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Pagina web con molto materiale :
www.to.infn.it/~mariotti/particelle2.html

Le lezioni d e | A pciclo aon o

https://www.dropbox.com/s/t8zwjv60hhkrtnz/lezioni cern sette
mbre2014 1.pptx?dl=0

https://www.dropbox.com/s/2123cyzs1d63qw4/lezioni cern sett
embre2014 2.pptx?dI=0

https://www.dropbox.com/s/08g8us2ha2mkndo/lezioni cern set
tembre2014 3.pptx?dI=0

N Sec o nidom :
https://www.dropbox.com/s/aeac886lkhh18y7/lezioni 2ciclo cer
n settembre2015.pptx?d|i=0



http://www.to.infn.it/~mariotti/particelle2.html
https://www.dropbox.com/s/t8zwjv60hhkrtnz/lezioni_cern_settembre2014_1.pptx?dl=0
https://www.dropbox.com/s/2123cyzs1d63qw4/lezioni_cern_settembre2014_2.pptx?dl=0
https://www.dropbox.com/s/08q8us2ha2mkndo/lezioni_cern_settembre2014_3.pptx?dl=0
https://www.dropbox.com/s/aeac886lkhh18y7/lezioni_2ciclo_cern_settembre2015.pptx?dl=0
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La realta 0 pu 6complessa

ealis WL, La comprensione dellafn QC D o
g 3 (Quanto Cromo Dinamica. i.e.
interazione tra quark)
e nportante per
-1l i nt er pdeigdtiazi one
-studi di precisione
-ricerca di nuove particelle
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rbit/Crossing: 78781

Run/Event: 1604
Lumi section: 4
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Sezioni dourto

Sezioni d 0 u rst(aol4 TeV):

° LHC  Vs=14TeV L=10*cmZs™ rate
barn e — T Ol .
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""" MHz
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Trigger

Nel runa8 TeV si aveva una interazione ogni 50ns
A 20 Mega Hertz

Si possono trasferire al centro di calcolo e registrare
su disco intorno a ~300 Hertz

Sl puo Otenere ~1 evento su 10000 !
| | At r i gegnette 0 di fare questa selezione :

Il trigger analizza (partedel) | 0eveneodeci de
Interessante 0 meno .

p.ex: selezione basata sul p; dei leptoni
=3 SN A0ELT T © 5 e 38 T e



Alto momento trasverso

Particelle dialto momento trasverso provengono da
particelle di alta massa:

Una r)(alazione 1mportante e’ quella che c¢’e’ tra Mx e pr. Ad esempio per X— 1,2 s1 ha:
M; =E! +E; +2E,E, — p] — p; —2p,p, cos@ =m; +m, +2E,E, —2p,p, cosf
se s1 approssima m=0 1n quanto m<<Mw

=2p,p,(1—cosé)
Se s1 suppone che la componente parallela lungo I'asse del fascio sia nulla, p,=0, s1 ha:

Mi’ =2pnpr,(1—cosgy,)
Se X viene prodotto a riposo e dunque I'angolo ¢ tra la particella 1 e 2 €’ 180, s1 ha:

M
Mi,:-élpil = Pr = 2){

Un oggetto pesante che decade produrra Odelle
particelle conun prdel | 0 odiM/2 n e

M(Z) =90 GeV,M(W)=80 GeV,M(H)=125 GeV
5 i 5,5 N T R



4 luglio 2012

Annuncio della prima scoperta degli
esperimenti Atlas e CMS:

Una nuova particella di~125 GeV di massa

10




LHC in 2010

Total Integrated Luminosity [fo 7|

-2011 -2012

30— ATLAS Online Luminosity Vs =8 TeV
- [ LHC Delivered
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Day in 2012
Peak Lumi 7 x 1033

Run can last up 24 hours

L=0.07fb 1in2010 @7 TeV
L=56fb 1 in2011 @ 7 TeV
L=23.3fb 1 in2012 @ 8 TeV
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Total Intagrated Luminosity (b ')

CMS Integrated Luminosity, pp, 2012, .s = 8 TeV

Data included from 2012-04-04 22:38 to 2012-12-16 20:50 UTC
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20 = CMS Validated: 19.62 m ' 20
CM5 Preliminary
15 15
10 10
5} 15
A R 8 L0  of N oo 0
- e A L3 o
LS A S R L A A N

Date (UTC)




LHC in 2015

Integrated Luminosity [fb]
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Riscoperta del Modello Standard nel 2010
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Precise SM measurements

Oct 2013 CMS Preliminary
—
O —
o 1 05 | - I 7 TeV CMS measurement (L < 5.0 fb‘1) S
—_ — =
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Th. Ac, in exp. Ac

Good understanding of the detector + accurate theory predictions
A Precise measurementsof the SM processes over many orders of magnitude
A Good knowledge ofthe background to Higgs analyses
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Verso | 0 HI ggs

Misuriamo con alta precisione tutti | processi note del
modello standard su parecchi ordini di grandezza .

Questo significa che stiamo capendo bene la risposta
del nostro rivelatore

E che la simulazione riproduce correttamente | nostri
dati .

Possiamo dunque cercare processi e particelle nuove ,
mai visti fino ad ora

16 G



La“ricerca del | OHI gQgs

Il bosonedi Higgs puodessergprodotto nella fusionedi 2 dei gluoni chesono
al | 01 deltpretone: o

8

g
Il bosonedi Higgs non e una particella stabile
Decade irparticelleelementarpiu leggere
Gli statifinali sonomolteplici; I piudimportantisona
I HA duefotoni(HA 2 b
I HA quattroleptoni peresempiajuattroelettroni o quattromuoni(HA 4l)

- S| ‘ i 1 o i) |



Higgs production at LHC

107
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The LHC Higgs Cross Section WG

ggF:

\

NNLO+NNLL QCD + NLO EW

8

| | 1 1 | 1
100 200 | 300 400 500 [Geill?oo KNNLONLO Scale PDF+a g Total
WH: NNLO QCD } NLO EW ’ Eono) kb
) ggF +25% +12% - + 8% +20 -
ZH:  NNLO QCD ¥ NLO EW (+100%) 7% 15%
Wiz s , VBF <1% + 1% + 4% + 5%
(+5 -10%)
! WH/Z +2 -6% + 1% + 4% + 5%
) ; H (+30%)
I
_ ttH i +4% - + 8% +12
ttH . NLO QCD (+5 _20%) 10% 18%
| 7 i@ ‘ 3 Y T
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The channels at LHC
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Going
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to higher energies and luminosities

From8to 13 TeV

s (ggF, VBF, VH)
~2 times larger

s (H)
~4 times larger




HAZZA4 (= e m

La probabilta 6che HA ZZA 4| nm®lfo piccola,

Gli
A

T> I

0 Hi dpapde in 41 sono il 10% circa delle volte.

eventi sono mo | t puliti © :

4 leptoni (elettroni o muoni )

con altissima efficienza di identificazione e
ricostruzione

provenienti dal punto del | 01 nt @ rbaHza igogmse
decade immediatamente )

con alto valore del momento trasverso (p~45 GeV)
Isolati

21 B - ' B i,




17(Z,) pr:12 GeV

CMS Experiment at LHC, CERN

Data recorded: Tue Oct 4 00:10:13 2011 CEST
Run/Event: 177782 / 72158025

Lumi section: 99

4 -lepton Mass : 125.8 GeV

e*(Z,) pt:28 GeV

1°(Z,) pt

115 GeV




Isolamento

Il leptone (elettrone 0 muone ) puo bessere
prodotto isolato o dentro un jet.

~

Se proviene dal decadimento del | 60 H
vetovale della Z o W, saradisolata

HA ZZA 4l

Z A
Muon Vertex \A/ /\

Se invece il leptone proviene dal decadimento diun adrone ,
per esempio B, saraddentro unjet i
fatto di particelle che vengono

dalla fiadronizzazione 0 dei quark

del vertice primario e dei

guark che compongono il B 7 34

DELPHI

26024 / 1730

23 9| 9



HA ZZ A A
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Isolamento
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Un bellissimo  picco
4 July
S B MSPririy =T LTse b s Nov 2012
8 - + Data .
o Wz 1 s e
£ 6 Oz 2z 4 & 12 * Date - Dic 2012
¢ I _ 1 ) i .Z+X ]
w50 [Jmy=126 Gev 1 ~ 1 ] CMS Preliminary 5= 7TeV,L=56.11b"; {5 =8 TeV, L =196 fo"
: : ‘E‘} 10_ DZY*YZZ — > 20_II\I‘II\Il\l\ll\l\ll\l\ll\ll\ \Il\l\ll\l_
4 1 1 dc) I 1 8 18:— * Data _:
: |0 4 Umemseer 2 18 Wzx -
3;- " [ -u:— L H ""‘w"' 16_— |:|Z *ZZ -
1 . ] r ! I i L v, ]
2;— |V |-|: 1 Jté 6__ i 5 14__ ] ]
i r g - r I > O f i [ | m,=126 GeV-
H ] i S - - . || [ - Ll F B!
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: ] 4 T i C ]
5= et A P PO P Kl e L i 10F i
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Paul Dirac
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Lo spettro di massa

CMS Vs=7TeV,L=5.1f";Vs=8TeV,L=19.7 fb’
> - | '« Data | |
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The experimental resolution is excellent, we measure with high precision
muons and electrons.
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Run 2 data at higher energies

CMS Preliminary 2016 + 2017 + 2018 137.1 b (13 TeV)
> [ T T | T T T -]
8 350 — ¢ Data -
S - [ H(125) ]
™~ 300 i Ca9—-ZZ,Zy* -
2 - BN99-ZZ, 2y
GCJ - I Z+X -
> - —
5 250F :

200 ¢ —
150 [— ‘} 1 3
100 |- -

C @ ¢ e VT

0™=80 100 200 500
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Le proprieta 0

Il canale 4l permette di misurare | eproprieta 6 d el | 6 KSpig,g s
Parita 0 massa )

Gli esperimenti hanno misurato la compatibilita Odei dati conle
varie ipotesi e con altissima probabilita 6 (-%) i numerici
guantici misurati sono quelli diun bosone di Higgs

(S=0, P=+)
35 | Tl RO T O S o T e



Spine parita 0

Most known particles have a property which physicists call "spin": in some
experiments they behave as they were macroscopical objects rotating about some
axis. Electrons, protons, photons and even neutrinos have a spin.

The Higgs boson is not allowed to have a spin: it must be what physicists call a
"scalar"  particle, a particle with zero spin. Why?
The reason is somewhat technical.

The first idea to understand is that particles (all particles) are interpreted as

excitations of some underlying field, something like a long string with its two

endpoints fixed: if you tickle the string at one endpoint, a deformation of the

original string is created, and propagates along the string until it reaches the

opposite endpoint, where it is absorbed. Photons, for example, are excitations of
electric and magnetic fields. Needless to say, when the string is left untouched

(when there are no electric or magnetic fields around), there is no propagating
deformation (no photons): fields are zero in the lowest -energy state. This is true
for all fields, except the one associated with the Higgs boson: the mechanism by
which particles acquire masses is precisely the fact that the Higgs field is

different from zero (it takes some constant value) even when there are no Higgs
bosons around.

- I 208" T © & e 38 T ey



Spine parita 0

The numerical value of this constant field is long known, and it is a fundamental
constant of Nature, much like the proton charge or the Planck constant.

The second important idea is what we call "relativistic invariance", a difficult
name

for a very simple thing: the fundamental laws of physics must look the same for

all observers, even if they choose different reference frames. We call a "scalar"
any physical quantity which has just the same value for all observers. The mass

of an object, for example, is a scalar quantity. A vector, such as for example an
electric or magnetic field, or the spin vector, does not share the same property:

vectors look different to different observers.

This is why the Higgs field must be a scalar field: because it takes a constant
non -zero value in the lowest  -energy state, this constant must take

the same value in all reference frame. This is only possible if the Higgs boson
carries no spin.

from Prof Giovanni  Ridolfi (Genova)

37 5| e T T DRt e At ey



Spine parita 0

The particleds parity, a property whic

Higgs behaves when observed in a mirror. With the Higgs, there
should be no difference; otherwise, the interaction of other particles
with it, and so the mass they acquire, would depend on the speed and

direction with which they travel through the Higgs field

BN T T ]

&
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HAQJ

9,= 86 GeV Hypothetical X — vy signal

on top of background

poor detector resolution

/

good detector resolution

pp — vy background

My

Rispetto ai 4 | ueoddstato finale dove domina il fondo
(2 fotoni prodotti da interazione dei quark).

| due fotoni non lasciano traccia nel tracciatore e dunque il loro fivertice
primario 0 n o motce €én precisione A problema per quando si
hanno molti eventi sovrapposti (=pile -up, alta luminosita Oistantanea )

39 Bl K ‘ i 1 o i) |



Events / 2 GeV

Events - Fitted bkg

........ ATLAS CMS
100’00:— ATLAS —-: %SooojléM'SI;rle“;n”;a:‘yl L B I |_1¢_|D|at;| T L
8000 o Data201142012 = Q) [ {s=7TeV,L=5115" (MVA) S+B Fit i
B SM Higgs boson m =126.8 GeV (fit) To) [ \s=8TeV, L=196 b (MVA) = Bkg Fit Component 7}
T ey e Bkg (4th order polynomial) . +~4000 ’ ' [ J+io —
6000 — — -~ [ 20 .
N H—;ﬂr : }2 L
[ - c B
400 ] 93000
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1 125.98+ 0.42+ 0.28 GeV 124.70+ 0.31+ 0.15 GeV
n K 12451+ 0.52+ 0.06 GeV 125.8+ 0.4+ 0.2 GeV
comb 125.36x 0.37+ 0.18 GeV 125.03+ 0.26+ 0.14 GeV
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Events / GeV

Events - fitted bkg
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Higgs characteristics ( Gouplings 6) and mor e

“ggF” “VBF” q

g
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Ricercando una nuova particella

Prendiamo gli eventi Con 2 %14000__| T T 1 T T 1 T T 1 T T 1 T T 1 ||||__
. . . (] - —
fotoni e riempiamo un 12000 - -
Istogramma conla massa - .
: : : . . 10000 fog- -
invariante delle coppie di fotoni SN ]
_ 8000 e, -

Se non c dOmessuna particella - e, -
. . — £ —

che decade in 2 fotoni, K A .
vedremo uno spettro di massa 4000 g =
- N N\ _ ..‘ -]

che scende i n mo s$hwothdd . 2000 Toes

ceoc e e e v b v e b by
?‘UO 110 120 130 140 150 160

m,, [GeV]
Ma se qualche coppia di fotoni viene dal decadimento del
bosone di Higgs,
allora queste si accumuleranno allo stesso valore di massa,
la massa del bosone di Higgs
Piotr Traczyk
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Il canale HY gg

L=0.00 fb"

events/1 GeV
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TheH Y g ghannel

L=1.00 fb" L=1.00 fb"
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TheH Y g ghannel

L=2.00 fb"’ L=2.00 fb"
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TheH Y g ghannel

L=4.00 fb" L=4.00 fb"
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TheH Y g ghannel
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TheH Y g ghannel

L=16.00 fb"’ L=16.00 fb"’
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TheH Y g ghannel

[L=32.00 fb"" | [L=32.00 fb " |

> L 3&00 ......................................................
@00__ ...................................................... & I
3L B L
= - 4 00_ .............................................................
4800_ ............................................................. § -
@ - @ -
3000__ ....... 3000__ """"
2000 e 2000—
1000 __ R 1000 __ S SR S
- _LLL'_"L.—L'_ - T
_IIII|IIII|II_I-‘-LII|IIII|IIII|IIII|IIII _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 110 120 130 140 150 160 170 180 0 110 120 130 140 150 160 170 180
YY invariant mass YY invariant mass

© Piotr Traczyk

o TR SRl % =il
L' N R RO




HA WWA Inln

Canale molto complicato perla presenza dei due neutrini

di grande fenergia mancante O .
Il fondo e @nche dominante
Un grosso aiuto viene dal fatto che 1 neutrini

essendo a m~0

esistono solo conlo spin orientato in direzione opposta al

momento
e+
VVSzl %
H
$=00 7 /jx

b IS

H S=0
wsS=1

Ne S=-1/2
E+ S=%
Ve S=1
Ve S=-1/2

e quindi
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H A bb

L 6 Hi degasle anche in quark.
Tende a decadere nel quark piudpesante disponibile

(lquark
H A bb)

Il b quark si puo Gidentificare

ttroppo peSante , m,,>m,, dunque

tramite

| suol decadimenti

., ma non

con un alta efficienza e purezza . Il fondo e @ominanate

s(bb) ~ 10

CMS eccesso di~2sigma a8

7 s(H ->bb)

Lr) T T T T | T T T T | T T T | T T T T | T T T T
T go- CMS Preliminary o paa ]
@ _ Vs= 7TeV,L=50fb"
= - \{s= 8TeV,L =19.0 fb" B v+ (125 Gev)
S " pp— VH; H— bb
S ol PP v
2 i —— Sub. MC stat. uncert. |
£ i
g‘ B Visible MC stat. uncert.|
= 40 -
20 —
. i il
C 1 1 | 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 |-
0 50 100 l1 50 200 250
53 1 Mbs (GeV]

TeV

osservato
A al3 TeV

(-

S/(S+B) weighted entries
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S o

- CMS
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T pp »>VH,H —>bb
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[ ]vz(bb) i
7] MC uncertainty |
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H A leptoni tau

35.9fb" (13 TeV)
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= 1600 1 —
B 30 i 1
(7)) B - — H-o11t 1 7
"E 1400;+0bserved = 1 4
Ta.u -> ntne(rr) ) ((b) : — Ho1t (1=1.09) 20 I:lBkg.Ul"lC ] :
L] B .W+iets 0 - i
. . D . ) - :
Molti neutrini = 1000~  QcD multijet 1ok 1 7
imi ni 0 jets 2 :DZ:‘”S LT
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: ) n m,. (GeV)
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The search for Higgs boson pair production

The Higgs
potential

V(p) = 3m¥¢® + VA 2my ¢ + tAg*

A

my/ (20%)

we measuredthe minimum, we should measurethe curvature

Higgs

potential
Our = "'étable
vacuum S
SEERE o,
’ \’\.’\.‘Metastable
i AHhiggs
field
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The future of  our universe
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The search for Higgs boson pair production

The Higgs 1 1
potential V(¢) = 3mi¢? + VA/2mu ¢’ + zA¢*

A= m%l/(sz)‘

@M.Spira
- - e GU_
we measuredthe minimum, we should measurethe curvature [ goA HH
& 50— [ |
Higgs - -
potential , Syy ~10 3 Sy |« } l l 1 i ‘T
Our - "'S't/able 8o
vacuum S
S < i 20—
Metastable : 14TeV
e 10— PDFALHC14
field ac . T=Myf2
0 o | Mo H?It My o "lh_ Mg "’J'Iz Mg "“Ts ;;D,O:MO ;ra.op,b:i: :Tl -
Higgs boson pair production >> uncert scale and scheme
n) 0) dependence of thértual top mass
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Results on HH production

CMS Preliminary 138 b7 (13 TeV)
T T T
\:,_=1q=11 —e— Observed ~ -=oo- Median expected
Ky =ty = = 68% expected . .
----- R~ VVHH indeed exists
WW ry .} C 138 b7 (13 Te
Expecied: 52 CMS PAS HIG21 014 a 10 T L e
Ooserved: 97 ] Observed limit =~ K=K =k =1 —— Observed ----- Median expected  J
bb Ww ATLAS Internal .- g S5 Theory prediction BB 68% expected |
Expected: 18 GMS.PAS-HIG-21.005 - Expected limit < 1
Expaced: 12 V8 =13 TeV, 126—139 fb~! 0 Expected limit 16 z ]
sM =
oM er=327 b - T
bb ZZ + PR a9 [ Expected limit +20 t
oeveszz 4 Obs.  Exp. s E
Multilepton & . g /7 H =] 1
p Acc. by JHEP (2206, 10288) t b /s & ]
O 3 - =
sorved: 21 a bbyy[ 4.2 5.7 ? / e Excluded ]
e — 1 0 5
Observed: 8.4 - - — L3N o
7] bbrtr 47 39 t:b &
bb 1t Rt’b N 3
Expecied: 5.2 cs. by PLE (220609401} \
Observed: 3.3 f
bb bb ] bbbb- 5.4 8.1 t:b »
o ke ey 0 g “H
Observed: 7.2 H
Comb. gl;- Nature 07 202z 0 | COmibined |~ 2.4 29
Ouerved 3.4 el R | L N [T T N ST SR (NSNS S T (TSN T W N ST S
- 100 1000 0 5 10 15 20 25 30
96% CL limit on a(pp — HH)/s, 95% CL upper limit on signal strength
SN L B AL
I ATLAS —— Observed limit (35% CL) ]
E limi L
S(HH)< 2. 3. SM o i
" " HH-bbTt* T~ +bbyy+bbbb =3 Expected imit+1g

[ Expected limit +20
BN Theory prediction
Y7  SM prediction

T
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Attheend HL -LHC

CMS .
102 &= bb bb bb Tt = j
- E ATLAS +CMSwill observe
2 L i HH production at HL -LHC
: : mm | BE at 5s.d.
= C P ]
I [ Y i
T 1E -
@- c ]
b 1 1 I ] I
5 10°F bb vy Combined ‘Jmage credit: R. CPetrossian-CByme
I I S
O 10F —_— =
L e
L |
2 . | | | LHC (now)
13 Th, My -e— Observed
ly LHo ;;:papef the | ... Median exp.
n2 7] 68% exp.
[195% exp.
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As of today

We have discovered the Higgs boson: We have built huge and
sophisticated accelerator and detectors, Nt hhe cat hedr a
s ¢ I e n todind an elementary particle that explains how the
elementary particles acquire mass.

We did not find upto now new physics, nor new particles .
The data agree well with the SM.

We will keep searching ,
and doing precision measurements A
they are our stairway to heaven

we have effectively entered an era of particle physics that
IS marked by its return to a measurement -driven character
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Towards a new world

We have analysed upto now only of the total number of Higgs boson
that we will haverat the end of LHC




nVer sonuavo mondo O

Abbiamo costruito apparati sofisticati ed enormi |,
fle cattedrali della scienza o , gercare una particella
puntiforme che spiega il perche 6 pasdicelle
elementari hanno massa .

La scoperta del bosone d i Hi guma scapérta di
enorme importanza , forse addirittura piu 6sconvolgente
della scoperta del | 6el.ettrone

E O g@grande successo di una comunita 0 wchigliaia di
fisici: e Olavarm di gruppo , madove ognuno ha dato
Il suo personale contributo
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Sappiamanolto pocoe vorremmosaperneli piu:
Proseguiam@er 2strade
- cercandacosenuove

- capendafondoquellecheabbiamaogiatrovata

| | CERN eo0:

La voglia di capire
La curiosita di scoprire
Le sempre continue sfide intellettuali, tecnologiche
Costruire e far funzionare
Misurare con precisione
Undavventura umana se
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Backupintroduzione
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Il CERN: cosa e e perché ?

Consiglio Europeo perla Ricerca Nucleare

E il piu grande laboratorio al mondo perla ricerca nel campo
della fisica delle particelle .
Come laboratorio fornisce i mezzi agli scienziati perle loro
ricerche :
gli ACCELERATORI e i RIVELATORI

Al CERN si studiano le leggi principali che governano la natura ,
si fa ricerca fondamentale ( pura ),conlo scopo di imparare
di piu riguardo al nostro universo .

Le eventuali applicazioni possibili e i benefici perla societa
arrivano a posteriori!
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Il CERN




Gli Statt Membri

Il livello di sofisticazione degli studi sulla natura e tale che un singolo
stato (e ancor meno un singolo istituto universitario) non puo

permettersi le competenze e le risorse necessarie a realizzare gli

strumenti necessari alla ricerca.

Il CERN fu fondato nel
1954 per permettere agli
scienziati europei di 700 Meuro/anno
avere accesso a strutture

di ricerca competitive che

gli stati europei che

uscivano dalla 2nda

Guerra Mondiale non

potevano permettersi.

Oggi il ruolo del CERN e
diventato piu  globale e
permette accesso a tutti
gli scienziati del mondo
(aldila difrontiere
religiose o politiche ).

21 Paesi europei
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