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Why to search for
the Higgs boson?
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What is the Higgs boson?

GOL_)SI(’, what is the higgs boson n
Search About 4,150,000 results (0.13 seconds) 4, 15 milhoes reSpOStaS
Wikipedia:

The Higgs boson is a hypothetical elementary particle predicted by the
Standard Model (SM) of particle physics.

It belongs to a class of particles known as bosons, characterized by an
integer value of their spin quantum number.

The Higgs field is a quantum field with a non-zero value that fills all of space,

and explains why fundamental particles such as quarks and electrons have
mass.



RN
— <]
e

XXth century: The Standard Model of Particles
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From X-rays and radioactivity to the Higgs boson
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Quantum The Quark Electroweak
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The Standard Model

Teoria que descreve as particulas fundamentais e as suas interacgoes
Acordo extraordinario com todos os resultados experimentais conhecidos

Mateéria ordinaria

First
Generation

FERMIONS* - BOSONS
‘ Second Third l ‘
eneration Generation

Mass (giga-electron-voits)

Top quark

Bottom quark

Charm quark

Tau
ﬁ Strange quark

Muon-
neutrino Tau-
neutring

od

w

N\ MASSLESS

BOSONS

) Photon

’ Gluon

1 Elemento em falta: Higgs
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Measurement Fit — 10™e2_Q"|/g™meas
0 1 2

m,[GeV] 91.1875=0.0021 91.1874
I,[GeV]  2.4952:0.0023  2.4959
ol [nb] 415400037  41.479
R, 20.767 + 0.025  20.742
A 0.01714 = 0.00095 0.01645
A(P.) 0.1465 = 0.0032  0.1481
R, 0.21629 = 0.00066 0.21579
R, 0.1721+0.0030  0.1723
AOP 0.0992 = 0.0016  0.1038
AY° 0.0707 = 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668

A(SLD) 0.1513+0.0021  0.1481
smge' Q) 0.2324=0.0012 0.2314
m,, [GeV]  80.399 = 0.023  80.379
Iy [Gev]  2.085+0.042 2.092
m, [GeV] 1733 + 1.1 173.4
July 2010 6 1 2 3

Confirmado com precisdo melhor que 1%
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Fermions and Bosons

Fermions:

spin is semi-integer

only one fermion can occupy a particular quantum state at any
given time

particles of matter

Examples: electron, muons, quark, neutrino (spin 2)

Bosons:

spin integer
more than one boson can occupy the same quantum state
mediators of forces

Examples: photon, W boson, Z boson , gluon (spin 1)

Higgs boson has spin 0
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Higgs: Particula ou Campo?

Principio basico da teoria quantica:
A cada particula esta associado um campo

Prémio Nobel de Einstein:

Ondas de luz consistem em corpusculos de energia (quanta) designados por
fotGes

Em geral, o campo electromagnético (ondas radio, micro-ondas, luz, raios-X)
consiste em fotbes.

Particula de Higgs <-> Campo de Higgs
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Campo electromagnetico

Campos de forcas eléctricas ou magneéticas sao
manifestacdes diferentes de um unico campo de
forcas electromagnéticas

EquacOes de Maxwell, século XIX

Ondas radio Forcas magnéticas

@)




RN
— <]
e

"y

"N

O que é a massa?

A massa é uma propriedade basica dos constituintes
elementares da matéria (particulas)

Sem massa nao haveria atomos, planetas, galaxias, Universo

Einstein: particulas sem massa (m=0) deslocam-se a
velocidade da luz

GeV
Caso de particula ao repouso:

E=mc?: massa = energia (c = velocidade da Iuz )

No caso geral:
E? = (m02)2 + (pC)2 energia de massa + energia cinética

Fotdes e outras particulas sem massa: E=pcC



Electroweak unification

Weak forces: radioactivity, neutrinos, Sun pa— ~4¢.';,

Electromagnetic and weak forces have

P -L' 1 ﬁv i
the same origin B oy,
T LY, .
The electroweak theory is based in a - oP FJ’:;Z;*)“
underlying symmetry between the two P -

interactions

Electromagnetic interaction:
Photon m=0 Different masses of v,
_ _ W and Z breaks the
Weak interaction:

Bosdes WeZ m~80-90 GeV symmetry

10



O Higgs e a origem da massa

As equacdes da teoria inicial s6 faziam sentido se
todas as particulas tivessem massa nula e se
deslocassem a velocidade da luz

Mecanismo de quebra

espontanea de simetria T Yy Hpe

W R -vE)
Englert-Brout .~
Higgs
Guralnik-Hagen-Kibble

Campo de Higgs nas equacoes:

» Quebra espontanea da simetria no minimo de energia

= O campo de Higgs existe em todo o espaco

= As particulas W, Z adquirem massa atraves da
interaccao com o campo de Higgs.
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Beyond the Higgs

Higgs mass is a huge problem:

» Virtual SM particles in quantum loops contribute to the Higgs mass

= Contributions grow with A (upper scale of validity of the SM)

= Acould be huge — e.g. the Plank scale (10"° GeV)

» Miraculous cancelations are needed to keep the Higgs mass < 1 TeV

This is known as the gauge hierarchy problem

Classical SM
I |

|
I I
| |
! ! \
| I
1

2

=(mh)0 A2A2+...,

~16n?
Beyond the Higgs:
New physics beyond the Standard Model is very likely
Supersymmetry, hidden dimensions of space-time, ...

12



How to search for
the Higgs boson?
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A escala de energia do LHC

Modelo Standard nao funciona a alta energia sem a particula
de Higgs ou sem outra “nova fisica”

Com base na compreensao presente da teoria e das observacoes
experimentais, esperamos que a “nova fisica” se manifeste a uma

energia inferior a

1 Tera-electronVolt (TeV) = 10?2 electronVolt

acessivel no LHC pela primeira vez.

A massa do Higgs deve ser inferior a 1TeV

14
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Proton collisions at LHC

LHC Vs=14TeV L=10cm’s’ Event Rate
== Collision rate » GHz
inelastic

~ o~~~ o~

SUSYqq+ag+ag

jet Er or particle mass (GeV)

A

~ 13 orders of magnitude

7x102 eV Beam Energ
10% cm?s'  Luminosity

2835 Bunches/Be:
10% Protons/Bun

7 TeV Proton Proto
colliding beams

c‘ oe‘&.;
- Bunch Crossing 4 107 Hz
(1’\ Proton Collisions  10°Hz
4y
Parton Collisions
New Particle Production 10° Hz
(Higgs, SUSY, ....)
LHC 2010-12:
Collision Energy 7 TeV
Luminosity 103234 cm-2s1

15
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World-wide collaborations

%’ 38 Nations
~3500 physicists\ g ~Ve.

e

~800 PhD students *
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Events

Top quark mass

r T 1 T T

| CMS, 36 pb™” at\s=7 TeV

7edoplup events %
s

[ m.,,=174.8 = 5.5 GeV/c’

100 125 150 175 200 225 250 275 300
Reconstructed mass [GeV/c?]
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Charged Higgs

Ns=7TeV 22fb" CMS Preliminary

SM Higgs

::EO14]:‘|"};;‘Al".‘.".‘..‘m.‘m.“.‘.p.up.L o 10
14—t — L, H - v — E P
Qo [ T.*iets, et us, and ey final states ] % E Interpretation Requires LEE (‘(:_MS7P;eI\|ImI1na;y1 i
T [ BRH ™ =1 g ohcorved 1 32 4L TV Losfb
1_./0.12_— -1 & 1 Vsz8TeV,L=531fb
g r M- Expected median 1%
o g1 [_] Expected mediant1c | g 4—‘7% \)\\\ ,/,[ \\\v ! 1o
— S ) 4 107
o L [ Expected median+2 ¢ 4 E \\\ ll/ // e
=008 B E szt 20
=008 [ s \\\ 7 — o
10.08- B £ \\/{ ) %
o F ] 10°F RN Observed (Asymptotic) 4
§ 0.04 :_ _: E \ / ..... 1 SM Higgs Expected (Asimov)
=2 [ ] 107 \ / 77TeV Observed (Asymptotic)
0.02}~ ] f 8TeV Observed (Asymptotic) 7| 4o
L ] 105l o
A RTETE PR RN PR R NTI FRRT FET PR 110 115 120 125 130 135 140 145 _ 150

80 90 100 110 120 130 140 150 160,
m,. (GeV/c?)
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It’s collaborative!

BusinessWeek

VIEWPOINT May 20, 2009, 11:57AM EST

CERN'’s Collaborative Management Model

Business leaders could learn valuable leadership lessons from the collaborative
management style at the Large Hadron Collider at CERN

By Krisztina Holly

As a business |eader, imagine trying to manage more than 7,000 scientists from 85
countries around the world—with their own languages, cultures, and expertise—on a 20-
year collaboration to create the most complex system ever built.

20



Total weight 14000 t C M S
ECAL 76k scintillating

Overall diameter 15 m — A

PbWO, crystals
Overall Iength 287 m MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers
Interleaved ~7k ch (CSC)
- 432 Resistive Plgte Chambers
3.8T Solenoid (RPC)

Si Strips ~16 m?
~137k ch

»
& ;
goe “ r‘ ‘ 4

P
~
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Steel + quartz
__Fibers 2~k ch

Pixel
Tracker Pixels & Tracker

* Pixels (100x150 um?)
ECAL ~1 m2 ~66M ch
HCAL *Si Strips (80-180 um)

~200 m2 ~9.6M ch
Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC) 21







ATLAS detectors sifil

24 m <

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

7000 Tons

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

23
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A CMS ZZ* event with both
Z's decaying to muons.

This is a "candidate” for Higgs
decay at low mass.
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Descoberta
original

Redescoberta
no LHC
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Standard Model at 7 TeV 2010-2011

CMS Preliminary \'s=7 TeV

CMS e/u+jets+btag
TOP-11-003 (L=0.8-1.09/pb)

CMS dilepton (ee,uu,eu)
TOP-11-005 (L=1.14/fb)

CMS all-hadronic 9

TOP-11-007 (L=1.09/fb)

CMS dilepton (ut)
TOP-11-006 (L=1.09/fb)

CMS 2010 combination
arXiv:1108.3773 (L=36/pb)

CMS e/u+jets+btag
arXiv:1108.3773 (L=36/pb)

CMS dilepton (ee,uu,eu)
arXiv:1105.5661 (L=36/pb)
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CMS e/u+ijets
arXiv:1106.0902 (L=36/pb)

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (:
MSTW2008(N)NLO PDF, scale® PDF(TO% CL)u

T A73:14:50 7

164+ 31> + 7

2
(val + stat. = syst. + lum)

170+ 4=10 = 8

(val + stat. = syst. + lum)

136+20+% + 8

0 *
(val = stat. = sys4t. = |lum)

149+24+20 = 9

(val + stat. + syst. + lum)

154:]; + 6

(val = tot. £ lum.)

150+ 9=/ + 6

7
(val + stat. = syst. + lum)

168+ 1813 = 7

(val = stat. + syst. = lum)

(val £ stat. = syst. + lum)

2009) 054009
ncTrtainty

0 50 100 150

200 250 300

o(tt) (pb)

[pb]

Production Cross Section, O\t
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CMS
E W | , -
- 1 “e oMS 95%CL limit ]
E-: Z l =
E : ! O CMS measurement (stat®syst) 3
- =] —Oo— —— theory prediction ]
e =] | f |
= =2 - A E
- o 2] Wy 3 ‘ .
E >3] - | A | | =
o < S e ? 3 =
. 24; 5 l 5 CWW- ! b
3 5 =4 s W2 E
- ! : - 77 .
| _T_ I - Hi27)
E » - . TE =2z S
- E; >30GeV " Er>10GeV 3 3 ? ! b
|| In® <24 | AR(y,)>0.7 ! Q7777
[ 36 pb” 36 pb” 111" 47t
E : E|

JHEP10(2011)132
CMS-PAS-EWK-10-012

PLB701(2011)535

CMS-PAS-EWK-11-010

= Fabulous

agreement

= | ots of data
... on to the Higgs...

CMS-PAS-HIG-11-025

29
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Espectro de massa de pares de muoes

= Eventos com dois mudes
= Pesquisa de particulas X que decaem em dois muoes:
Calcula-se m(X) a partir da energia-momento dos muoes

= =T - -
3 GE P,(D ¢ J/\II / ?ow: ﬂ- CMS Prelnmma:t\f;.:;;v
%10 'f_ n \l]' Y(1,2:3 Em:_ c7“=70MeVlc2
o 3 | 'l <1
[10° = 5 o
" ESWATY
10’ | di-muons e
10 2 ;_ iy mass (GeVic?)
= CMS Prelimina
10 - v Espectro de massa:
n Ns=7TeV, L =40pb" numero de eventos
. I em funcdo da massa

1 10 107 ,
p'u- mass (GeVic”)
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H—> ZZ - 4 leptoes
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Espectro de massa de 4 leptoes

CMS = L=4.7 b1
% 18 1 1 1 1 l 1 1 1 1 I LI 1 lqlgl 7l1l.eY| 1 1 1 1 n
a N
Cg 16 o Due )—:
- 14 B z+x =
i B zz .
qc) 12: my = 140 GeV _:
l.ﬁ 10 —— my =200 GeV ]
- — mw=2350 GeV ]
8
6F
4
2k
qUU 200 300 400 500 600

ma4¢ [GeV]
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Limites experimentais

Limites na seccao eficaz (probabilidade) de producao
do Higgs no canal H - ZZ - 4 leptdes

< CMS \Ns=7TeV L=47 fb!
n
R [1] A— Secgao eficaz medida,
R — relativa a secgao eficaz
A — prevista no MS
E B :
O
o ~ . y
S 1 ’ oz , = 1, a secc¢ao eficaz € com 95% de
@ A (I confianga igual ou inferior ao MS
= Observed
===Expected + 10| |
; = mm Expected + 20| |
110 200 300 400 500 600
my [GeV]

limite medido experimentalmente

---------- limite esperado, obtido por simulacao

1 bandas de incerteza no limite esperado (1 e 2 desvios paagéo)



Higgs boson mass (GeV)

11 . . . <
Higgs limits in 2011 L P
Todos os canais combinados
& 10f CMsPreiminary | |- obsened |} . 10F CMSPreliminary || [ Observed |1
g F \5=7Tev 555 Expected (68%)|- % F \5=7Tev £ Expected (68%) |
c L=46487" | Expected (95%){ ~ L=4648f" | Expected (95%)-
o B o - i
£ Excluded £ :
- —
o o
S 3
Tg)] - Tp)
(e)) - (o))
I Zoom nare
- - 110 a 145 GeV
10.1:]IlllllllIllllllllllllllllllllllllllllF 10.1'_1.“1]|||1||||||||||||1||||1|||||||
100 200 300 400 500 110 115 120 125 130 135 140 145

Higgs boson mass (GeV)

Bosao de Higgs excluido 127.5 - 600 GeV
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Total Integrated Luminosity (fb™)

LHC performance: 2010-2011-2012
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CMS Total Integrated Luminosity, p-p

N (i
W21
(=
(NN T
. WIS
NN

2010, Vs =7 TeV
2011,Vs =7 TeV
2012, \s =8 TeV

Stellar performance of
the LHC enables all
experiments to produce
significant physics
results

Many thanks to the
LHC teams and the
many others who

made this possible!

02/05

02/07 01/09_
Time in year
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Search for the
Higgs boson in 2012
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Higgs boson production

Higgs production rates (cross-sections) are predicted s t
by the Standard Model as a function of the Higgs .
mass

10°

\/s= 8 TeV

[T TTTTI
[ A

LHC HIGGS XS WG 2012

10

T IIIIIII

o(pp — H+X) [pb]

I IIIIIIII
[ IIIIII|

10"

T IIIIIII

102

IIII

| | I | |
80 100 200 300 400

t t fusion



Massas do Higgs, top e W

As massas do Higgs, quark top e bosao W sao interdependentes no MS
As medidas das massas do top e do W permite prever a massa do Higgs

Tevatron Preliminary March 2012
T T T T T T T T T T
: OLEPEWWG (2011) 689% CL (excluding mw,mb&dtea Higgs exclusion) -
_Sg:&gam;n\v:m;,mw -
80.45 T -
> 8041 -
S - .
- J
E; - A
80.35 -
80.3 - =
- AT TR TRy _ A
155 160 165 170 1/5 18 185 190 195
my,, (GeV)
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Higgs boson decays

5 decay modes exploited

Low mass region is very

rich but also very £ h: W
challenging: > ZZ
§ 10™ € %

+ High sensitivity, high =

resolution: ZZ, vy

. E . 10-2: E

* High sensitivity, low :

resolution: WW
 Low sensitivity, Low 10° \260 300 500 1000

resolution: bb, 11




Collisions pileup

LHC luminosity in 2012: 6.5 1033 cm2s™"

Average number of proton-proton collisions
per bunch crossing ~ 30

Challenging experimental conditions




CMS discovery potential

p-values

— Probability that
background fluctuates to
give an excess as large
as the signal size
expected for a SM

Higgs.
. _ 10-10 Expected p-Yalues
— 5 0} (Slgma) - 10-11 :(I_Jlom:;:ed
probability of one 10'12 |t
. N 10 —H—
in 3 million b e

CMS Preliminary
\s=7TeV,L=5.11b"
\s=8TeV,L=5.31b'

10-15 N TR R BRI S RN RN AR R AR
116 118 120 122 124 126 128 130

Higgs boson mass (GeV)
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000 ’

Results from H->yy
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ECAL calibration, 2012 data

"

Single electron energy scale (E/p) stability Z->ee invariant mass distribution for

in barrel measured with W =>ev events electrons measured in the barrel
108 CMS 2012 Preliminary, {s=8 TeV, L = 2.4 fb”
% ' ECI{II 2012Prelim|nary ' HiWithLl\i/Icorrec{ion ' 3 N”“Zsooi'l""l""l""l""l"
Q 1.02ysi= 8TV L'=3.95 fb s without LM corfection ™ RS - ECAL Barrel
2 101 E : LT 1/LM correcthn . % L
o ' O 2000 Electrons with
= lo)
£ 099 s sook low or no
2 008ES = Bremsstrahlung
0.97 §
0.96 T
095— : : : : : : : : :
094 z_ECALBarrelpmmptReco ..... ............ ............ _. ............ =
E i i i i i i i E I P L |
0-93™32/04 19/04 26/04 03/05 10/05 17/05 24/05 31/05 07/06 O 50 100 0= 80 90 100 110
date (day/month) M [GeV/cz]
ee

« W->ev E/p: Stable E scale during 2012 run after light monitoring
corrections:

— ECAL Barrel (EB): RMS stability after corrections 0.19%

« Z->ee: Good resolution with preliminary energy calibration for 2012:
— Instrumental resolution: 1.0 GeV in ECAL Barrel (~1%)



Events/ (1 GeV)

Events/ (1 GeV)

Di-photon Mass Distribution in Categories ?’.g

Combined fit of signal and background to all 11 categories 8 TeV data
35 :_CMS Preliminary —— Data . ; 160 E_CMS Preliminary —4— Data ] ; 400 E_CMS Preliminary —— Data .
[ Vs=8TeV,L=53"b" S+B Fit Q FVs=8TeV,L=5.31b" S+B Fit @ F Vs=8TeV,L=53"fb" S+B Fit
Foo T e Bkg Fit Component (D Fo T e Bkg Fit Component (D E T e Bkg Fit Component
30} [ J+ie ~ 140 [ J+io ~ 350 [ Jtie
I +26 ~ " [ +20 ~ Z+ I +26
o5 BDT >= 0.88 f2) 120 % 0.71 <=BDT < 0.88 f%) 300 \ 0.50 <= BDT < 0.71
. c N [ \
20 % 100 - E 250 E
Untagged 0 8ol Untagged 1 200F Untagged 2
15 - -
601 150
10 40k 100F
5 20F 50
E L K L il s Fvssednd T S R M R T AR AR S
900 120 140 160 180 900 120 140 160 180 900 120 140 160 180
m,, (GeV) m,, (GeV) m,, (GeV)
800 C?MS Preliminary ) —— gj:;':n %\ 9 CMS Preliminary —¢— Data % 20 ?QMS Preliminary . —— gthaFn
ve=8TeV,L=531" Bkg Fit Component (O] 8Fis=8 TeV,L=5.3 L :;s ;:i;tcomponem (©) 18 i_ Vs=8TeV,L=53f" Bkg Fit Component
1o — +o ~— F [ J+t1e
700 Et;c _ 7 E;c — 16 B <20
600 C -0.05 <= BDT < 0.50 ; 6 BDT >= -0.05 Tight Di-jet Tag 2 BDT >= -0.05 Loose Di-jet Tag
F T S
500 g 5 g
: -m - m -m
400F Untagged 3 L N Dijet tight Dijet loose
300F 3 gl
200F > .
100} . 1
ST P R R VLT 11
900 120 140 160 180 900 120 140 160 180 160 180

m,, (GeV) m,, (GeV) m,, (GeV)



Results from H->vyy:
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Di-photon mass distribution

Sum of mass distributions for each event class, weighted by S/B

.§7 ge\l()
o 00 O
O O O
O O O

(1
LN
S

-
o
T T T T T

vents /

— i
o N
o O
o O

Weighted E
A O O©
o
o

- CMS Preliminary —4— S/B Weighted Data
- 1s=7TeV,L=5.11b" =+B i

C e 8TeV L=53fy! - Bkg Fit Component
- \s=8TeV,L=5. 410
[ 206

20 140
m,, (GeV)

In the yy mass distribution
there is an excess of events
above background, at a
mass near 125 GeV.

The observation of the
two-photon final state implies
that the new particle is a
boson, not a fermion, and
that it cannot be a “spin 1”
particle.

There is no other
fundamental particle with
these properties



CMS Experiment at the LHC, CERN :
Data recorded: 2012-May-27 23:35:47.271830 GMT
Run/Event: 195099 / 137440354 R
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Background models S|
L

 Irreducible background Z2Z - 4I

— Estimated using simulation g ek . o S
— Phenomenological shape models .. 99 > ZZ > 4l
— Corrected for data/simulation scale - 1 |

T 7 e R R

— Reducible backgrounds estimated from data

— Extrapolation from control samples enriched with misidentified leptons
— TOtal Uncertainty ~50(y0 Va“dation Ta data

Vs=7TeV,L=5051b"

L L . B s Lo T eeaEa (LA LeL A
o . . o
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Results from H decaying to ZZ
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4 lepton mass distribution
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Mass distribution for the four

leptons (two pairs of electrons, or
two pairs of muons, or the pair of
electrons and the pair of muons).

Accounting also for the decay angle
characteristics, it yields an excess of
3.1 sigma above background at a
mass of 125.6 GeV.
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Results: 2D plots

Perform 2D fit
— MELA discriminant

Versus my,

« Data points shown
with per-event
mass uncertainties
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95% C.L. Limit on o/cog,,

Results from H->WW

WW->llvv channel: a broad excess in the mass
distribution of 1.5 sigma is observed.
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Results from low-sensitivity channels
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Characterization of excess near 125 GeV |
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Characterization of excess near 125 GeV L%!Ig!“
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Characterization of excess near 125 GeV %!g!“
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Mass of the new resonance

Likelihood fit to the new

resonance
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ATLAS results sl
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In summary

Both LHC experiments have
observed a new boson with a
mass around 125 GeV
at
5 o significance !
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