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| O problema da massa no Modelo Padrao

% Porque uma diferenca tdo grande nas massas d C
fundamentais? %
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A} Simetrias na Teoria de Campo
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¥ Simetrias = Interacdes!
equagoes invariantes localmente para certas simetrias

Original Sphere Global ransformation Local Transformation
Grupo de q rotacoes generalizagéo
simetrias do n&: fzgza em 3D do SU(2
Modelo Padrao

U(1) x SU(2) x SL{

Fotao A/ Interacgc”)eL fracas  |nteracdo forte
Electromagnetismo Bosbes W+ ,W-,Z Gludes
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,,I Interaccoes electrofracas

e l//lll

P Introduzidas no MP através de uma teoria gauge baseada na
simetria SU(2) xU(1),

Lagrangiano das particulas libres

, Termos cinéticos e de interaccdo
EL=—IW,, -Ww_ 1B BW ¢
2} dos campos W e B

+ Yy /“(m ~-g XB = J,—*r- Wp)\pl
- - Interacgdes fermionicas

o

o Al '
+ WpvMid, - g B“)WR

IQ|~<

‘jk Como se resolve isto?

Qi

>

c
‘2% Os termos de massa violam a simetrial ’
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o Solucdo

e l//lll

% Mecanismo de Higgs

% (ou Mecanismo de Higgs-Brout-Englert

% ou Mecanismo de Higgs-Brout-Englert-Guralnik-Hagen-Kibble)
% Proposto em 1964 por 3 grupos distintos
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O mecanismo de Higgs

HIGGS FIELD
Complex weak isospin scalar doublet @ with scalar potential V[P]

© - ( oY\ V[D] = p20 O + A (OTD)?
¢° (L >0, u2 <0)

Im(%)

S STANDARD MODEL
Yang-Mills SU(2); x U(1)y
massless gauge bosons W“ and B“

and massless fermions

| | '
SPONTANEOUS SYMMETRY BREAKING < == Wuv- WHY — 7Buy B
One component acquires non-zero vacuum expectation value - Y 1 2
+‘(ldp -g 2 B,-¢g T Wu)q)‘ - V(D)

| 0 | . | 0
0|®|0> = — — D)= — &1
U \/E( ) ) \2 exp(z )(\’+H(X))

+ QLYH (1'(')‘u -g

+ QR\/.U(I'(’)'“ — g'

Prevé uma nova particula: o Bosdo de
Higgs!
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AS massas

4+ As massas das particulas sdo
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proporcionais ao seu

acoplamento ao bosdo de Higgs

4+Declive predito pela teoria:

v=2M,,/g =246 GeV

4+ Acoplamentos aos fermioes

Coupling constantto Higgs boson (k)

s

Mass (GeV)

MASSIVE GAUGE BOSONS
Me, = 8V
My =87

Zy, = —BysinBy, + Wﬁcosew

A, = B,sinby+ Wicosy,
R ——

determinados

experimentalmente a través

das medidas das massas
MASSIVE FERMIONS

Yukawa couplings of Higgs to fermions

8f [\I_’L(DW R ‘T’R(D'}.‘V L]

%
e.g.,m, =8V
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= Corrections to EW observables

~—1
-
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L

*Electroweak observables are sensitive to masses of top quark and
Higgs through radiative corrections

h h°
%% =YY /li ( i\u/\f\/‘\r %74 + 7 0 ;‘Vr\’/\ﬁd& '\ i\“\/\f\f\,‘ 7 0

My? = p M% cos?0y,
(p—1) ~In My

*Precise measurements of electroweak observables can be used to
constraint the Higgs boson mass

Sensitivity o Higgs mass is only logarithmic:
Need ultra-precise measurements!
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= .4‘!, 20 anos de procuras do Higgs antes do LHC
w LEP: e-e+ (CERN) Tevatron p-pbar (Fermilab)

R\ v~
<o TN
A3 -&* X

>y

LEP-=

“Ste g

) Prevessin
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===l Experimental constraints before the LHC
L I P
I”!” 49
Large list of observables used in global NINETE o
fits to the electroweak precision data IRRE oy
b a7+
A(LEP)| | 62+2
A(SLD) — 110+
sin“0(Q, ) - 92'%
Al |—:I 93+
Aln — 743
A : B é 94*:25
Al - |
JIREE: 047
Rl 95"
A (M) » 6172
M, ; o 106*,)
Tw — 94 ;;
m, l—:{ 94+
i, e 96+ 26
m i ; — | 78°%
N I A T

20 40 60 80 100 120 140 160

M, [GeV]
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= .4‘!, Experimental constraints before the LHC
b i 2 e A S fiter.
% Fits to the EW observables predict: : E
> Best Fit mass: m, = 9425 ,, GeV | ;
- Upper limit at 95% CL from fits: A e
» mH . 169 Gev ///// | /< -~ Fit excluding theory errors

% But the fit is not too bad for masses
up to 200 GeV or so

p-value

% Direct searches excluded the region: '
at 95% CL: '

> LEP: m <1145 GeV

> Tevatron: 147 <m < 180 GeV 10°
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A procura do Higgs no LHC

Desvendando o mistério da massa...
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Métodos experimentais

1) Concentrar a
energia nas
particulas

Accelerated SF Particles

I L

2) Colidir particulas

Detector 3

—‘\!w»
R Wﬁ ' QE*};‘. ‘
’ f T S TR
/‘A‘ IR WQW“W 9

3" w-wmm\-

et it m -
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Colisbes pp
7 TeV em 2010/11
8 TeV em 2012

40 milhoes de
cruzamentos dos
feixes por segundo!

CERN main s 4 7 ' % 2 Até 40 interacOes pp

num cruzamento!

4 experiéncias
ATLAS, CMS,
ALICE, LHCb
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Energia do LHC

TeV: 1012 eV

1 Tevy € equivalente a 1 bateria por cada estrela da nossa
galaxia
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4 experiéncias no LHC

LHC - B CERN

“TT ATLAS ALICE
;| Point1 = Point 2
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\s=7TeV 7

LHC HIGGS XS WG 2010
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A produgdo do bosdo de Higgs

1

\s=7TeV

e
o

LHC HIGGS XS WG 2010
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6(pp — H+X) [pb]
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, ZZ fusion

L =
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* O bosao de Higgs decai imediatamer

# SO podemos observar as particulas
desintegracao

% As probabilidades de decaimento de = 1072
CO

1c

ching ratios

LHC HIGGS XS WG 2010

10'2E

10° 300 200 300 500 1000

M, [GeV]

Canal de procura: modo de producao + modo de decaimento

I Modos de decaimento do Higgs no MP

CERN-2011-002; arXiv:1101.0593
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Por que é tdo dificil?

Fermilab SSC

CERN l LH|C l

% Seccao eficaz de producao de:

T T | [t

- c.ot_M 10° jatos ~ 100.000.000 vezes maior
UA4/5 , .
- ] gue a do Higgs
mb |~ °R : 107 .
| b_ CDF\BﬂmI[_n Jatos b ~10.000.000 vezes maior
i i s, que a do Higgs
Siubl o, A % Bosdes W: perto de 10000 vezes
s E">0.25 TeV o ! . .
i T s/ 3 1033 maior que a do Higgs
g [ owem—_erend” o 2 J¢ Precisamos de modos de
nb — 10 2 . ~ “pr . .
- - ¢ desintegracao dificeis de confundir
—  m (_’:775 Gev . _" | 10-‘ . H - YY
) Y & H—ZZ-1 1T
L T . 4108
25 rrose ; | H—->WW-=-lvlv
~  my=500GeV T _ : =

0.001 0.01 0.1 1.0 [10 100
Vs Tev
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LHC integrated luminosity

— 70— | | | | | I I
0 — . . . .
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> 60_— 2011pp {s=7TeV i
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3 — — - B
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Pile-up

#* CMS event

2 78
reconstructed
vertices

% Extreme case
up to now
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= %‘ll,l Identificagdo das particulas ho CMS

Electron

Charged Hadron (e.g. Pion)
= = = = Neutral Hadron (e.g. Neutron)
---- Photon

Electromagnetic
}\! 'l Calorimeter

* Principios basicos do detector CMS: os mesmos que em ATLAS
* Tecnologia, detalhes diferentes
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L Tatos

FrA

% Os quarks e gludes nao existem em liberdade: hadronizam

Vemos um jato de particulas seguindo a direccao
do g/g original

Magnification 3x

Created by T. Herrmann, O. Jefibek, K. Jende, M. Kobel
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“ 'V
Ig!.!! Reconstrugdo das particulas

% Atraves das propriedades das particulas produzidas na
desintegracao podemos inferir as propriedades do Higgs:

E2 = (mc?)2 + (pc)?

';' i T l 3
= ]
EF_mul5 ]
o Ei 10° v yas _mu 4
% 20 anos de fisicadas = vlos) z 3
particulas num s6 Zz 10 N
histograma 107K :
1075
-
1; ATLAS Preliminary
é Data 2010,\s=7 TeV
10 raaaal N r1 333l 1 +oaoa gl
1 10 10°
m,, [GeV]
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CMS Experiment at LHC, CERN

Data recorded: Sun May 13 22:08:14 2012 CEST
Run/Event: 194108 / 564224000

Lumi section: 575
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H-YYy analysis

S.YI¥:%y 7 Two isolated photons

Sl -%- Search for a narrow peak on a large
continuum

*Main background:

% Continuum gg production

% Y+jet, jet+jet

> r rerrrrTrTTy T T T T T T T T T T T T
8 1200 ATLAS — y1+DY Data
; - Data 2012 —e— vj Data
€ ﬂ.{ \s=8TeV,| Ldt= 59fb" —— jiData ]
2 1000~ +++ —}— Stat. uncertainty |
w - H ++ ++ Total uncertainty |
goo- T, .
L ++ + 4
600 by ]
r iy 4 ]
C + ‘Nﬂ N
400; +H+++f* ﬁ*ﬂ" . +f
H-yycandidate event soof e e iy
— AT ]
o “”'.”’“ ,ﬁo’u.’. M..'“‘* o
| ! | .

<P T T RN e L WY
00

110 120 130 ;46 150 160
m,, [GeV]
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H-vyy results

0103IlllIIll[IIIl[IIYTllllllllll]llIIIII
% Run 1 results TQU- 102 ....SM H—>gy expected p. ATLAS
S 10 — Observe P,
o
7T T - 1 = — — ~4 = 10
E 10000 TLAS : 10; .................. )\ NS/ A 2
QP - e  Data 201142012 - 10_3 i 330
~ L SM Higgs boson m =126.8 GeV (fit) _| 10°E .. Laemrriieett =
2 L H . ] B LTI L SOttt 46
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®  eo00f— — 100 e ‘
w - Hosyy . 10:7 Data 2011 1s =7 TeV 56
4000:— —: :}8—8 _g:: 2281111 Jldt -48fb"
C Vs=7TeV ILdt=4.8 b ] 107° i = _ 6o
2000{— & 1019E —Obs. 2012 Data 2012 s = 8 TeV e
C Vs=8TeV _[Ldt=20.7 o 7] 10—11; ----Exp. 2012 JLdt =207 fb"! 276
L ! ! | ! 1 1 10_
(@)] 500 = ¥ T v v — _
ﬁ 400;'_ _g 18_13lllll]l]Illlll[lllllllllllllllll llllll
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= E [ ] 3
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. 3 A 3 s ¢ .. ¢ my [GeV]
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2 00 + t "l * ! H ¢ 3
() -200
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H-vyy results

% Run 1 results

- L —
3 - ATLAS .
o e  Data201142012 . i -1
S SM Higgs boson m, =126.8 GeV (fit) ] CMS prefiminary  ___ 35.9fb (13 TeV)
E . ey meeeeees Bkg (4th order polynomial) ] % N H_)'YY All categories 7
S ooo[ N Oas000[- M, =125.4 GeV, fi=1.16 9 3
L ~ - H -
- T Hory ] * ¢ Data 3
4000(— — 200002 — S+B fit B
C Ys=7TeV ILdt =481’ ] AT . B component 1]
2000— 1 - C Bl tio o
C vs=8TeV _[Ldt =20.7fb ] 15000 |~ []+2 -
- ] - 926 .
o 500 = - - : } } - 0 ]
3 400E- = 10000 — ]
L5 300E- = C ]
2 E ] 3 C 3
Eoowe t 44 ‘ E : :
. 0 B 44y - | B - 5000~ E
» $ 3 Y AR n x
= 100 it C
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§=g||| H—ZZ—4leptons
L 1 P

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 186877
Fvent: 84677334
2011-08-05
15:@3:21 CEST

P. Conde Muifo Estagios Verao LIP (13 Julho 18) 32



= |f
%Iglll H—ZZ—4leptons results

> Latest Run 2 results _ N
-+ Data ATLAS Preliminary e
L v) .

[ [ Background z2Z' _ H770_sa]
- - Background Z+jets, tt
C DSignal (mH=125 GeV)

20~ %/ Syst.Unc.

w
o

Events/2.5 GeV
n
(6]

is=7TeV:|Ldt = 4.6 fb"
is =8 TeV:/Ldt = 20.7 fb”

CMS Preliminary 35917 (13 TeV)
> ._Illllllllllllll IIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIL
o /0r ]
(D r e Data
~ - [ H(125)
~ 60 [ aq—2Z, Zy* ]
5’5’ C ] gg)—(»ZZ, Zy* ]
b + -
S 501 = =
L

80 100 120 140

16
m, ?GeV]

> ATLAS peak at 124.3 GeV

Probabilidade de flutuagdo do
fundo ~ 0.000000000001

90 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
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H—=>WW-—-ev pv

ATLAS
EXPERIMENT

Run Number: 204026, Event Number: 33133446
Date: 2012-05-28 07:23:47 CEST
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H->WW-=lv lv

L T 177 L LN I I | LI
I I I | [

> - ATLASH—->WW*]
G 800 \s=8TeV, 20.3fb" ]
= i \s=7TeV, 4.5f0" i
,\Q 600 — (a) an 1, eu+ee/p,p. —
S B ® Obststat
3l - Bkgtsyst
400 — B Higgs —
- B ww i
L £ Misid i
200 [~ avw -
- ] Top ]
i DY ]
0 .
> i (b) Background-subtracted |
& 150 ® Obs-Bkg —
o - — Bkgtsyst ]
= - B Higgs -
g 1001 . https://twiki.cern.ch/
T ] twiki/pub/AtlasPublic/
50 ] . .
K . HiggsPublicResults//
0l X WW-FixedScale.gif
i l 11 1 I L1 1 1 l L1 1 1 l | I I l 111 7

50 100 150 200 250

GeV
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Iglll Vector boson fusion HOWW production

F mu

% Dominated by VBF

% Large rapidity gap between
jets

CMS 19.4 b (8 TeV)
< L L B L
2 [ ¢ data ww m,=125GeV |
£ 10r—H-ww B DY+iets o 5 ets, VBF tag ]
() top
i Hw©

Wijets

B wzizz+vvwv
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Encontramos uma
particula nova!

Mas... serda o bosao ¢
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|g!|!! Descoberta: inicio de uma nova fase...

e l//lll

P2 Temos de medir as suas propriedades
Se produz com a probabilidade que esperamos?
Decai como é suposto?
Tem as propriedades que esperamos?

%0 que ja sabemos:
E um bosdo, pela forma em como decai

Tem carga zero
Massa por volta de 125-126 GeV
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E agora que?

> Ter um bosdo de Higgs é a opgdo mais simples no Modelo Padrdo
> Poderia haver 5 Higgses! |
A particula descoberta
agora poderia ser o Higgs
mais ligeiro
> Super-Symmetry (SUSY)
Também hd 5 bosdes de Higgs
> Tecnicolor

O bosdo de Higgs seria um

estado ligado de tecniquarks

- PrevisdOes menos precisas que
no caso do Higgs do MP
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Spin 1/2
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Spin e paridade

_ _ Example from H - WW
> Can be determined looking at analysis

angular distributions of the

decay prOdUCtS g :' UpnUppuny)| LN S B B B R B B B R B S L B B IP, L, I .
5 0.25- ATLAS — Background — J'=0 ]
S - (5=8Tev,203f" " K=-049  x=-073-
S T H->WW*n=0,en - k=-0.98 "‘K=-1,22—:
< r -k =-147

““““““““““

SR

Both ATLAS and CMS excluded alternative Spin and parity
hypothesis at > 95% CL

Combination of the three main bosonic channels
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l Evidence of Higgs decaying to b-quarks
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VBF+ggF

ttH

VH

Comb.

Observation of Higgs decaying to b-quarks

LI LN LA IR B
100—_ ATLASPreliminary
- Vs=13TeV,79.8fb"

I~ 0+1+2 leptons

80 -_ 2+3 jets, 2 b-tags

I~ Dijet mass analysis

| Weighted by Higgs S/B
60

Events / 10 GeV (Weighted)

40

IIIIIIII

T 7T | LI T | T T T | T T T ] T

—eo— Data -

Bl VH — Vbb (1=1.06) —|

m Diboson _
tt

mm Single top

Uncertainty
...« Pre-fit background
= SMVH — Vbb x 2

IlIIIlIlIJIIlI

_|[|||||||||||||1|||[||1||||||||||]|‘

IllIIllIIIlll]

s
ATLAS Pre"minary \s=7TeV,8TeV,and 13 TeV 20
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—Total - Stat.
(Tot.) ( Stat., Syst.)
. +1.16 [, +1.01 +0.57
- v 1'68—1-12 (1-00'0-51) [®)) L L L L L
X 4
5 N
] +0.56 [, +0.28 +0.48 ' B
-9 — 1.00 -0.54 —0.27 1 -0.46 ) E 2
(10} -
()] L
+0.22 +0.14  +0.17 v
1o 0.98 05 (%0125 016 ) 0_
, 1.01 *020 (+0.12 4016 -2
I‘T.'I . -0.20 -0.12 » -0.15 B
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