc twnM_3j_hbtag, M_4j_hbtag, M_4j_combo, M_jj_max, M_jj_min ,
ìpou ta upìbajra anaparist¸ntai se stack morf  kai ta s mata eÐnai pollaplasiasmèna me ènan
parˆgonta 500 gia na diakrÐnontai.
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5.7 Polumetablht  Anˆlush Dedomènwn

To epìmeno b ma thc anˆlushc eÐnai na anaptÔxoume ènanmultivariate discriminator , mÐa mèjodo
pou sunduˆzei plhroforÐec apì pollaplèc metablhtèc me skopì na beltistopoi sei th diaqwrisimìth-
ta metaxÔ kajorismènwn klˆsewn. O skopìc aut c thc mejìdou eÐnai na mporèsoume na diaqwrÐsoume
tic diadikasÐec tou s matoc apì to suntriptikì upìbajro twn diadikasi¸n tou KP.

5.7.1 Multivariate Analysis - TMVA

Ja qrhsimopoi soume to TMVA (Toolkit for Multivariate Analysis ) [40], mÐa ergaleioj kh pou e-
Ðnai prosarmosmènh se peribˆllonROOT kai apoteleÐtai apì èna set mejìdwn statistik c anˆlushc
gia thn tautìqronh epexergasÐa, axiolìgish kai efarmog  kathgoriopoi sewn pollapl¸n metablh-
t¸n. Oi teqnikèc pou perièqei katatˆssontai sthn oikogèneia twn Supervised LearningalgorÐjmwn.
Autì shmaÐnei ìti qrhsimopoioÔn deÐgmata dedomènwn, gia ta opoÐa to epijumhtì apotèlesma eÐnai gnw-
stì (ìpwc gia parˆdeigma mÐa prosomoÐwshMC tou s matoc kai tou upobˆjrou), ¸ste na kˆnoun
pˆnw se autˆ ekpaÐdeush (training ) thc mejìdou. AfoÔ dokimasteÐ totraining pˆnw se èna mèroc
tou deÐgmatoc kai gÐnei axiolìgish thc apotelesmatikìthtˆc tou, omultivariate discriminator mporeÐ
na efarmosteÐ se kainoÔrgia arqeÐa dedomènwn kai na katal xei sto sumpèrasma to opoÐo ekpaideÔ-
thke na exˆgei. Sthn perÐptws  mac autì to sumpèrasma eÐnai poia gegonìta èqoun proèljei apì
diadikasÐec s matoc kai poia apì diadikasÐec upobˆjrou. ParadeÐgmataMVA mejìdwn eÐnai ta ex c:
Neural Networks, Decision Trees, Fisher Discriminant, Rectangular Cut Optimazation.

Sq ma 5.11: Sunoptikì diˆgramma ro c twn dÔo fˆsewn tou TMVA : Training & Application

.
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5.7.2 BDT Discriminator

O multivariate discriminator pou epilègoume na qrhsimopoi soume eÐnai taBoosted Decision
Trees (BDT) . H mèjodoc aut  perilambˆnei èna sq ma ro c apofˆsewn se dentroeid  diˆtaxh, ìpou
se kˆje diaklˆdwsh upeisèrqetai èna krit rio diaqwrismoÔ pou aforˆ se mÐa apì tic diajèsimec
metablhtèc. To kˆje gegonìc odhgeÐtai dexiˆ   aristerˆ thc diaklˆdwshc anˆloga me to an ikanopoieÐ
to krit rio   ìqi. AfoÔ èqoun perˆsei apì mÐa allhlouqÐa apì tètoiec diaklad¸seic, ta gegonìta
tou training deÐgmatoc katal goun sta {fÔlla} tou dèntrou, upoq¸rouc tou fasikoÔ q¸rou pou
orÐzoun oi metablhtèc thc anˆlushc. Tèloc, ta fÔlla anagnwrÐzontai wc katastˆseic s matoc  
upobˆjrou, anˆloga me to an h pleioyhfÐa twn gegonìtwn proèrqetai apì to deÐgma tou s matoc  
tou upobˆjrou.

Sq ma 5.12: Sqhmatik  anaparˆstash enìc Decision Tree. Xekin¸ntac apì th rÐza sto pˆnw mèroc
tou diagrˆmmatoc, efarmìzetai sto training deÐgma dedomènwn mÐa allhlouqÐa apì krit ria diaqwris-
moÔ, to kajèna me bˆsh th diaqwristik  metablht  x i . Kˆje diaklˆdwsh qrhsimopoieÐ th metablht 
ekeÐnh pou qarakthrÐzetai apì th mègisth diaqwristik  ikanìthta metaxÔ s matoc kai upobˆjrou sto
sugkekrimèno b ma upodiaÐreshc. Autì shmaÐnei ìti mÐa metablht  mporeÐ na qrhsimopoihjeÐ epanel-
lhmèna   kai kajìlou. Oi perioqèc twn {fÔllwn} sto kˆtw mèroc tou diagrˆmmatoc epishmaÐnontai
wc " S" (s ma)   " B " (upìbajro) anˆloga me to poÔ an kei - sto deÐgma tou s matoc   tou upo-
bˆjrou - h pleioyhfÐa twn gegonìtwn sto fÔllo autì.

H diadikasÐa touboosting pragmatopoieÐtai metaxÔ twn diadoqik¸nDecision Treespou dhmiour-
goÔntai. Ta dèntra proèrqontai apì to Ðdio sÔnolo toutraining deÐgmatoc, ìpou èqoun ìmwc epana-
prosdioristeÐ ta bˆrh tou kˆje gegonìtoc kai h telik  apìkrish exˆgetai apì ton stajmismèno mèso
ìro twn dèntrwn. To boosting stajeropoieÐ thn apìkrish tou Decision Treelambˆnontac upìyh tic
statistikèc diakumˆnseic tou training deÐgmatoc, me apotèlesma na beltistopoieÐ thn apìdosh thc
mejìdou. O trìpoc me ton opoÐo douleÔei èinai mèsw mÐac sunˆrthshc, h opoÐa katˆ totraining tou
epìmenou dèntrou prosunˆptei megalÔtero bˆroc se gegonìta ta opoÐa katatˆqjhkan lanjasmèna
sto prohgoÔmeno dèntro.

O BDT discriminator pou kataskeuˆsame sth sugkekrimènh anˆlush qrhsimopoieÐ 400Decision
Trees me mègisto bˆjoc tri¸n diaklad¸sewn, qrhsimopoi¸ntac th mèjodo Gradient Boost. H pa-
rˆmetroc ShrinkageorÐsthke sto 0.1. O rìloc thc eÐnai o èlegqoc twn bar¸n tou kˆje dèntrou kai
sqetÐzetai me ton rujmì ekmˆjhshc tou algorÐjmou. MÐa mikr  tim Shrinkage(0:1 � 0:3) apaiteÐ th
dhmiourgÐa perissìterwn dèntrwn, allˆ mporeÐ na belti¸sei shmantikˆ thn akrÐbeia thc ektÐmhshc
se dÔskola shmeÐa. Gia ton diaqwrismì metaxÔ {fÔllwn} s matoc kai upobˆjrou qrhsimopoieÐtai
o deÐkthcGini . Peraitèrw, h parˆmetroc nCuts, h opoÐa rujmÐzei to b ma elègqou twn tim¸n twn
metablht¸n ¸ste na efarmostoÔn ta krit ria diaqwrismoÔ, tèjhke sto 200. Oi timèc ìlwn aut¸n
twn paramètrwn epilèqjhkan metˆ apì diˆforec dokimèc sunduasm¸n kai bˆsei ekeÐnou pou èdine thn
bèltisth kampÔlh ROC.
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5.7.3 Training Metablhtèc

(aþ) (bþ) (gþ)

(dþ) (eþ) (�þ)

(zþ) (hþ) (jþ)

(iþ)

Sq ma 5.13: Oi katanomèc twn dèka metablht¸n pou qrhsimopoioÔntai gia totraining tou BDT
discriminator . Me kìkkino qr¸ma faÐnetai to ˆjroisma twn upobˆjrwn, en¸ me mple qr¸ma dÐnetai
to s ma gia thn upìjesh mˆzac tou mpozonÐoua, ma = 60 GeV, pˆnw sthn opoÐa gÐnetai totraining .

Oi metablhtèc pˆnw stic opoÐec gÐnetai totraining epilèqjhkan ètsi ¸ste na èqoun arket  dia-
kritik  ikanìthta anˆmesa se s ma kai upìbajro, allˆ epiplèon na eÐnai ìso to dunatìn anexˆrthtec
apì thn upìjesh mˆzac tou mpozonÐoua. Me autìn ton trìpo exasfalÐzoume ìti mporoÔme na qrhsi-
mopoi soume ènanBDT discriminant gia ìlec tic peript¸seic s matoc. Epomènwc, to training gÐnetai
sto deÐgmaMC tou s matoc mema = 60 GeV, en¸ gia to upìbajro ajroÐzontai ìla ta deÐgmata
mazÐ. Na shmeiwjeÐ, epiplèon, ìti upˆrqoun ta gegonìta sto deÐgma menjets = 3 , ìpou èqoume jèsei
thn tim  orismènwn metablht¸n Ðsh me� 1, ìpwc èqei anaferjeÐ prohgoumènwc. Efìson oi timèc
twn metablht¸n aut¸n eÐnai tautìshmec metaxÔ s matoc kai upobˆjrou, oi sugkekrimènec metablhtèc
apl¸c den ja prosfèroun kˆti sto BDT , epitrèpontac ìmwc sta gegonìta na suneisfèroun me tic
upìloipec metablhtèc touc.
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Sto Sq ma 5.13 anaparist¸ntai oi katanomèc tou training deÐgmatoc twn metablht¸n, ìpou me
mple faÐnetai to s ma kai me kìkkino to sunolikì upìbajro. Apì touc pÐnakec susqètishc pou faÐ-
nontai sto Sq ma 5.14 parathroÔme ìti oi metablhtèc eÐnai ikanopoihtikˆ anexˆrthtec metaxÔ touc,
to opoÐo ofeleÐ thn apìdosh touMVA . Ston PÐnaka 5.6 faÐnetai kai h katˆtaxh twn metablht¸n wc
proc th diaqwristik  touc ikanìthta kai th shmantikìthtˆ touc.

(aþ) (bþ)

Sq ma 5.14: PÐnakec susqètishc (correlation matrices) twn metablht¸n pou qrhsimopoioÔntai sto
training gia to s ma (aristerˆ) kai to upìbajro (dexiˆ).

.

rank Training variable Importance

1 Pt_Z 17.7 %

2 M_3j_hbtag 16.0 %

3 phi_HZ 12.7 %

4 nbjets 10.0 %

5 M_jj_max 8.6 %

6 M_4j_hbtag 8.1 %

7 p_value 8.1 %

8 M_jj_min 7.7 %

9 M_4j_combo 6.6 %

10 njets 4.6 %

PÐnakac 5.6: Katˆtaxh twntraining metablht¸n wc proc th diaqwristik  ikanìthta kai th shmanti-
kìthtˆ touc ( importance).

56



Kefˆlaio 5 . Anˆlush Polumetablht  Anˆlush Dedomènwn

5.7.4 Apìkrish tou BDT

To apotèlesma tou MVA pou efarmìsame faÐnetai sto pˆnw diˆgramma tou Sq matoc 5.15, ìpou
anaparistˆtai h apìkrish tou BDT (BDT response). Ta mple shmeÐa antistoiqoÔn sthn katanom 
tou s matoc kai ta kìkkina sthn katanom  tou upobˆjrou. Sto Ðdio diˆgramma èqoun sqediasteÐ oi
katanomèc twn deigmˆtwn elègqou, ta opoÐa eÐnai anexˆrthta apì ta deÐgmata pou qrhsimopoi jhkan
gia to training . To gegonìc ìti den parousiˆzoun apìklish apì ta shmeÐa twn katanom¸n tou
BDT epibebai¸nei ìti den èqei gÐneiovertraining ston discriminator . To overtraining prokÔptei se
machine learning mejìdouc ìtan oi bajmoÐ eleujerÐac tou sust matoc eÐnai polÔ lÐgoi, epeid  oi
parˆmetroi tou algorÐjmou èqoun prosarmosteÐ uperbolikˆ kalˆ sta shmeÐa tou deÐgmatoc. Me ˆlla
lìgia gÐnetai uperdiìrjwsh kai o discriminator leitourgeÐ apotelesmatikˆ mìno gia to sugkekrimèno
deÐgma pˆnw sto opoÐo ègine totraining .

Sto kˆtw diˆgramma tou Sq matoc 5.15 faÐnetai gia sÔgkrish h apìkrish tou Fisher discriminator
pˆnw sto Ðdio deÐgma. ParathroÔme ìti toBDT eÐnai pio diaqwristik  mèjodoc, ìpwc problèpetai,
kaj¸c eÐnai ènac mh grammikìc taxinomit c, se antÐjesh me tonFisher. To Ðdio sumpèrasma mporeÐ na
exaqjeÐ kai apì th sÔgkrish twn kampul¸n ROC pou faÐnontai sto Sq ma 5.16. H kampÔlhROC
(Receiver Operating Characteristic curve) ekfrˆzei th sqèsh metaxÔ thc apìrriyhc upobˆjrou kai
thc apìdoshc tou s matoc gia ta diˆfora krit ria diaqwrismoÔ enìc discriminator .

Sq ma 5.15: H apìkrish tou BDT discriminator (pˆnw) kai tou Fisher discriminator (kˆtw) gia
tic katanomèc tou s matoc kai tou upobˆjrou. Sta Ðdia diagrˆmmata faÐnontai kai oi katanomèc twn
deigmˆtwn elègqou apì ta opoÐa epibebai¸netai ìti den èqei sumbeÐovertraining.
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Sq ma 5.16: Oi kampÔlecROC (Receiver Operating Characteristic curve)gia tic mejìdouc BDT kai
Fisher. 'Opwc faÐnetai sto diˆgramma, toBDT wc mh grammikìcdiscriminator èqei kalÔterh sumpe-
riforˆ kaj¸c parousiˆzei th bèltisth analogÐa metaxÔ apìdoshc s matoc kai apìrriyhc upobˆjrou.

.

Sto Sq ma 5.17 faÐnetai to apotèlesma thc efarmog c touBDT pou ekpaideÔthke pˆnw staroot �les
twn diadikasi¸n s matoc kai upobˆjrou, ìpou ta yields eÐnai kanonikopoihmèna sthn energì diatom .
Ta diˆfora deÐgmata upobˆjrou èqoun sqediasteÐ xeqwristˆ kai sestack morf , en¸ gia to s ma
anaparist¸ntai oi katanomèc gia tic upojèseic mˆzac ma = 60 GeV kai 15GeV, pollaplasiasmènec
me ènan parˆgonta500 gia na diakrÐnontai. 'Eqontac qwrÐsei to diˆgramma se dèkabins eÔrouc0:2
monˆdwn to kajèna, parousiˆzetai ston PÐnaka 5.7 h anˆlush anˆbin twn yields pou prokÔptoun
apì thn katanom  thc apìkrishc tou BDT gia kˆje diadikasÐa s matoc kai upobˆjrou.

Sq ma 5.17: Apìkrish tou BDT gia tic peript¸seic s matoc me ma = 60 GeV kai 15GeV kai gia
tic diˆforec diadikasÐec upobˆjrou. Oi katanomèc eÐnai kanonikopoihmènec sthn energì diatom .
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5.8 'Elegqoc Upojèsewn

'Eqontac mÐa metablht  me ikanopoihtik  diaqwristik  ikanìthta metaxÔ s matoc kai upobˆjrou,
mporoÔme t¸ra na kˆnoume to�t thc mègisthc pijanofˆneiac ( Maximum Likelihood �t ) [41]. Arqikˆ,
ja jèsoume to plaÐsio mèsa sto opoÐo prokÔptei h qr sh aut c thc mejìdou. To zhtoÔmeno eÐnai na
gÐnei èlegqoc twn ex c upojèsewn:

ä Mhdenik  upìjesh H0: Upˆrqoun mìno oi fusikèc diergasÐec pou perigrˆfei to KP,
dhlad  upˆrqei mìno upìbajro (B ).

ä Enallaktik  upìjesh H1: Upˆrqoun epiplèon fainìmena ektìc tou KP, dhlad  upˆrqei
mazÐ me to upìbajro kai s ma(S + B ).

H kˆje upìjesh antiproswpeÔetai apì èna montèlo. Elègqoume tic dÔo upojèseic kˆnontac �t twn
antÐstoiqwn montèlwn pˆnw se dedomèna kai sugkrÐnontac thn sumbatìthtˆ touc me tic peiramatikèc
timèc. Ta dedomèna proèrqontai apìMonte Carlo toys, dhlad  parˆgoume apì tic jewrhtikèc kata-
nomèc twn montèlwn pollˆ set apì yeudotuqaÐouc arijmoÔc. Me autìn ton trìpo mporeÐ na ektimhjeÐ
h sunèpeia kai h amerolhyÐa tou�t kai na meiwjoÔn oi statistikèc diakumˆnseic tou apotelèsmatoc.

5.8.1 Toy MC & Maximum Likelihood �t

Oi jewrhtikèc katanomèc twn montèlwn dÐnontai apì to ginìmeno twn paramètrwn kanonikopoÐhshc
Nprocess epÐ thn puknìthta pijanìthtac PDFprocess thc kˆje diadikasÐac, ajroismèna gia ìlec tic
diadikasÐec. 'Etsi, to montèlo gia thn upìjesh H0 eÐnai

model_0 =
X

bkg

Nbkg � PDFbkg (x)

= NDY jets � PDFDY jets (x) + NT T hadronic � PDFT T hadronic (x)

+ NT T leptonic � PDFT T leptonic (x) + NT T semileptonic � PDFT T semileptonic (x) (5.6)

kai to montèlo gia thn upìjesh H1 eÐnai

model_1 = Nsignal � PDF signal (x) +
X

bkg

Nbkg � PDFbkg (x)

= Nsignal � PDF signal (x)

+ NDY jets � PDFDY jets (x) + NT T hadronic � PDFT T hadronic (x)

+ NT T leptonic � PDFT T leptonic (x) + NT T semileptonic � PDFT T semileptonic (x): (5.7)

H tuqaÐa metablht x pˆnw sthn opoÐa gÐnetai to�t eÐnai toBDT_score , epomènwc, oi puknìthtec
pijanìthtac twn diafìrwn diadikasi¸n dÐnontai apì tic katanomèc tou BDT_score kanonikopoihmènec
sthn energì diatom , ìpwc faÐnontai sto diˆgramma tou Sq matoc 5.17. AntÐstoiqa, oi parˆmetroi
kanonikopoÐhshcNprocess dÐnontai apì to olokl rwma twn katanom¸n aut¸n, ekfrˆzontac touc ana-
menìmenouc arijmoÔc gegonìtwn kˆje diadikasÐac (expected yields).

Gia na kataskeuˆsoume to set dedomènwn parˆgoume gia kˆje diadikasÐa yeudotuqaÐec timèc
thc metablht c BDT_score , oi opoÐec akoloujoÔn tic antÐstoiqec jewrhtikèc katanomèc kai tic
prosjètoume se èna sÔnolo yeudodedomènwn. Jètoume to pl joc twn gegonìtwn pou parˆgoume
na eÐnai Ðso me to ˆjroisma twn arqik¸nyields tou montèlou. H parathroÔmenh tim  ja eÐnai to
olokl rwma thc katanom c twn dedomènwn, dhlad  toyield N obs

data .
Sth sunèqeia, efarmìzoumeMaximum Likelihood �t sto set twn yeudodedomènwn. H sunˆrthsh

pijanofˆneiac eÐnai to ginìmeno twn puknot twn pijanìthtac enìc sunìlou tim¸n f x i g miac tuqaÐac
metablht c X , dedomènwn twn paramètrwn� tou probl matoc,

L (X j� ) =
nY

i

p(x i j� ): (5.8)
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H ektÐmhsh thc paramètrou� antistoiqeÐ sthn tim  �̂ h opoÐa megistopoieÐ thn pijanofˆneia tou
sunìlou f x i g, dhlad  �̂ = arg max � L(X j� ). H megistopoÐhsh thc pijanofˆneiac dÐnetai apì ton

mhdenismì thc pr¸thc parag¸gou @L(X j � )
@�

�
�
�
�̂

= 0 :

JewroÔme ìti o arijmìc N twn anexˆrthtwn gegonìtwn x i akoloujoÔn katanom  Poissonme ana-
menìmenh tim � (� ), pou exartˆtai apì tic paramètrouc tou probl matoc kai puknìthta pijanìthtac

Poisson(N ; � ) =
� N e� �

N !
. H pijanofˆneia ja isoÔtai me to ginìmeno thc pijanìthtac parat rhshc N

gegonìtwn kai thc pijanìthtac tou kˆje gegonìtoc x i . Sunep¸c, h sunˆrthsh me thn opoÐa kˆnoume
to �t eÐnai h

F (x) = Poisson(Ndata ; N obs
data ) �

2

4Nsignal � PDF signal (x) +
X

bkg

Nbkg � PDFbkg (x)

3

5 ; (5.9)

ìpou oi parˆmetroi tou �t eÐnai tayields Nprocess twn diafìrwn diadikasi¸n s matoc kai upobˆjrou,
ìpwc kai to yield Ndata twn yeudodedomènwn. Gia thn akrÐbeia efarmìzoumeExtended Maximum
Likelihood �t , opìte prostÐjetai san periorismìc h sunj kh kanonikopoÐhshc

Ndata � Nsignal =
X

bkg

Nbkg )

Ndata � Nsignal = NDY jets + NT T hadronic + NT T leptonic + NT T semileptonic : (5.10)

Oi parˆmetroi tou �t paÐrnoun wc arqikèc timèc,N in
yield , ta anamenìmenayields twn katanom¸n tou

BDT_score . Gia tic paramètroucN i
bkg orÐzoume to eÔroc touc na kumaÐnetai metaxÔ tou mhdenìc kai

thc diplˆsiac tim c tou anamenìmenouyield thc antÐstoiqhc diadikasÐac upobˆjrou. Apì thn ˆllh,
h parˆmetroc Nsignal paÐrnei timèc sto diˆsthma[ � 3N in

signal ; 4N in
signal ].

Tèloc, gia na posotikopoi soume tic dÔo upojèseic, qreiazìmaste èna statistikì 12. Sth fusik 
uyhl¸n energei¸n to poio diadedomèno statistikì eÐnai to Neyman-Pearson test statistic, pou dÐnetai
apì ton tÔpo

Q = � 2 ln
�

L S+ B

L B

�
; (5.11)

ìpou L S+ B =LB eÐnai o lìgoc pijanofˆneiac. Eidikìtera, L S+ B eÐnai h tim  thc mègisthc pija-
nofˆneiac ìtan to �t èqei gÐnei me to montèlo thc enallaktik c upìjeshc, en¸ L B eÐnai h tim  thc
mègisthc pijanofˆneiac ìtan to �t èqei gÐnei me to montèlo thc mhdenik c upìjeshc. Gia na kataskeu-
ˆsoume tic katanomèc tou statistikoÔ sÔmfwna me th mhdenik  kai thn enallaktik  upìjesh, f (QjH0)
kai f (QjH1), tic opoÐec ja sugkrÐnoume gia na exˆgoume ta epÐpeda empistosÔnhc, qreiazìmaste dÔo
set yeudodedomènwn. To èna ja proèrqetai apì tic jewrhtikèc katanomèc pou perilambˆnoun mìno
upìbajro ( Data B) kai to ˆllo apì tic jewrhtikèc katanomèc pou perilambˆnoun s ma kai upìbajro
(Data S+B ). Epomènwc, se kˆjetoy ja upologÐzontai dÔo timèc tou statistikoÔ,

QjH 0 = Q0 = � 2 ln
�

L S+ B

L B

� �
�
�
�
Data B

kai QjH 1 = Q1 = � 2 ln
�

L S+ B

L B

� �
�
�
�
Data S + B

(5.12)

SunoyÐzontac, ta b mata pou akoloujoÔme eÐnai epigrammatikˆ ta ex c:

c Ta jewrhtikˆ montèla perigrˆfontai apì tic puknìthtec pijanìthtac (5.6) kai (5.7), tic opoÐec
exˆgoume apì tic katanomèc touBDT_score (Sq ma 5.17).

c Parˆgoume apì ta jewrhtikˆ montèla dÔo set yeudodedomènwn, toData B kai to Data S+B ,
gia kajèna apì ta opoÐa exˆgoume mÐa parathroÔmenh tim N obs

data .

c EkteloÔmeExtended Maximum Likelihood �t tou kˆje montèlou sto kˆje set dedomènwn
(sunolikˆ tèssera �t ), qrhsimopoi¸ntac th sunˆrthsh (5.9). Oi parˆmetroi tou �t eÐnai ta
yields twn katanom¸n (Nsignal , N i

bkg , Ndata ).

12 To statistikì ( test statistic ) eÐnai mÐa sunˆrthshQ(f xg) twn dedomènwnf xg, pou sumperifèretai wc tuqaÐa
metablht . Sumperifèretai wc ènac arijmìc, upologismènoc bˆsei kˆpoiou statistikoÔ test, o opoÐoc perigrˆfei pìso
apoklÐnoun ta dedomèna apì th mhdenik  upìjesh.
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c Metˆ apì kˆje �t paÐrnoume tic timèc twn�tted yields , N f it
yield , mazÐ me ta sfˆlmatˆ touc,

�N f it
yield .

c Apì ta dÔo �t sto set dedomènwnData B upologÐzoume thn tim Q0, en¸ apì ta dÔo �t sto
set dedomènwnData S+B upologÐzoume thn tim Q1.

O parapˆnw algìrijmoc apoteleÐ to èna toy. Ta diagrˆmmata twn tessˆrwn �t gia aut  th
memonwmènh perÐptwsh parousiˆzontai sto Sq ma 5.18. Sta diagrˆmmata faÐnontai me diakekommènec
grammèc oi katanomèc twn anamenìmenwnyields upobˆjrou kai s matoc (gia mˆza ma = 60 GeV
kai gia energì diatom  � = 1 pb) gia sÔgkrish. Oi maÔrec koukÐdec eÐnai ta peiramatikˆ shmeÐa twn
yeudodedomènwn kai me mple gramm  anaparistˆtai to�t pou efarmìzetai se autˆ. Sto kˆtw mèroc twn
diagrammˆtwn faÐnontai kai tapulls tou kˆje shmeÐou, dhlad  h posìthta pull = ( N f it � N in )=�N f it .

(aþ) (bþ)

(gþ) (dþ)

Sq ma 5.18: Extended Maximum Likelihood �t sto BDT_score gia èna toy. Me diakekommènec
grammèc faÐnontai oi katanomèc twn anamenìmenwnyields upobˆjrou kai s matoc. Ta tèssera dia-
grˆmmata anaparistoÔn: (a') to �t tou model_1 sto set dedomènwnData S+B , (b') to �t tou
model_0 sto set dedomènwnData S+B , (g') to �t tou model_0 sto set dedomènwnData B kai (d')
to �t tou model_1 sto set dedomènwnData B.
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H diadikasÐa aut  epanalambˆnetai gia ìlec tic upojèseic mˆzacma = f 15; 20; 30; 40; 50; 60g GeV
kai gia pènte diaforetikèc energoÔc diatomèc tou s matoc anˆ mˆza (h energìc diatom  upeisèrqe-
tai sthn kanonikopoÐhsh twn katanom¸n touBDT_score stic anamenìmenec timèc twnyields). Gia
kˆje mÐa apì autèc tic peript¸seic ekteloÔntai 10000toys, ¸ste na èqoume arketˆ megˆlo stati-
stikì deÐgma kai na exaleifjoÔn ìso to dunatìn perissìtero oi statistikèc diakumˆnseic. 'Etsi,
kataskeuˆzontai gia kˆje perÐptwsh mˆzac kai energoÔ diatom c oi katanomècf (QjH0) kai f (QjH1).

'Opwc anafèrjhke kai prohgoumènwc, to statistikì Q = � 2 ln (L S+ B =LB ) posotikopoieÐ tic
dÔo upojèseic pou jèloume na elègxoume qrhsimopoi¸ntac ton lìgo pijanofˆneiac. 'Otan to Q
upologÐzetai gia to set dedomènwnData B, ìpou den upˆrqei s ma, anamènoumeL S+ B = L B )
Q0 = 0 . Katˆ antistoiqÐa, ìtan o upologismìc gÐnetai me to set dedomènwnData S+B anamènoume
L S+ B > L B ) Q1 < 0, lìgw tou arnhtikoÔ pros mou ston tÔpo. 'Oso perissìtero eÐnai to s ma
pou upˆrqei sto set dedomènwn, dhlad  ìso megalÔterh eÐnai h energìc diatom  thc diadikasÐac tou
s matoc, tìso pio arnhtik  ja eÐnai h tim  tou Q kai epomènwc ja eÐnai megalÔterh h diaqwrisimìthta
twn katanom¸n f (QjH0) kai f (QjH1). Tìte lème ìti to s ma èqei megalÔterh euaisjhsÐa.

Gia thn perÐptwsh mˆzacma = 60 GeV efarmìsame thn parapˆnw mejodologÐa gia energoÔc
diatomèc� = f 0:10; 0:15; 0:22; 0:30; 0:40g pb, oi opoÐec èqoun mikr  euaisjhsÐa, kaj¸c to zhtoÔmeno
eÐnai na prosdiorÐsoume ta ìria sthn energì diatom . Oi katanomècQ1 pou proèkuyan gia kˆje energì
diatom  s matoc anaparist¸ntai kanonikopoihmènec sth monˆda sto Sq ma 5.19, se sÔgkrish me thn
katanom  Q0 tou upobˆjrou.

Sq ma 5.19: Oi kanonikopoihmènec sth monˆda katanomècf (QjH1) gia th mˆza ma = 60 GeV kai
energoÔc diatomèc s matoc� = f 0:10; 0:15; 0:22; 0:30; 0:4g pb, se sÔgkrish me thn katanom  upo-
bˆjrou f (QjH0).

Peraitèrw, gia na elègxoume thn apotelesmatikìthta tou �t , ftiˆqnoume tic katanomèc tou�tted
yield tou s matoc kai tic antÐstoiqec pull katanomèc tou,(N f it

signal � N exp
signal )=�N f it . Profan¸c h

parˆmetroc N f it
signal paÐrnei tim  mìno stic peript¸seic pou to �t gÐnetai me tomodel_1, to opoÐo

perièqei thn parˆmetro tou s matoc. 'Otan prosarmìzetai sto set dedomènwn qwrÐc s ma tìte h
parˆmetroc N f it

signal èqei mhdenik  anamenìmenh tim , en¸ ìtan prosarmìzetai sto set dedomènwn me

s ma anamènoume na plhsiˆzei toN in
signal . Prˆgmati, oi katanomèc tou N f it

signal ìtan to �t gÐnetai
sta Data B eÐnai gkaousian  me mèsh tim  gÔrw apì to 0 kai ìtan to�t gÐnetai staData S+B
eÐnai gkaousian  me mèsh tim  kontˆ sthn anamenìmenh tim  touyield tou s matoc. AntÐstoiqa kal 
sumperiforˆ parousiˆzei kai to pull , to opoÐo moiˆzei na akoloujeÐ tupopoihmènh kanonik  katanom ,
me mèsh tim  0 kai tupik  apìklish Ðsh me th monˆda. Endeiktikˆ, paratÐjetai sto Sq ma 5.20 to
diˆgramma me tic katanomèc touN f it

signal gia thn perÐptwsh mˆzacma = 60 GeV kai energì diatom 
s matoc � = 0 :4 pb.
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(aþ) (bþ)

Sq ma 5.20: Oi katanomèc touN f it
signal (aristerˆ) kai oi antÐstoiqec katanomècpull (dexiˆ), oi opoÐec

èqoun paraqjeÐ apì10000toys. H mple kampÔlh aforˆ to �t tou model_1 sto set Data S+B , en¸
h roz kampÔlh aforˆ to �t tou model_1 sto set Data B. H anamenìmenh tim  touyield tou s matoc
isoÔtai meN exp

signal = 1696 gegonìta ìtan sta dedomèna upˆrqei kai s ma, en¸ eÐnaiN exp
signal = 0 ìtan

sta dedomèna upˆrqei mìno upìbajro. Ta diagrˆmmata proèrqontai apì thn perÐptwsh me s ma mˆzac
ma = 60 GeV kai energì diatom  s matoc � signal = 0 :4 pb.

5.8.2 Diast mata EmpistosÔnhc - CLs Analysis

Sth fusik  uyhl¸n energei¸n, ìtan jèloume na jèsoume ta ìria apìrriyhc stic paramètrouc
enìc montèlou, qrhsimopoieÐtai h statistik  mèjodoc twn epipèdwn empistosÔnhc -con�dence levels
(CLs)13 [41][42]. Pr¸ta, eÐnai ofèlimo na anaferjoÔme sta sfˆlmata tÔpou I kai II. Ston èlegqo
upojèsewn to apotèlesma tou statistikoÔ test eÐnai mÐa d lwsh sqetikˆ me thn apìrriyh   mh thc
mhdenik c upìjeshc kai den aforˆ thn apodoq  thc enallaktik c upìjeshc. To sfˆlma tÔpou I eÐnai
h pijanìthta na aporrÐyoume thnH0 en¸ eÐnai alhj c ( False Positive), dhlad  a = Prob(reject H 0 j
H0 = true ). To a onomˆzetai mègejoc tou test. To sfˆlma tÔpou II eÐnai h pijanìthta na de-
qtoÔme thnH0 en¸ eÐnai yeud c (False Negative), dhlad  � = P rob(accept H0 j H0 = false ) =
P rob(accept H0 j H1 = true ). Epomènwc, h posìthta1 � � perigrˆfei thn pijanìthta na aporrÐyou-
me thnH0 en¸ eÐnai yeud c kai apoteleÐ th dÔnamh tou test,power= 1 � � = P rob(reject H 0 j H0 =
false ).

'Estw ìti apì thn peiramatik  mètrhsh prokÔptei h tim  Qobs tou statistikoÔ. To statistikì
ergaleÐo pou qrhsimopoioÔme gia na elègxoume apì poia katanom  pro lje h mètrhsh eÐnai top-value,
to opoÐo ekfrˆzei thn ouriaÐa pijanìthta na pˆroume èna apotèlesma apì th jewrhtik  katanom 
me tim  toulˆqiston ìsh h peiramatik , dhlad  p � value =

R+ 1
Q obs

f (Q)dQ. OrÐzoume tic posìthtec
ps+ b, pb gia tic katanomèc ticH1 kai H0 antÐstoiqa, wc

ps+ b =
Z + 1

Q obs

f (QjH1) dQ; (5.13)

pb =
Z Q obs

�1
f (QjH0) dQ: (5.14)

Sthn perÐptwsh pou h melèth mac aforˆ thn anakˆluyh nèac fusik c, h krÐsimh perioq    perioq 
apìrriyhc thc H0 prosdiorÐzetai apì th sunj kh pb < a (eÐnai to sÔnolo tim¸n tou statistikoÔ oi
opoÐec èqoun pijanìthta emfˆnishc mikrìterh apì to epÐpedo shmantikìthtac a). To a kajorÐzetai
anexˆrthta apì th mètrhsh kai sunhjÐzetai na paÐrnei timèc megalÔterec tou5� . Eˆn jewr soume th

13 Sun jwc, ta epÐpeda empistosÔnhc ekfrˆzoun thn pijanìthta kˆluyhc twn diasthmˆtwn empistosÔnhc, dhlad  to
posostì twn diasthmˆtwn empistosÔnhc mÐac mètrhshc pou perièqoun thn pragmatik  tim  thc metroÔmenhc posìthtac.
H mèjodoc pou qrhsimopoieÐtai gia ton prosdiorismì twn orÐwn apìrriyhc, parìlo pou moirˆzetai to Ðdio ìnoma, diafèrei
apì aut  thn ènnoia twn epipèdwn empistosÔnhc.
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