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#1 LHC



!L(arge) H(adron) C(ollider)

• Large

perímetro de ~ 27km

:: re-utiliza o túnel do LEP

:: energia máxima depende do raio 
do acelerador e da magnitude do 
campo magnético dipolar que 
mantém as partículas em órbita

• Hadron

protões e iões de Pb [hadrões]

• Collider

energia do CM é a soma das 
energias de cada um dos feixes [a 
circular em sentidos diferentes]

:: vantajoso relativamente a alvo 
fixo



! os detectores [experiências]
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TOTEM (59); LHCf (16); MoEDAL (4)



! LHC em (alguns) números

cientistas ~8500

países 44 (5 continentes)

perímetro 26 659 m

temperatura 1.9 K (dipolos) :: mais frio que espaço

vácuo 10-13 atm (feixe)
~9000 m3 (isolamento)

imáns 9593
1232 dipolos, 392 quadrupolos

campo magnético dipolar 8.33 T

energia [máximo] protão 7 TeV [CM: 14TeV]
iões 2.76 TeV/u [CM: 5.5 TeV] (Pb: 1150 TeV)

colisões 600 milhões por segundo

dados 700MB/s (15PB/ano = 20km CDs em pilha)

custo directo 1 aeroporto (4 biliões de euros)



! users



Uma longa história



! pré-história (i)

1984

๏ início dos trabalhos preparatórios para o LHC [Simpósio em Lausanne] 

:: o LEP, que operou entre 1989 e 2000, ainda não estava construído

1989

๏ ‘início’ da colaboração LHC 

1992

๏ ‘início’ das experiências LHC 

:: [expressões de interesse]

๏ lançamento do plano de estudos de exequibilidade técnica 

:: [acelerador a funcionar a 1.9K=-271.3ºC]

1994

๏ aprovação da construção do LHC pelo CERN Council

1995

๏ publicação do LHC technical design report 

:: [detalhes de operação e arquitectura do futuro acelerador]



! pré-história (ii)

1996

๏ CMS e ATLAS aprovadas [general discovery experiments]

:: origem da massa [descoberta do bosão de Higgs]

:: exploração de possibilidades para matéria escura [SUSY?] e energia escura

1997

๏ ALICE aprovada com re-utilização do imán L3 do LEP 

:: experiência de iões pesados para descoberta e caracterização do plasma de quarks e 
gluões (QGP) hipoteticamente existente nos primórdios (de 10-35 a 10-12 s) do 
universo

1998

๏ início dos trabalhos de engenharia civil para ATLAS 

:: [uma das duas cavernas será a maior alguma vez escavada em molasso 
35m(l)x55m(c)x40m(a)] 

๏ LHCb aprovada

:: violação de CP

:: explicação da assimetria entre matéria e anti-matéria no Universo



! pré-história (iii)

2000

๏ LEP colide electrões com positrões pela última vez [o fim de um grande programa 
experimental]

2002

๏ a última peça do LEP sobe à superfície 

2003

๏ início da instalação do LHC [acelerador e detectores] 

2008

๏ instalação concluída

๏ arrefecimento do LHC

:: são necessárias 3-4 semanas para atingir a temperatura de funcionamento [1.9 K]

๏ 10 Set :: primeira tentativa de circulação de feixe

:: às 10.28 [essencialmente a primeira tentativa] protões circulam pela primeira vez no 
LHC

๏ 19 Sep :: O DIA NEGRO ...



! o incidente de 19 Set 2008

• durante testes aos ímanes dipolares uma junção [soldadura sofisticada] entre 
supercondutores desenvolveu uma resistência eléctrica anómala [deixou de ser 
supercondutora...] e consequentemente a temperatura local aumentou 
substancialmente [efeito de Joule] distorcendo os ímanes logo gerando uma rápida 
reconfiguração do campo magnético [‘quench’] resultando num arco voltaíco [mais 
física clássica] que perfurou as condutas de Hélio líquido e em mais disturções 
mecânicas... 

• algumas toneladas de Hélio líquido perdidas para o túnel e [muitos] estragos ...
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! depois da tempestade



! depois da tempestade

• re-início do LHC em 2009

• energia máxima de 7 TeV [14 TeV para mais tarde...]

• 900 GeV [energia de injecção] :: contacto com o passado [UA5 no SPS] 

• 2.36 TeV [só para ser mais que o Tevatron]

• 7 TeV

• funcionamento contínuo até final de 2011

• 2 (1+1) meses dedicados a colisões Pb-Pb [o resto p-p]
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• energia máxima de 7 TeV [14 TeV para mais tarde...]

• 900 GeV [energia de injecção] :: contacto com o passado [UA5 no SPS] 

• 2.36 TeV [só para ser mais que o Tevatron]

• 7 TeV

• funcionamento contínuo até final de 2011

• 2 (1+1) meses dedicados a colisões Pb-Pb [o resto p-p]

20-23 Nov :: um grande ‘fim-de-semana’

as primeiras colisões ... 
[poucas horas depois da primeira circulação simultânea de dois feixes]

protões a circular 
em uma direcção
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as observed with the ALICE detector:
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#2 mecanismo de Higgs



unificação das interacções fundamentais

� Electricidade e Magnetismo [Maxwell 1873]

� interacção fraca [Fermi 1934]

�� não renormalizável [divergente a altas energias]

� invariância de gauge [Yang & Mills 1954]

�� 1930-60 :: procura de teorias de gauge que 
unifiquem as interacções EM e fraca

• simetria SU(2)⊗U(1) [Glashow 1961]

• quebra espontânea [Weinberg & Salam 1967]

O problema:

Á percura do bosón de Higgs. 4

● Unificación do EM (Maxwell, 1873) → teorías que unifiquen as 
interaccións da materia.

● Fermi (1934): teoría da interacción feble, non
permite cálculos a alta enerxía (non renormalizable).

● Yang-Mills (1954): invariancia gauge (EM e máis).

● 1930-1960: búsqueda de teorías
gauge que unifiquen as interaccións;
simetría SU(2)×U(1)(Glashow, 1961)
espontaneamente rota (Weinberg,
Salam, 1967): Modelo Estándar electro-feble.

● A rotura espontánea da simetría da lugar a bosóns de 
intercambio W±,Z0 sin masa (Goldstone) ⇒ alcance infinito; unha 

maneira de darlle masa é o mecanismo de Higgs (1964).
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Modelo Padrão Electro-fraco [SM]
bosões de gauge [mediadores da interacção] 
com massa nula [Goldstone] :: forças de alcance infinito

forma [a mais simples] de atribuir massa aos bosões de gauge [1964]

mecanisno de Englert—Brout—Higgs—Guralnik—Hagen—Kibble
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland

(Received 31 August 1964)

In a recent note' it was shown that the Gold-
stone theorem, ' that Lorentz-covaria. nt field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson' has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.
The simplest theory which exhibits this be-

havior is a gauge-invariant version of a model
used by Goldstone' himself: Two real' scalar
fields y„y, and a real vector field A interact
through the Lagrangian density

2 2
L =-&(&v ) -@'7v )1 2

2 2 ~ JL(,V—V(rp + y ) -P'1 2 P,v

where

V p =~ p -eA
1 jL(, 1 p, 2'

p2 +eA {p1'

F =8 A -BA
PV P, V V

e is a dimensionless coupling constant, and the
metric is taken as -+++. I. is invariant under
simultaneous gauge transformations of the first
kind on y, + iy, and of the second kind on A
Let us suppose that V'(cpa') = 0, V"(&p,') ) 0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating ~y„ay„and A & as small quantities]
governing the propagation of small oscillations

about the "vacuum" solution y, (x) =0, y, (x) = y, :
s "(s (np )-ep A )=0,1 0 (2a)

(&'-4e,'V"(y,')f(&y, ) = 0, (2b)

s r"'=eq (s"(c,p, ) ep A-t.
V 0 1 0 p,

(2c)

Pv 2 2
8 B =0, 8 t" +e y 8 =0.

v 0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass ey, . In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term. '
When one considers theoretical models in

which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
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It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field' associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents. ' In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.
Theories with degenerate vacuum (broken

symmetry) have been the subject of intensive
study since their inception by Nambu. ' ' A
characteristic feature of such theories is the
possible existence of zero-mass bosons which
tend to restore the symmetry. 'y' We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass.
~e shall first treat the case where the orig-

inal fields are a set of bosons qA which trans-
form as a basis for a representation of a com-
pact Lie group. This example should be con-
sidered as a rather general phenomenological
model. As such, we shall not study the par-
ticular mechanism by which the symmetry is
broken but simply assume that such a mech-
anism exists. A calculation performed in low-
est order perturbation theory indicates that

those vector mesons which are coupled to cur-
rents that "rotate" the original vacuum are the
ones which acquire mass [see Eq. (6)].
~e shall then examine a particular model

based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y, -phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. ~e shall show in this case
that the pseudovector field acquires mass.
In the last paragraph we sketch a simple

argument which renders these results reason-
able.
(1) Lest the simplicity of the argument be

shrouded in a cloud of indices, we first con-
sider a one-parameter Abelian group, repre-
senting, for example, the phase transformation
of a charged boson; we then present the general-
ization to an arbitrary compact Lie group.
The interaction between the y and the A &fields is

H. =ieA y~8 y-e'y*yA Aint p. p, p, p,
'

where y =(y, +iy, )/v2. We shall break the
symmetry by fixing &y) e0 in the vacuum, with
the phase chosen for convenience such that
&V) =&q ') =&q,)/~2.
%'e shall assume that the application of the
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from one or more compound states, probably in
the 'P and S configurations. '~'
The position of the hydrogen resonance on the

energy scale is in very good agreement with the-
oretical predictions, which range from 9.6 to
9.8 ev.
Because of the difficulty of the present experi-

ment the author had to seek advice on many as-
pects of the experiment. He is indebted to A. O.
McCoubrey, R. F. C. Vessot, and F. Kaufman
for advice on handling of atomic hydrogen; to
B.R. McAvoy, J. L. Pack, and J. L. Moruzzi
for advice on and loan of high-power microwave
equipment; to A. V. Phelps and P. J. Chantry for
frequent discussions; and to %. J. Uhlig, J. Kear-
ney, and H. T. Garstka for technical assistance.

*This work was supported in part by the Advanced
Research Projects Agency through the Office of Naval
Research.
P. G. Burke and H. M. Schey, Phys. Rev. 126,
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is 9.61 eV, with a width of 0.109 eV. The state in-
volved is the ~S state.
P. G. Burke and K. Smith, in Atomic Collision

Processes, edited by M. R. C. McDowell (John Wi-
ley @ Sons, Inc. , New York, 1964). They calculate
the energy at resonance resulting from the {2s2P}P
state to be 9.78 eV, width 0.009 eV. They also cal-
culate resonances resulting from (ls2s) ~S and
(ls2P) ~P configurations at much lower energies.
M. Gailitis and R. Damburg, Proc. Phys. Soc.

(London) 82, 192 (1963), find the minimum of the
cross section at 9.6 eV (singlet) and 9.8 eV (no ex-

change) i
M. H. Mittleman, Phys. Rev. Letters 10, 145

(1962), finds the minimum in the cross section at
9.8 eV.
~K. Smith, R. F. Eachran, and P. A. Frazer,

Phys. Rev. 125, 553 (1962).
~A. Temkin and R. Pohle, Phys. Rev. Letters
10, 22 (1963), find the minimum in the cross sec-
tion just below 9.7 eV.
VA. Herzenberg, K. L. Kwok, and F. Mandl, Proc.

Phys. Soc. (London) 84, 345 (1964), discuss the 'S
level at 9.61 eV.
G. J. Schulz, Phys. Rev. Letters 10, 104 (1963).
R. J. Fleming and G. S. Higginson, Proc. Phys.

Soc. (London) 81, 974 (1963); see also J. A. Simpson
and U. Fano, Phys. Rev. Letters 11, 158 (1963).
~OG. J. Schulz, Phys. Rev. 136, A650 (1964).
'~In addition to the usual problems encountered in
calibrating energy scales, the charging of the glass
and the existence of a residual plasma in the region
in which the electron beam traverses the gas stream
may play a role in establishing the potential in that
region.
' The elastic cross section in both molecular and
atomic hydrogen decreases with electron energy;
thus the transmitted current vs electron energy under
our operating conditions is a steeply rising function.
On such a curve it would be very difficult to observe
a resonance. Fortunately„ the elastic cross section
of H20 increases with energy in the 9- to 10-eV range
and thus it is possible to alter the slope of the trans-
mitted current vs electron energy by admixing vari-
ous amounts of H20 to Hz.' In a mixture of H2 and H20 it is difficult to estab-
lish the proper energy scale. In a mixture of H2 and
Ne, the rare gas serves both as a buffer gas for en-
hanced dissociation and as a calibrating gas.

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*
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In all of the fairly numerous attempts to date to
formulate a consistent field theory possessing a
broken symmetry, Goldstone's remarkable the-
orem' has played an important role. This theo-
rem, briefly stated, asserts that if there exists
a conserved operator Q; such that

[q.,a (x)j=Q f. .„X (x),

and if it is possible consistently to take Q&f. &k ggk
x(OIAy I 0)t 0, then A (x) has a zero-mass par-
ticle in its spectrum. It has more recently been
observed that the assumed Lorentz invariance
essential to the proof' may allow one the hope of
avoiding such massless particles through the in-

troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance. ' This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.
In this note we shall show, within the frame-

work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
the sense that Q~t;&~(OIA~ I 0) x 0) without requir-
ing that A(x) excite a zero-mass particle. While
this result might suggest a general procedure
for the elimination of unwanted massless bosons,
it will be seen that this has been accomplished
by giving up the global conservation law usually
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� exemplo simples com dois campos escalares Φ1 e Φ2

� máximo: Φ1 = Φ2 = 0

� mínimo: (Φ12 + Φ22) = μ2/λ2

�� temos de escolher um (e.g. Φ1 = μ/λ; Φ2=0)

• quebra espontânea de simetria

• o vácuo não é invariante para as simetrias de L

�� expandindo em torno do mínimo

quebra espontânea de simetria

L = T [�1] + T [�2]� U [�1, �2]

U [�1, �2] = �1
2
µ2(�2

1 + �2
2) +

1
4
�2(�2

1 + �2
2)

2

⌘ ⌘ �1 �
µ

�
⇠ ⌘ �2

L = T [⌘]� µ2⌘2 + T [⇠]� 0� µ�(⌘3 + ⌘⇠2)� �2

4
(⌘4 + ⇠4 + 2⌘2⇠2) +

µ4

4�2

campo massivo

campo sem massa [Goldstone]



quebra espontânea de simetria

� a quebra espontânea de simetria é um fenómeno universal

�� ocorre, por exemplo, num sistema de dipolos magnéticos

A rotura espontánea da simetría:

Á percura do bosón de Higgs. 5

● Vexamos un exemplo con dous campos ϕ1 e ϕ2:

● ϕ1=ϕ2=0 máximo, (ϕ12+ϕ22)=μ2/λ2 mínimo, temos que escoller 
un (e.g. ϕ1=μ/λ, ϕ2=0): rotura espontánea da simetría (Nambu).
Vacío (perturbativo) non invariante baixo simetría de rotacións de L.

● A partir dun potencial, expandindo
arredor dun mínimo (escollendo un e por
tanto rompendo a simetría), aparece un
campo con masa (η) e un sin ela
(ξ, bosón de Goldstone).

U(ϕ1,ϕ2)
� ⌘ ⌅1 � µ/⇥, ⇤ ⌘ ⌅2 =)

L = T [�]�µ2�2 + T [⇤]�0� µ⇥(�3 + �⇤2)

L = T [⇥1] + T [⇥2]�U [⇥1,⇥2], U [⇥1,⇥2] = �1

2
µ2
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2
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● A rotura espontánea da simetría é un fenómeno universal. E.g.  
sucede nun sistema de dipolos magnéticos.

T>Tc T<Tc



o mecanismo de ... — Higgs — ...

� teoria de gauge [ou seja com uma simetria local] para um campo escalar complexo 

�� campo escalar Φ= Φ1 + iΦ2

�� potencial de gauge Aμ [necessariamente com m=0, transversal]

�� simetria de gauge Φ → e -iθ(x) Φ

• Aμ → Aμ + ∂μ θ(x); Dμ → ∂μ + iqAμ; Fμν = ∂μAν - ∂νAμ

• expandindo em torno do mínimo

L =
1
2
(Dµ�)⇤(Dµ�)� 1

4
Fµ⌫Fµ⌫ +

1
2
µ2�⇤�� 1

4
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bosão massivo [Higgs] massa para o bosão de gauge 
[polarização longitudinal]



[em supercondutores]

� explicação [Ginzburg-Landau] do efeito de Meissner

�� o fotão adquire uma massa efectiva e penetração do campo no superconductor 
tem um alcance 1/m

O mecanismo de Higgs:

Á percura do bosón de Higgs. 6

● Agora ϕ=ϕ1+iϕ2, ϕ*ϕ=ϕ12+ϕ22 e a xeralización local (gauge) da 
simetría de rotación ϕ→e-iθ(x)ϕ, e introducimos un potencial gauge  
Aμ(ten que ter m=0, transversal),
Aμ→ Aμ+∂μθ(x), Dμ=∂μ+iqAμ/(ħc), Fμν=∂μAν-∂νAμ.

● De novo, hai rotura espontánea da simetría e escollendo η=ϕ1-
μ/λ, ξ=ϕ2→0 (θ=arctg(ϕ2/ϕ1)

● Aparece un bosón masivo (η, bosón de Higgs) e o bosón de 
gauge Aμ volveuse masivo adquirindo ξ (polarización lonxitudinal).

L =
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● Esto sucede en outros campos: explicación de Ginzburg-Landau 
do efecto Meissner nun superconductor, o fotón adquire una masa 
e a penetración do campo no superconductor ten un alcance 1/mA.



no modelo standard

� no Modelo Standard o mecanismo de Higgs [quebra espontânea de simetria de 
gauge SU(2)⊗U(1) → U(1)]  com um potencial quártico [renormalizável] 

�� dá massa aos portadores da força fraca [Z0, W±] 

�� deixa o portador da interacção electromagnética [γ] sem massa

�� acrescenta 

• uma partícula escalar massiva [bosão de Higgs] 

• dois parâmetros [μ/λ : valor esperado do vácuo; μ : massa do Higgs]

�� permite escrever termos de massa [sem quebrar a invariância de gauge] para 
fermiões [leptões e quarks] como acoplamentos ao campo de Higgs

Lint = �↵f  ̄f f� =) mf = ↵f (µ/�)

O Modelo Estándar electro-feble:

Á percura do bosón de Higgs. 7

● No Modelo Estándar, o mecanismo de Higgs (rotura espontánea 
da simetría gauge) co potencial cuártico (renormalizable) dá unha 
masa aos W±,Z0, engandindo unha partícula, o bosón de Higgs, e 
dous parámetros μ/λ (valor esperado do vacío) e μ (masa).

● Ademáis, pódense
engadir termos
que dan masa aos
fermións (quarks e
leptóns) mediante o
seu acoplo ao Higgs
que resulta
proporcional á masa:
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2
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4
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2µ~/c, µ

�
=

2mW c2

gW
⇥
~c

Lint = ��f ⌅̄f⌅f⇤ =⇥ mfc
2 = �f (µ/⇥)



modelo standard Partículas Elementais 

•  Leptóns: 
– Non perciben a 

interacción forte.  
•  Quarks: 

– Non existen isolados: 
– Constiúen os 

hadróns: 
• Mesóns (q1q2) 
• Barións (q1q2q3) 

•  Bosóns. 

Cibrán Santamarina 3 Á Percura do Bosón de Higgs 
20 de Nadal do 2011 



#3 descoberta do Higgs



secções eficazes e luminosidade
� as colisões ocorrem entre feixes com um elevado número de partículas 

[‘bunches’ x ‘particles per bunch’]

� o número de colisões que conduzem a um determinado estado final 

� se os feixes colidirem a uma dada frequência f (em Hz), o número de 
eventos [rate] de um dado tipo (por segundo)

August 26, 2010 0:6 WSPC - Proceedings Trim Size: 9in x 6in tasi09˙ws˙v2

2

work) moving on to the next candidate theory. For the last 30 years, the default “leading candidate” theory
has been the Standard Model (SM). As everyone knows, no statistically significant deviation from predictions
of this theory has been observed so far, although at times mild inconsistencies with data have motivated
theorists to try alternative candidates. It is, of course, equally well known to the TASI participants that
strong theoretical reasons exist to expect that the SM hegemony will finally break down at the energy scales
around a TeV, which will be explored experimentally for the first time by the Large Hadron Collider (LHC)
in the next few years. Obtaining detailed quantitative predictions for the LHC experiments, both from the
SM and from alternative candidate models, is a crucial task for theorists in the LHC era. The aim of these
lectures is to introduce TASI students to some of the basic concepts and theoretical tools necessary to make
such predictions.

1.1. Definitions and Basics

Consider a collision of two elementary particles, A and B, in the reference frame where the net momentum
of the pair is zero. This frame is called the center-of-mass frame, or c.o.m. frame for short, since the center
of mass of the system is at rest. In the case of e+e− colliders, A and B are just the electron and the positron,
and the c.o.m. frame coincides with the lab frame. For hadron colliders, A and B are partons (quarks or
gluons), and the c.o.m. frame, which we will also call the “parton frame” in this case, is generally moving
along the collision axis with respect to the lab frame. In either case, we will neglect the masses of A and B,
since they are tiny compared to the energies we’re interested in (of order 10 GeV and higher). By convention,
we will choose the z axis to lie along the direction of the A momentum. The four-momenta of the colliding
particles are

pA = (E, 0, 0,+E) , pB = (E, 0, 0,−E) . (1)

The total energy of the colliding system, the center-of-mass energy, is Ecm = 2E. We will also frequently use
the Mandelstam variable s = (pA + pB)2 = E2

cm. In the case of hadron colliders, the center-of-mass energy
in a collision of two partons will be denoted by

√
ŝ, to distinguish it from the energy of the colliding hadron

pair
√
s.

In particle colliders, collisions actually take place between beams containing large number of particles.
If two beams collide head-on, the number of collisions leading to a final state with particular characteristics
(type of particles, their momenta, etc.) should be proportional to the number of particles in each beam, NA

and NB, and inversely proportional to the beams’ cross-sectional area A. The coefficient of proportionality
is the scattering cross section for this particular final state:

σ =
(Number of events) · A

NANB
. (2)

If beams collide at a frequency f Hz, the rate R (number of events of a particular kind recorded per second)
can be written as

R = L · σ , (3)

where

L =
NANBf

A
(4)

is the instantaneous luminosity. Simple as it looks, Eq. (3) is a fundamental cornerstone of collider physics,
and it is worth examining it more closely. The rate R is measured directly by experimentalists.b The quantity

bActually, what is measured is R · E, where E is the detector efficiency: the probability that an actual event with particular
properties is identified as such by the detector. Efficiencies vary widely depending on the detector and the kind of process one

secção eficaz de scattering para um dado processo :: calculada para processos hipotéticos
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ŝ, to distinguish it from the energy of the colliding hadron

pair
√
s.

In particle colliders, collisions actually take place between beams containing large number of particles.
If two beams collide head-on, the number of collisions leading to a final state with particular characteristics
(type of particles, their momenta, etc.) should be proportional to the number of particles in each beam, NA

and NB, and inversely proportional to the beams’ cross-sectional area A. The coefficient of proportionality
is the scattering cross section for this particular final state:

σ =
(Number of events) · A

NANB
. (2)

If beams collide at a frequency f Hz, the rate R (number of events of a particular kind recorded per second)
can be written as

R = L · σ , (3)

where

L =
NANBf

A
(4)

is the instantaneous luminosity. Simple as it looks, Eq. (3) is a fundamental cornerstone of collider physics,
and it is worth examining it more closely. The rate R is measured directly by experimentalists.b The quantity

bActually, what is measured is R · E, where E is the detector efficiency: the probability that an actual event with particular
properties is identified as such by the detector. Efficiencies vary widely depending on the detector and the kind of process one

August 26, 2010 0:6 WSPC - Proceedings Trim Size: 9in x 6in tasi09˙ws˙v2

2

work) moving on to the next candidate theory. For the last 30 years, the default “leading candidate” theory
has been the Standard Model (SM). As everyone knows, no statistically significant deviation from predictions
of this theory has been observed so far, although at times mild inconsistencies with data have motivated
theorists to try alternative candidates. It is, of course, equally well known to the TASI participants that
strong theoretical reasons exist to expect that the SM hegemony will finally break down at the energy scales
around a TeV, which will be explored experimentally for the first time by the Large Hadron Collider (LHC)
in the next few years. Obtaining detailed quantitative predictions for the LHC experiments, both from the
SM and from alternative candidate models, is a crucial task for theorists in the LHC era. The aim of these
lectures is to introduce TASI students to some of the basic concepts and theoretical tools necessary to make
such predictions.

1.1. Definitions and Basics

Consider a collision of two elementary particles, A and B, in the reference frame where the net momentum
of the pair is zero. This frame is called the center-of-mass frame, or c.o.m. frame for short, since the center
of mass of the system is at rest. In the case of e+e− colliders, A and B are just the electron and the positron,
and the c.o.m. frame coincides with the lab frame. For hadron colliders, A and B are partons (quarks or
gluons), and the c.o.m. frame, which we will also call the “parton frame” in this case, is generally moving
along the collision axis with respect to the lab frame. In either case, we will neglect the masses of A and B,
since they are tiny compared to the energies we’re interested in (of order 10 GeV and higher). By convention,
we will choose the z axis to lie along the direction of the A momentum. The four-momenta of the colliding
particles are

pA = (E, 0, 0,+E) , pB = (E, 0, 0,−E) . (1)

The total energy of the colliding system, the center-of-mass energy, is Ecm = 2E. We will also frequently use
the Mandelstam variable s = (pA + pB)2 = E2

cm. In the case of hadron colliders, the center-of-mass energy
in a collision of two partons will be denoted by

√
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luminosidade instantânea 
 :: o integral no tempo dá a luminosidade total, ou seja o número de eventos 



produção do Higgs

8 Á Percura do Bosón de Higgs 
20 de Nadal do 2011 

Cibrán Santamarina 

Seccións Eficaces 

Vector Boson Fusion 

Gluon Fusion 

Associated to W/Z 
(Higgs-strahlung) 

MH = 120 GeV/c2 

gg ~38 pb 
VBF ~4 pb 
ttH ~0.7 pb 
W,ZH ~1.6-0.9 pb 

Top Fusion 



estados finais do Higgs

� o Higgs decai [quase] instantaneamente

�� para um Higgs leve a maior probabilidade de decaimento

• H → b bbar [pertencem a jets]

• H → WW

• H → ZZ

�� outros canais importantes

• H → γγ [excelente calorimetria]

• Η → ττ

9 Á Percura do Bosón de Higgs 
20 de Nadal do 2011 

Cibrán Santamarina 

Estados Finais do Higgs 
- Unha vez formado o Higgs desintégrase 
case instantáneamente. 
- Dependendo da masa do Higgs algúns 
modos de desintegración están 
prohibidos ou moi suprimidos. 
- En xeral a maior probabilidade para o 
Higgs sería decaer a un par de bosóns W 
ou Z. 
- Se o Higgs é moito máis lixeiro cá 2MZ 
ou 2MW ábrense outras posibilidades. 
- A probabilidade de desintegración é 
maior canto máis pesada é partícula do 
estado final. 
- Maiores probabilidades para un Higgs 
lixeiro: 

H ! bb̄ H ! ZZ
H ! WW

11 Á Percura do Bosón de Higgs 
20 de Nadal do 2011 

Cibrán Santamarina 

Estados Finais do Higgs (3) 
- Por ser máis doados de identificar sobre o fondo as tres canles nas que se 
enfocan os experimentos ATLAS e CMS son: 

H ! ��

H ! ZZ ! µ+µ�µ+µ�

H ! ZZ ! µ+µ�e+e�

H ! ZZ ! e+e�e+e�
H ! WW ! µ��̄µµ

+�µ
H ! WW ! e��̄ee

+�e

H ! WW ! e��eµ
±�µ

Difícil distinguir fotón de electrón. 
Moito fondo de pares de fotóns. 

Os neutrinos non se detectan. 

Prodúcense moi poucos se a masa 
do Higgs é menos de 140 GeV/c2. 



pile-up

� um dos grandes desafios experimentais é lidar com a sobreposição de colisões

�� para aumentar a luminosidade

• 1015 protões a colidir a cada 50 ns

• cada ‘evento’ é a sobreposiçao de aproximadamente 10 colisões inelásticas 
protão-protão

14 Á Percura do Bosón de Higgs 
20 de Nadal do 2011 

Cibrán Santamarina 

O apilamento, un problema 
añadido.  

- O feixe de protóns do LHC está estructurado en paquetes de ~1015 protóns  
que interaccionan cada 50 nanosegundos. 
- Isto danos unhas 12 interaccións inelásticas superpostas en cada suceso. 

Z μμ 



significância estatística

� todos os estados finais do decaimento do Higgs podem ocorrer como resultado de 
outros processos do SM [background]

�� uma descoberta não é feita com base na observação de um evento, mas sim 
como um desvio [excesso] em relação ao background

�� flutuações estatísticas do background resultam localmente em desvios

�� probabilidade de um dado desvio ser o resultado de uma flutuação 
[background gaussiano] 

Na percura do Higgs: 
explicación dos resultados 

Facultade de física 
20 de Decembro de 2011 

Significancia estatística 

■ Normalmente consideramos que o fondo 
responde a unha distribución gaussiana, 
centrada no número medido e cunha desviación 
igual ao seu erro. 
– O número de σ non é máis ca medida da desviación 

respecto dese fondo. A maior número de σ, maior 
desviación, e menor probabilidade de que esteamos ante 
unha flutuación.   

1σ → p = 0.16 3σ → p = 0.0013 5σ → p = 2.87 x 10-7 

3σ → evidencia 5σ → descubrimento 

8/22 

p-value 



exclusão e look-elsewhere-effect

� para descobrir é necessário primeiro excluir 

�� o primeiro sinal de uma possível descoberta é a impossibilidade de excluir 

�� a capacidade de excluir depende da estatística [numero de eventos] disponível

� quanto maior é a região [neste caso de massas] para onde se olha, maior é a 
probabilidade de observar um desvio em algum sítio [look-elsewhere]

�� quem joga no totoloto durante um longo periodo de tempo, tem maiores 
probabilidades de ganhar um prémio qualquer pelo menos uma vez...

�� em buscas ‘deslocalizadas’ este efeito tem de ser tido em conta

• reduz a significância estatística de um excesso local [magnitude do excesso/
largura da região de busca]



13 Dezembro 2011



13 Dezembro 2011

ATLAS: Update of SM Higgs searches, 13/12/2011 9 

Present status (as of this morning …) 

Excluded 95% CL  : 141-476 GeV      

Excluded 99% CL  : 146-443 GeV (except ~222, 238-248, ~295 GeV) 

Expected 95% CL     :  124-520 GeV  max deviation from background-only: ~ 3σ (mH~144 GeV)  

First ATLAS+CMS combination: based on data recorded until end August 2011:  

up to ~2.3 fb-1 per experiment 

November 2011 
CMS PAS HIG-11-023,  

ATLAS-CONF-201-157 

LEP (95%CL) 

mH > 114.4 GeV 

Tevatron exclusion (95%CL): 

100 < mH < 109 GeV 

156 < mH < 177 GeV 

dois anos de LHC



exclusion plots

Na percura do Higgs: 
explicación dos resultados 

Facultade de física 
20 de Decembro de 2011 

Os resultados do Higgs en ATLAS 

15/22 � eixo vertical : exclusão a 95% CL  

� linha tracejada : sem Higgs [bandas de 68% e 95% CL]

� linha contínua : ratio entre a secção eficaz que se exclui e a secção eficaz esperada 
no SM para um Higgs dessa massa



exclusion plots

Na percura do Higgs: 
explicación dos resultados 

Facultade de física 
20 de Decembro de 2011 

Os resultados do Higgs en ATLAS 

15/22 � para mH = 130 GeV   

�� esperava-se excluir 0.7 da secção eficaz MAS excluiu-se apenas a secção eficaz



exclusion plots

Na percura do Higgs: 
explicación dos resultados 

Facultade de física 
20 de Decembro de 2011 

Os resultados do Higgs en ATLAS 

15/22 � para mH = 125 GeV   

�� esperava-se excluir a secção eficaz MAS excluiu-se apenas o triplo

�� a incapacidade de exclusão indica a possibilidade de um sinal físico

• significância local 3.6σ :: [LSE] 2.3σ :: p-value 1% [prob se ser uma fluctuação]



2012

√s = 7 TeV → √s = 8 TeV

:: ganho nas secções eficazes de produção

aumento da luminosidade instantânea

:: sucesso na análise de high pile-up events

como sempre as análises são ‘cegas’ até ao fim...



4 Julho 2012 [madrugada]

estes entraram



4 Julho 2012 [madrugada]

estes entraram

estes NÃO



4 Julho 2012 [8h00]



exclusion plot 7.1 Significance of the observed excess 25
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Figure 13: The CLs values for the SM Higgs boson hypothesis as a function of the Higgs boson
mass in the range 110–145 GeV. The background-only expectations are represented by their
median (dashed line) and by the 68% and 95% CL bands.

7.1 Significance of the observed excess

The consistency of the observed excess with the background-only hypothesis may be judged
from Fig. 14, which shows a scan of the local p-value for the 7 and 8 TeV data sets and their
combination. The 7 and 8 TeV data sets exhibit an excess of 3.2 s and 3.8 s significance, re-
spectively, for a Higgs boson mass of approximately 125 GeV. In the overall combination the
significance is 5.0 s for mH = 125.5 GeV. Figure 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combination are the gg and ZZ decay
modes. They both have very good mass resolution, allowing good localization of the invariant
mass of a putative resonance responsible for the excess. Their combined significance reaches
5.0 s (Fig. 16). The WW decay mode has an exclusion sensitivity comparable to the gg and ZZ
decay modes but does not have a good mass resolution. It has an excess with local significance
1.6 s for mH ⇠ 125 GeV. When added to the gg and ZZ decay modes, the combined signifi-
cance becomes 5.1 s. Adding the bb and tt channels in the combination, the final significance
becomes 5.0 s. Table 6 summarises the expected and observed local p-values for a SM Higgs
boson mass hypothesis of 125.5 GeV for the various combinations of channels.

Table 6: The expected and observed local p-values, expressed as the corresponding number of
standard deviations of the observed excess from the background-only hypothesis, for mH =
125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (s) Observed (s)
gg 2.8 4.1
ZZ 3.6 3.1
tt + bb 2.4 0.4
gg + ZZ 4.7 5.0
gg + ZZ + WW 5.2 5.1
gg + ZZ + WW + tt + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV is calculated using the method



p-values

ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4" and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → "ν"ν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4", H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4", (b) H → γ γ and (c) H → W W (∗) → "ν"ν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

CMS Collaboration / Physics Letters B 716 (2012) 30–61 41

Fig. 13. The CLs values for the SM Higgs boson hypothesis as a function of the
Higgs boson mass in the range 110–145 GeV. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. (For
interpretation of the references to colour, the reader is referred to the web version
of this Letter.)

Fig. 14. The observed local p-value for 7 TeV and 8 TeV data, and their combination
as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

7.1. Significance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3.2σ and 3.8σ
significance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the significance is 5.0σ for
mH = 125.5 GeV. Fig. 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the γ γ and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined significance reaches 5.0σ (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the γ γ and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local significance 1.6σ for mH ∼ 125 GeV. When added to
the γ γ and ZZ decay modes, the combined significance becomes
5.1σ . Adding the ττ and bb channels in the combination, the final
significance becomes 5.0σ . Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.

Fig. 15. The observed local p-value for the five decay modes and the overall com-
bination as a function of the SM Higgs boson mass. The dashed line shows the
expected local p-values for a SM Higgs boson with a mass mH.

Fig. 16. The observed local p-value for decay modes with high mass-resolution
channels, γ γ and ZZ, as a function of the SM Higgs boson mass. The dashed line
shows the expected local p-values for a SM Higgs boson with a mass mH.

Table 6
The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for mH = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ ) Observed (σ )

γ γ 2.8 4.1
ZZ 3.8 3.2

ττ + bb 2.4 0.5
γ γ + ZZ 4.7 5.0
γ γ + ZZ + WW 5.2 5.1
γ γ + ZZ + WW + ττ + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV
is calculated using the method suggested in Ref. [115], and corre-
sponds to 4.6σ (4.5σ ). These results confirm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136].
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A search for the Standard Model Higgs boson in proton–proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb−1

collected at
√

s = 7 TeV in 2011 and 5.8 fb−1 at
√

s = 8 TeV in 2012. Individual searches in the channels
H → Z Z (∗) → 4", H → γ γ and H → W W (∗) → eνµν in the 8 TeV data are combined with previously
published results of searches for H → Z Z (∗) , W W (∗), bb̄ and τ+τ− in the 7 TeV data and results from
improved analyses of the H → Z Z (∗) → 4" and H → γ γ channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.0±0.4 (stat)±0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7 × 10−9, is compatible with the production and decay of the Standard Model
Higgs boson.

 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics [1–4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5–10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of mH < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14–16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton–proton (pp) collisions at
centre-of-mass energy

√
s = 7 TeV at the LHC, which were compat-

ible with SM Higgs boson production and decay in the mass region
124–126 GeV, with significances of 2.9 and 3.1 standard deviations
(σ ), respectively [17,18]. The CDF and DØ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

! © CERN for the benefit of the ATLAS Collaboration.
! E-mail address: atlas.publications@cern.ch.

120–135 GeV; using the existing LHC constraints, the observed lo-
cal significances for mH = 125 GeV are 2.7σ for CDF [14], 1.1σ for
DØ [15] and 2.8σ for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb−1 of data at
√

s =
7 TeV are combined here with new searches for H → Z Z (∗) → 4",1

H → γ γ and H → W W (∗) → eνµν in the 5.8–5.9 fb−1 of pp col-
lision data taken at

√
s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 × 1033 cm−2 s−1; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H → Z Z (∗) → 4" and H → γ γ
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H → W W (∗) → "ν"ν channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol " stands for electron or muon.
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Results are presented from searches for the standard model Higgs boson in proton–proton collisions
at

√
s = 7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples

corresponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and 5.3 fb−1 at 8 TeV. The search
is performed in five decay modes: γ γ , ZZ, W+W−, τ+τ−, and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
best mass resolution, γ γ and ZZ; a fit to these signals gives a mass of 125.3 ± 0.4(stat.)± 0.5(syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The standard model (SM) of elementary particles provides a re-
markably accurate description of results from many accelerator and
non-accelerator based experiments. The SM comprises quarks and
leptons as the building blocks of matter, and describes their in-
teractions through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak inter-
actions, and the gluons for strong interactions. The electromagnetic
and weak interactions are unified in the electroweak theory. Al-
though the predictions of the SM have been extensively confirmed,
the question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1–6] that spontaneous
symmetry breaking in gauge theories could be achieved through
the introduction of a scalar field. Applying this mechanism to the
electroweak theory [7–9] through a complex scalar doublet field
leads to the generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The scalar field
also gives mass to the fundamental fermions through the Yukawa
interaction. The mass mH of the SM Higgs boson is not predicted
by theory. However, general considerations [10–13] suggest that

! © CERN for the benefit of the CMS Collaboration.
! E-mail address: cms-publication-committee-chair@cern.ch.

mH should be smaller than ∼1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton–antiproton collider, excluding the mass range 162–166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17–19], in the range 120–135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton–proton collisions corresponding to an integrated luminos-
ity of 5 fb−1 collected at a centre-of-mass energy

√
s = 7 TeV.

The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4–116.6, 119.4–122.1 and 129.2–541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton–proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb−1 had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
Higgs boson.

This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at

√
s = 7 and 8 TeV. The search is performed in

0370-2693/  2012 CERN. Published by Elsevier B.V. All rights reserved.
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#4 futuro no LHC



Higgs

� bosão sim : decai em dois fotões e dois Z

�� spin? zero ou dois?  :: resposta no fim deste ano

�� paridade? + ou - ? :: vai demorar

� tal e qual o do SM?

�� verificação dos BR [dados actuais são consistentes com anomalias]

�� self-coupling



mais

� física para além do SM

�� SUSY [exclude to find]

�� dimensões extra

• micro blackholes

�� matéria escura [candidatos?]

� programa de iões pesados

�� o Higgs é responsável pela massa de partículas fundamentais

�� a massa do protão resulta [maioritariamente] da interacção forte entre quarks 
[mediada por gluões]

�� caracterização do QGP [estado descofinado prevalente entre 10-12 e 10-6 s após 
o Big Bang]

�� pA em 2013 [baseline importante]



calendário
ML

V1.1

 

Jan Feb  Mar
Wk 1 2 3 4 5 6 7 8 9 10 11 12 13

Mo 31 7 14 21 28 4 11 18 25 4 11 18 25

Tu
We  

Th  

Fr
Sa
Su

 

   

Apr May June
Wk 14 15 16 17 18 19 20 21 22 23 24 25 26

Mo 1 8 15 22 29 6 13 20 27 3 10 17 24

Tu
We
Th
Fr
Sa
Su

  
July Aug  Sep

Wk 27 28 29 30 31 32 33 34 35 36 37 38 39

Mo 1 8 15 22 29 5 12 19 26 2 9 16 23

Tu
We
Th
Fr
Sa
Su

 
Oct Nov   Dec

Wk 40 41 42 43 44 45 46 47 48 49 50 51 52

Mo 30 7 14 21 28 4 11 18 25 2 9 16 23

Tu
We
Th  

Fr   

Sa
Su

 
Technical Stop Proton-ion run

Recommissoning with beam Proton-ion setup  
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2013 LHC & Injector Schedule 
Draft 

Easter 

1st May 

Whit 
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Xmas 

G. Friday 

Powering tests 

Recommission  
injectors & LHC  
(protons & ions)  

 LHC PROTON-ION RUN 
IONS TO NORTH AREA 

SHUTDOWN 
LS1 

Quench 
test 

PS open  

� LS1 [2013-2014]

�� consolidação das junções 
superconductoras

�� permite aumento de energia até pelo 
menos 10 TeV

� LS2 [???2017-2018???]

�� upgrades nos detectores

� LS3 [???2021-2023???]

�� high luminosity

�� novos detectores [LHeC?]



ainda está quase tudo por fazer ...


