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The Standard Model of particle physics

The ordinary matter is made of protons,
neutrons and electrons.
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The Standard Model of particle physics

The ordinary matter is made of protons,
neutrons and electrons.

Protons and neutrons are made of elementary
up and down quarks.

Neutrinos have an astrophiscal nature (solar
nuclear reaction, supernova explosion and so
on).

All other particles have been artificially
produced, some also observed in the products
of high energy proton interactions with the
atmosphere (cosmic rays)

Particles interact by exchanging vector bosons
(called force mediators)

Particle physics studies elementary
particles and their interactions.

U u
\/ The diagrams are used to give a

N i .. i .. 8 representation of interacting particles
/ e- d U /\-} and the force mediators.
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The Standard Model Lagrangian

Y.WZ
L= °

1 |
B VB,uV Wea JWHvae Ga (JHva
49/4 H 492 pv 495

FQuu;H + Y, Qid;H +Y," Lye; H + c.c.)

\ ‘—)\(H_‘.H)Q n Y2 HTH - Matter interaction

The standard model lagrangian is able to describe all non gravitational phenomena.
Before LHC only one particle was missing from the observation: the Higgs boson.

The mathematics (statistics, diffrential equations and complex matrices algebra are

used in particle physics to quantify the phenomena and produce predictions)
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What is the Higgs boson and why we need it?

From Galileo to Popper we define a scientific theory if it is able to predict quantitative observables
that can be tested in order to falisify the thoery.

In other words the theory must be predictive, it must be able to predict phenomena using a finite
number of inputs (like masses of paricles, strenght of the interactions and so on).

Particle physics is a quantum field theory that is able to give predictions through perturbative
expansions, unfortunately when doing perturbative calculations some quantities become divergent
and a regularisation procedure must be adopted, this procedure is called “renormalisation”.

In the “renormalisation” procedure divergences are absorbed with the redefinition of the
“fundamental” constants of the theory (like masses, electric charge and so on). In renormalisable
theories the number of constants needed to do this job is finite and constant at any order of the
perturbative expantion, in non -renormalisable theories more and more constants need to be added
at each order (i.e. when the calculation becomes more and more accurate).

Non renormalisable theory have a limited predictive power, because accurate predictions need more
and more “fundamental” constants, limiting the model to a description of nature more than a theory
of nature.

The theory of the y,W and Z interactions where W and Z bosons have a non zero mass is not
renormalisable, W and Z bosons should be massless to have a renormalisable theory,

but from experimental measurements their masses are 80 times and 90 times larger than the proton
mass.
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Lagrangian Vector boson mass term

L ~ m‘%v WTW— Non renormalisable mass term. =
L ~ hW_I_ YW~  Renormalisable interaction term. - ~? C W
~§~W+

V(h) = A (lhol* = 1?)

At the minimum Im h = 0, Re h = ho (convention),
for which we can write h = ho+ n

"0 L hoWHEWT W W

Re(h)
We have now introduced a mass term, but L is still normalisable thanks to the presence of the extra
interaction of the “remnent” Higgs field and the W’s.

The Higgs mechanism is the simplest mechanism able to do the job, we can build more complex

ways to solve the problem, but the economicity was always one of the driving requirement of the
Standard Model building.

The Higgs boson is also not a “prediction” of the standard model, but a requirement, needed to
make it a “nice” renormalisable theory. Why nature should follow the caprice of the man mind is
still a mistery. The predictions is that its coupling to W, Z and top particles are fixed by their
masses, so the SM fully predicts its production rate and decay, and we can try to falsify it.
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Higgs production.

P P The Higgs is produced in pp cllisions alone or together with other
_— — particle gluons, quarks, W and Z bosons.
H+X The proton is made of ~50% gluons and 50% quarks.
Gluon fusion Vector boson fusion Associate production
9 g4 93
TTTVBTTU Y f HO
H" W/---------
iy  D--==---
2900000099 t
g q2 q4
10° T A F
g F \s=8TeV 3¢ The mass of the Higgs is a free paramter of the
< T 1§ Standard Model, but given the mass the
£ 10 =3 : it
T E 3°  production probability is completely frozen by
R 1 the known couplings of the Higgs to W/Z and t
T oL | particles given by their measured masses.
i 1 The search has been performed in the full LHC
107 = explorable range, even if limit were imposed
- N from direct search (mu > 114 GeV) and indirect
o2l | measurements mu < 200 GeV.
80 100 200 300 400 1000

M, [GeV]
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The Large Hadron Collider
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e Length 27 km;
e Proton energy 14 TeV (project) 8 TeV (maximum up to now);
e The maximum energy is fixed by the magnet bending power 8.3T,

the circumference of the ring and the effective length occupied by the
magnets (2/3)
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The Higgs discovery decays.

H—vyy W G ; AV
H — ZZ — 41 (e,u,1) Aoyt w H t
— Z"/!/.'
H — W+W_ %1+V1_ V (e, IJ.,T) W /‘%v%WV‘vW- t AN
Y Y
nggs WG SUbgrOUpS ;S\\‘ ATLAS Run 214680, Event 271333760
17 Nov 2012 ©7:42:05 CET
T EEXPERlMENT

sonveners Main Topics

H->WW-=evuv

Leandro Nisati Higgs Prospects and Upgrade
Kerstin Tackman DiPhotonand Zgamma
Krisztian Peters

Christos ZZ and ZH(Invisible)
Anastopoulos

Stefano Rosati
HSG3 Biagio di Micco WW and VBF H(inivisible)

Pierre Savard

» World wide collaboration with 3500 physicists

e Roma Tre activity mainly in the muon system
construction and the H-=WW analysis

e H-=WW group involve the work ~ 150 active
physicists
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Men size

The ATLAS detector and collaboration

LAr electromagnetic calorimeters

Muon chambers Solenold magnet | Transition radiation tracker

One Monitored
Drift Tube
chamber of the |
muon
spectrometer
constructed at
Roma Trea
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The search strategy in the yy and ZZ channels

The background has a smooth falling shape,and
H %Yy The signal has a sharp peak at the Higgs mass. it is fit to data f"“th d 1sm00t1h funcjuon.

T
H—yy Conv. central, low p_

. Data 2012
Background model
SM Higgs boson m = 126.8 GeV (MC) =

ATLAS Preliminary

True vertex

f'.'ux \_ p'

Likelihood gg—=H-vyy
Calo pointing my = 125 GeV

\s=8TeV

Photons can be
fully recon-
structed, from
the energy and
direction of the
photons we can
build the mass
of the decaying
particle.

Events / 1 GeV

1s=8TeV, J.Ldt «207'
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Simulation
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Gaussian fit

H—Z77Z—>4]

Leptons like e and u can be i

fully reconstructed and the | ! - 7
HZZ'—4p (\s =8 TeV)

Higgs mass can be determin- - j ]

ed from m,4 mass. m = (129,50 + 0.04) GeV
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o

>
©
O
Ty
S~
L
[
>
L

a.u./ 0.5 GeV

-t
9]

—
o

The background has a
complex shape and must be |
estimated using detector without Z mass constraint

simulation. - aut d \oo'. o‘
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The search strategy in the WW channel.
H — WW- =11 v (I=e,p)

:ATLAS -4~ Data == SM (sys @ stal)
e The energy and direction of the neutrinos can be = o vz
C1s=7TeV,[Ldt=4.71b" ) [ SingleTop

reconstructed only partially, imposing that the sum of the - B Zejets [0 Wojets
components in the plane orthogonal to the beam axis is null. F HoWW iy O Hi125Gev) x 10
The reconstructed quantity is the Missing Er. : Other processes produce larger
7 numbers of gluons and quarks,
e The channel has a large irreducible background from the analysis is performed only in
pp—WW-—lvlv, the characteristics of the H decay brings muy 0,1 and 2 additional gluons and/
at small values, allowing to fit both the background and the or quarks.

signal yield.
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e Low resolution mass can still be reconstructed without
using the component along the beam of the neutrinos
momenta (transverse mass)
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First search results.

Phys. Rev. Lett. 108, 111802 (2012)

CATLAS T oy e The signal is excluded @95% C.L. if the
— Observed i 13
- Expected J Lt = 2.05 11" probability that the observed data are
W+io 7 TaV obtained by an underfluctuation of the

[+20 Submitted 12 Dec 2011 event yield is less than 5%.

SM
B
CR,

LA

95% CL Limit on o/c
=

. Large exclusion in the region preferred by
~ the SM indirect tests. Slight excess in the low
SM expectation. mass region my < 145 GeV.

e

Phys.Lett. B710(2012) 383-402
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Phys. Rev Lett ]08 ]]]803 (2012) H
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Submitted 7 Feb 2012
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First indication of a
bump in the myy
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http://prl.aps.org/abstract/PRL/v108/i11/e111802
http://prl.aps.org/abstract/PRL/v108/i11/e111802
http://prl.aps.org/abstract/PRL/v108/i11/e111803
http://prl.aps.org/abstract/PRL/v108/i11/e111803
http://www.sciencedirect.com/science/article/pii/S0370269312002560
http://www.sciencedirect.com/science/article/pii/S0370269312002560

The dlscovery paper
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L An excess of events has been observed in all three
- Data ~—— SM (sys @ stat)

mwvw @ wzzzw, 1 channels, the excess is quantified as the probability that
\s=8TeV, JLat=58f" D  [ESngeTop such configuration is given by an overfluctuation of the

Bl Zijets [T] Wejets
HOWW —evuviuvev + 0/1 jets [ H[125GeV] background (po)

|

f(x; u,0)

'llllllll

An observation is at no if:

1o 1 —/ f(@; p, o)dz = po

68.3% o/2

| |
-1 0 1 2

(x-w)/c NG
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Statistical analysis

Phys. Lett. B 716 (2012) 1-29

A1'_LAS‘201i-20'12 (a)H_I)ZZ”T_>4| grrrrrrrryrrrryjrrrryrrrr|yrrrr|yrrrrrrr 1§
. ATLAS 2011 -2012

| RS \s=7TeV: |Ldt=4.6-4.8 b
\s=8TeV: [Ldt=5.859fb"

\s=7TeV: [Ldt=48f"
\s=8TeV: |Ldt=581fb"

\s=7TeV: |Ldt=481b"
\s=8TeV:det=5.9fb" llllllllllllllllllllllllllll.‘Lllllllllll

110 115 120 125 130 135 140 145 150
(*) mH [GeV]
() H>WW > v To claim a discovery the probability that an excess
in data is due to a background fluctuation must be

smaller than 2.8x107(50).

SENEREe T, ATLAS reached 60 evidence, with such probability

, = 2011-2012 Obs.
o being 1/10°. In the summer 2012 the observation of a
... 2012Exp. Is=7TeV: |Ldt=4.71b

K — 2012005 15=8TeV: JLdt=581" . new particle was found, but is it really the Higgs

M PR PR P Y P P PSS
115 120 125 130 135 140 145 boson?
my,; [GeV]
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http://www.sciencedirect.com/science/article/pii/S037026931200857X
http://www.sciencedirect.com/science/article/pii/S037026931200857X

Probing the nature of the observed resonance.

Forensics

Last year we had enough data to
understand that there was
something, but we needed more
data to find what it was.

—

The Standard Model has a large predictive power for the Higgs
behviour.

e we know it’s spin and parity o+
e we know the production rate and the production mechanism
(ggF and VBF)
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Data with the full dataset, presented at Moriond 201 3
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ATLAS Preliminary

e Data ATLAS Preliminary
B Background zZ" Ho 774
— [l Background Z+jets, fi
E _ | Signal (m =125 GeV)
— 7, Syst.Unc. \s =7 TeV:Ldt = 4.6 fb"
\s = 8 TeV:|Ldt = 20.7 fb*

+ Data S/B Weighted
— Sig+Bkg Fit (m =126.8 GeV)
Bkg (4th order polynomial)

¥ weights / GeV
Events/2.5 GeV

15=7 TeV, [Ldt=4.8 fb”

lllll lllllllllllllllllllllllll

1s=8TeV, [Ldt=20.7 6" H-yy
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| | | |
ATLAS Preliminary  my = 1255 GeV

T T ] ™T T T | T T LA B T LA | T T L T I T ¥ T Observed yie]_d W Z H bb

- . e — — o '
ATLAS Pl'ellmlnary K expected y1eld V=TTV Lt w47 "
- Observed

\s=7TeV, |Ldt = 4.6-4.8 b= A il
10° 's = 8 TeV, [Ldt = 13-20.7 fb™ Hotw
B SM expected . = o The yield in all channels | ‘-7 = sl

3 is compatibe with the H—WW' - viv
10 40. SM . \$ =7 TaV ]:l(t--thD‘
. expectation. &= BToV: Lk =207 1"
107 H— vy
10-9 6o . . VS =7 TeV [Ld‘.-d&"bll
12 Sllght excess in the YY \s « 8 ToV ]leq-.‘.-ao/m
1015 ' ' s and ZZ channel, H= Lo =4
. 0 . l . J.‘
10 combined result Ve= 8oV L2070
18 E- . .
10 compatible with the SM Combined 1=1.30£0.20 :
. . : s=7TeV l=46-480 H
1021[ =106 @7% level. ::-BYoV )'t;.m 2071’ +
10-24 - L e e ' e . s 1 s .l . s 1 A 'S s L | 1 s | . - 1 l 1 1 l
115 120 125 -1 0

Signal strength (u)
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D EXPERIMENT

Run 214689,

Event 271333760

17 Nov 2012 ©7:42:05 CET

Probe of the production mechanism

Higgs Boson Candidate Event
Vector Boson Fusion

pp = qqH, H =W W —

/ m(J);:3z) = 1.4 TeV
y(jijz) = 6.6
m(en) = 21 GeV
r = 95 GeV

DR T T A A A R R AR

Events / 20 GeV

5 10 o
g_)f Of ATLAS Preliminary
‘i’ 8 \s=7TeV: ,';Ldt =46-481b’
T \s=8TeV: |Ldt=13-20.7 b
-
é 6 * YT + Standard Model
= ) v 22 ' 4l X Best it
4 » WW' s v = 68% CL
=== 95% Cl
2
0
-2
m, = 1255 GeV
-4 = L -
2 -1 0 1 2 3 4 5 6 7 8
1 x B/B
!‘ aggF+ttH SM
RO A
B 2

2In A

A :
i The two outcoming quarks produce large
Wi energy deposits in the forward part of the
detector, selecting events with this
as topology enrichs the VBF componenet.
9 ......................... - g ——————— f
8k ATLAS Preliminary = § wf- MM o f
.3 Vs=8TeV,[Lat=207f" I 5  wf Background mad :
H-WW' '—evuviuvev + = 2 | & ATLAS Preiminary
6 - ] @ ; 8 ToV [1 2 w2
- & Data  ~—— SM(sys & stat) - ) )\ o ! 1 TeV, Lot =3
5 B ww [ wzzzw e
s "4 [ Single Top TETY TR e,
4F B Zejets [] Wejets ot ¥
. B o [C]ver 1
50 100 150 200 250 300 I j
m, (GeV]
Y ~13  VBF production
141 ATLAS Preliminary ] d 3
1ol \s=7TeV: |Ldt=46481b" ] observed at 30
K \s=8TeV: |Ldt=13-20.7 fb" . level.
10 } m, = 125.5 GeV {
8 —combined ~ —H-y VH production still
--- SMexpected —H 527 4
A ._ H under study
: H - .
N\ (large involvement
4 of Roma Tre in this
2F channel), Domizia
a being the
005

~
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Determination of the spin and parity quantum numbers

The spin can be

determined using ) . Using the angle respect to the
the angular R beam axis in the H reference
distributions of | X\ ' frame for H—Yyy
the decay '
products in WW
and ZZ.

VIVVVT 'I'V I ‘VV" T
ATLAS Prellmlnary —4— Bhg. subiracted Data
\s=8TeV.| Ldt =207 b’ [ wopes)
H—>WW‘.'—>e\'pv,‘pve\' +0 jets

Events / 0.1

YTYYT'TY ]’Y

25 L | l. I D T I I LB LB I | T I ' I L |
. ala .. ATLAS Preliminary _
. [ Background 22"’ ") ]
v LI | M | v L | DA M | LI L v | LI /

T Hoyy S =0 (SM)pdt  — J° = 2" (100% gg) pdf 20 - Background Z+jets, tt H—-ZZ -4l |
- Nominalanalysls ¢ =o' (sMyft e S =2 (100%gg)tit - - Signal (m, =125 GeV) -
Backgroung systematic uncertainty , S J" =0 \s=7 TeV: [Ldl =4.6 fb ]

1s=8 TeV:|Ldt =207 fb"

_|.'71 IY‘II YY'YYYTY'YIY
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e

C Howw''- revv/uvey + 0 jets
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' : | 60
40f
20f
of
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'40_:

N
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C \s=8TeV,| Ldt=207m" [ ] Hepes

Events / 0.1

- Data 2012, ].l_ dt- 207 1o Vs = 8 TeV
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BDT Discriminant
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Spin and parity determination.

ATLAS l})’reliminary —Data ~ ATLAS Preliminary —Data
H—-2ZZ' -4l Signal hypothesis H—- ZZ( ) - 4] Signal hypothesis
15=7TeV: [Ldt = 4.6 b (m =125 GeV) 15=7TeV: [Ldt=4.61b" (m =125 GeV)

\S:?TCViLd(=4.6fb1 ) 15 =8 TeV: ‘Ld(=20.7fb. P + . \s =8 TeV: [Ldl=207fb. b .
\s = 8 TeV{Ldt = 20.7 fo’ ® Data ' —dy, =0 ' —dy, =0

= Ho ZZ* 4l

BDT analysis BDT analysis

o P =) B P _ 4+
Hoyy CL, expected JH, 0 JH, =1
o

\s = 8 TeV{Ldt = 20.7 fb’ :

s=8TeVi (assuming J* = 07)
H— WW*= evuv/uvev

\s =8 TeV{Ldt = 20.7 fb’

-.:.5 & = Ql - N -
Iog(L(Ho)/L(H1)) Iog(L(Ho)/L(H1))

BDT analysis
tested J* for tested 0" for
an assumed 0 an assumed J*
expected | observed observed®
0.0037 0.015 0.31
0.0016 0.001 0.55
0.0038 0.051 0.15

T ITTIIﬂ'I T vnnﬂI T

=ROMA ) ATLAS e la scoperta del bosone
-A:1RE G (>~ di Higgs B. Di Micco
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