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;!ip O Modelo Padrao da Fisica de Particulas
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!gi“ O problema da massa no Modelo Padrao

#* Porque uma diferenca tao grande nas massas Ct\::

das particulas fundamentais?
.
vay < uid
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E!gi“ Simetrias na Teoria de Campo

% Simetrias - Interacoes!

equacoes invariantes Iocalmente para s
certas simetrias - ) B

aparecem novos campos,
que descrevem as forgas !!

Original Sphere Global Transformation Local Transformation
Grupo de s L
. t . d mudanga rotagoes generahzagao
Simetrias 0) de fase em 3D dO SU(Z)

Modelo Padrao U(l) X SU(z) X SU (3)
/

Fotao Interaccoes fracas  Interacdo forte
Electromagnetismo Bosdes W', W",Z Gluodes
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i“ Interaccoes electrofracas
P

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

Lagrangiano das particulas libres

¥ e o o Termos cinéticos e de interaccao
e W o WEY — _Bm BH dos campos W e B
o 4 1 7 )
Y w“i J o =B —o=1 - W, vy o,
+ l g8 5 By-g g h":l VL Interacgoes fermidnicas

T Ll Y
+yryMio, - g 5B, T

# (Os termos de massa violam a simetria!

y
% Como se resolve isto? E:é !“@
5
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Solucao

#* 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

P. Conde Muino Estagios deveéo 0 LIP (1 Julho 2017) 6



O mecanismo de Higgs

Complex weak isospin scalar doublet @ with scalar potential V[®D]

L 1
HIGGS FIELD ‘

(D:

oF V[®] = p2@0T® + A (O D)2
0 (A >0, u2<0)

Ret®) STANDARD MODEL
Yang-Mills SU(2); x U(l)y
massless gauge bosons W, and B,

and massless fermions \

| ,
SPONTANEOUS SYMMETRY BREAKING + =3 Wu- WHY 7By BHY
One component acquires non-zero vacuum expectation value - Y 1 2
Ul o 1 . Hio,—g 3By —g, T WD~ V(@)
<0|D|0>= — ( —> D)= = exp (zgi) o , v 1 ,
V2 \ v \2 " 2v /v + H(x) +y Yo, - ¢ >B,-g5T W v

— . Y
n ’ ~ Y 77 o =
# Prevé uma nova particula: o Bosao de + WMoy — &' 7Buwg

Higgs!
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Frimv.
“ N
I S |
Y —

ASs massas

{ % As massas das particulas sao
uaLr’_éI f proporcionais ao seu
e ' acoplamento ao bosao de Higgs

LT
"

p | % Declive predito pela teoria:
b~ Z v=2M /g =246 GeV

0.01} T .
. C % Acoplamentos aos fermides

determinados experimentalmente
1 10 100 a través das medidas das
Mass (GeV) massas

Coupling constantto Higgs boson (k)
=
.

-
—

MASSIVE GAUGE BOSONS MASSIVE FERMIONS
My, = gv Yukawa couplings of Higgs to fermions

8f [‘l_’L.‘D‘l’R + IWER@TWL]




?! i“ Corrections to EW observables

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

ho ho

W:t ,\W iv\m Wi - W:, ﬁv\N\} .
S EIR

M2 = p M, cos20 (P=1) = My

=P < C0S-Byy,

W ‘ W (p—1) ~In My

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

Sensitivity to Higgs mass is only logarithmic:
Need ultra-precise measurements!

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 9



% LEP: e-e' (CERN)

So para impor limites na massa do
Higgs...

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 10



I, — 95+ 2
. . 0 +25
* Large list of observables used in oy I o
lep -23
global fits to the electroweak A% H 972
. A(LEP) | 92+2¢
precision data A(SLD) : o
sin“04'(Q_) ;-:] 92*%
A% - 932
AR ——— 743
A = 947
A, — 94+ %
R';’ )—i 94 2:2:
R, : 957,
‘f’d('vﬂ . 6175
M, H—i0 1067
Ty - 94*%
m, )—% 94>
m, : : 96+ 26
m, : . 1| 7877
L

1 111 111 11 1 111 111 111 1
20 40 60 380 100 120 140 160
M, [GeV]
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?!;!iﬂ Experimental constraints before the LHC

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fits to the EW observables predict: .

% BestFit mass:m_ =94 GeV |
. . . 5
* Upper limit at 95% CL from fits: OIS, & EN
Theory uncertaint =
mH < 169 Gev Z —Eting:.lc:.ngﬂ;‘eoyyerrors_
---- Fit excluding theory errors ]
1 SV ATV /- Wl - —_10
But the fit is not too bad for masses .
50 100 150 200 250 300
up to 200 GeV or so. M, [GeV]

p-value

Direct searches excluded the

regions at 95% CL.: | s .. A IS 2
% LEP:m <114.5 GeV o 2 s
% Tevatron: 147 < m, < 180 GeV : ___________________________________ "

l 1 Il Il Il I | Il Il 1 1 Il Il 1 1 1 1
50 100 150 200 250 300
M, [GeV]
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A procura do Higgs no LHC

Desvendando o mistério da massa...

P. Conde Muinio

Estagios de verao do LIP (19 Julho 2017)
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M¢étodos experimentais

1) Concentrar a
Y energia nas
particulas
acelerador

/ |
[

Accelerated j 3 4

1
tor [N

2) Colidir particulas

Detec

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 14



Colisdes pp
7 TeV em 2010/11
8 TeV em 2012

40 milhoes de
cruzamentos dos
feixes por segundo!

s

CERN main site 22 — : < Ate 40 interagoes pp

num cruzamento!

4 experiéncias

ATLAS, CMS

ALICE, LHCb

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 15



Energia do LHC

TeV: 10" eV

1 TeV ¢é equivalente a 1 bateria por cada estrela da nossa
galaxia

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 16



4 experiencias no LHC

A%
A
LHC - B CERN
> ~.3-P°mt 8 -=== ATLAS ALICE

sgkelntd ==z Point 2

P. Conde 17




10

\Ns=7 TeV

200

— [T
o
o

300 400 500

100

M, [GeV]

LHC HIGGS XS WG 2010

P. Conde Muinio

Estagios de verao do LIP (19 Julho 2017)
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A produc¢ao do bosao de Higgs

Ns=7 TeV

=]

LHC HIGGS XS WG 2010

200 300 400 500 1000
M, [GeV]

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 19



A produc¢ao do bosao de Higgs

1 T 1 1 1 T 1 i g
g H T i, Ns=7TeV 78
- _ &10_— e — 3

— — {3, -
g 3 o i
T [ 1=

T — -

& 1 a _QWHWNLQ =

--6-— E 3&(%51%1&% + Ny El ;

JCT /_ i 0%0 4

i Lo 7]

107 " &” =

HO : :

02
WW, ZZ fusion =9 Jet F | . L

100 200\ 300 400 500 1000

M, [GeV]

‘proton

P. Conde viuino LsLdaglos ue verdo do LL



Modos de decaimento do Higgs no MP

O bosao de Higgs decai imediatamente é E\bE
apos ser produzido! > i3
g L : 8
* SO podemos observar as particulas f&; 1oirr 99 ; =
estaveis produzidas na sua & 7] E
desintegracao j g
* As probabilidades de decaimento 102 . E
dependem da massa g 3
o'
3

10° 300 200 300 500 1000

M, [GeV]

Canal de procura: modo de producao + modo de decaimento

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 21



Por que ¢ tao dificil?

Fermilab SSC
CERN l LHCi

* Seccao eficaz de producao de:

I I I [T
- e A T jatos ~ 100.000.000 vezes
ua4/5 | . .
i oo | 1| . maior que a do Higgs
1 mbf N 410
a il Jatos b ~10.000.000 vezes
A I . .

- 10 maior que a do Higgs
= | ¥
Stubp o A s . .
S e A I 2 P Bosoes W perto de 1OQOO
g L ﬁ Y vezes maior que a do Higgs
2 o w —+tv) CDF (p p) | k=
“tnb L W /10 ; * Precisamos de modos de

(PP ' = . ~ eer .
[ 74 desintegracao dificeis de confundir
B mtnu=:;'saev | 10
1pb - -,|={1T00 GeV : 7] H_>yy
O, I -3
[ooeier i H—-ZZ-lIl I'
0.000 0.017 01 1.0 10 100
Vs TeV
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LHC integrated luminosity

192

ATLAS Online Luminosity
2011pp (s=7TeV

— 2012 pp Vs=8TeV

m— 2015 pp Vs=13TeV
2016 pp Vs=13TeV
2017 pp Vs=13TeV

w AN
< O

Delivered Luminosity [fb]
- = N N W
IIII|III;Cl:lllIc|nlllIC|DIIIIL|HIIIIC|:IIII|IIII|IIII

o)

UoNEIQUED £ L0Z [BIHU]

\
\

ot
Month in Year

1S

e
2,
>
=2
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Pile-up

CMS event

78
reconstructed
vertices

Extreme case
up to now

P. Conde Muino Estagios de verao do LIP (19 Julho 2017)



I 1 1 1 1 | 1 1

Key:

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

Electromagnetic
:I;! il Calorimeter

Iron return yoke inters persed | Il 3
with Muon chambers |d

Transverse slice
through CMS

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

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 25



Jatos

#* Os quarks e gludes nao existem em liberdade: hadronizam
Vemos um jato de particulas seguindo a direccao

ot
w‘;uﬂ"ﬁ\a
Spe°

do g/g original

il

Magnification 3x

!0'559 i

Created by T. Herrmann, O. Jefdhek, K. Jende, M. Kobel
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Reconstrucao das particulas

* A traves das propriedades das particulas produzidas na
desintegracao podemos inferir as propriedades do Higgs:

£ = (c?)? + (po)’

10°

10°

% 20 anos de fisica das
particulas num so 10°
histograma 107

JJIII|,|,|,| IIIIII|,|,| 111

dN,,/dm,,, [GeV")

10§
15 ATLAS Preliminary

107 Data 2010,\Js= 7 TeV
L L L1 LI.I.E L | | L1

III! 1 1 1 JJIIIl
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—yy analysis

arXiv:1207.7214

#* Two isolated photons

* Search for a narrow peak on a
large continuum

[ Run Number: 191426, Event Number: 86694500

Date: 2011-10-22 15:30:29 UTC

Main background:
#* Continuum yy production
* ytjet, jet+jet

T
ATLAS

>
Tk & . DY Dat
T | 9 1200 IR
: P o Data 2012 —s— vj Data
= 2 i \s=8TeV,[Ldi= 59"  _— jjpata ]
‘ o 1000~ +++ —}— Stat. uncertainty |
L C ++ + + Total uncertainty
soof- 1T, -
C ++++ 4 1
: s ]
600~ Hty .
- Ty 4 .
I 400 L TR ]
. - ' 4 7
H—vyy candidate event Fa YO
4 +H+++“ bale !
2001~ b W at b -]
r *y ] *’N",m*o.“._.w,;
[ aa ApA AR Ay Ry g AR ] as ke Jacana. atgcalsavaea, sanan s saead
‘POO 110 120 130 140 150 160
m,, [GeV]
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http://arxiv.org/abs/1207.7214

# Run 1 results

H—>yy results

. SMH -

T |
Y expected p
_Observeg P, o ATLAS

10000 ' T ' T

8000 e Data 201142012

6000

Events / 2 GeV

Hoyy

Iy
.
-

4000

Vs=7TeV |Ldt=481b"
2000

Vs=8TeV ILdt =207 %"

SM Higgs boson mH=126.8 GeV (fit)
--------- Bkg (4th order polynomial)

-----
....................

LT
--------------

— Obs. 2011
---- Exp. 2011
— Obs. 2012
----Exp. 2012

.
-----

ams
------
------

Data 2011Vs =7 TeV

JLdt =48fb"
Data 2012 {s = 8 TeV
_[Ldt =207 fb"

IR EN SRR B
10 115 120

Lol bl v @ v Py P b1

100 110 120 130 140

Events - Fitted bkg

Y
D
o

1 1 I 1 Il 1 1 1 L1 Il ‘ 1 L1 1 1 Il Il 1 I 1 Il 1 1
125 130 135 140 145 150
my [GeV]

#* Best signal strength at the time
MH:(GObSX BRobs>/(GSM ><BRSM) :155—'—_833
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H—>yy results

#* Run 1 results * Run 2 results!!
% 10000— T IATLAS T ' ! —
Q] - ]
o e Data2011+2012 7] P -1
; 8000 —_ S“aﬂa|-||ggs Eoson I’]']Hz.1 26'8 Gev (ﬂt)—_ 9|MISI IPIrlel{r?I?alryl T | LU I L |3I5I.I9 Iflbl I(I1 |3| TIeIVI)—
c O egy mmmmeeees Bkg (4th order polynomial) n % C H— All . ]
> s - Oy5000 - My=125.4 GeV, {i=1.16 categories -
T g My u _ .
- T H—yy ] 1% * Data |
4000/ — — CICJ20000 R — S+Bfit _:
T \s=7TeV JLdt =481t ] AT DN e B component .
2000|— = C D EsKy ]
C (s=8TeV ILdt =207 1" _ 15000 — X i
o s : z
Nol 400~ = 10000 — ]
ge; 300~ = C ]
g =y . . : :
%R 1t S FRETE S V- 5000~ E
2 100 + t ! ¢+’ 3 C o
2 - ¢ - ™
g '200 L | | L N 0 1 1 1 | I 11 1 1 I 1 1 1 1 I 11 1 1 I 11 1 1 I 1 1 1 | I | I - I 11 1 1
L 100 110 120 130 140 150 160 _ i i : . : . i _
m,, [GeV] 600 - B component subtractedS
400 =
2004 % =
o[®%el ¢ [Ll il L
—200 - % {
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H—>Z7Z—4leptons

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 186877
Event: 84622334
Z2011-28-05
15:03:21 CEST
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Frai
FrimmTve
= i
L
=

H—>7Z7—4leptons results

w
o

— ¢ Data ATLAS Preliminary
" [l Background zz"

— [l Background Zets,

C D Signal (mH=125 GeV)

R

— 7, Syst.Unc. Vs=7TeV:[Ldt = 4.6 fb
g Is = 8 TeV:|Ldt = 20.7 fb!

H—zZz") al

Events/2.5 GeV
N
a

2

o

'.3 ™
: iz
—~ 60 [ q4—22, Zy* ]
2 f M 9922, Zy* ]
0 501 B 2 7
1 C
80 100 120 140 150evs 40 :— _E
30 -
> ATLAS peak at 124.3 GeV 205— -
Probabilidade de flutuagdo do 1oF- Lﬁﬁ
fundo ~ 0.000000000001 . o]

%0 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
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EXPERIMENT

Run Number: 204026, Event Number: 33133446

Date: 2012-05-28 07:23:47 CEST

H—>WW—ev nv

P. Conde Muino

Estagios de verao do LIP (19 Julho 2017)




H—>WW-—=lvlv

L L R LN B AL N L
> L ATLASH—->WW*]
G 800~ \s=8TeV, 20.3fb"
2 - \s=7TeV, 4.5fb .
_?2 600 — (a) njs1,eu+ee/uu_
5 B ¢ Obststat
AT B ~ Bkgtsyst ]
400 — B Higgs —
B B ww i
L 0 Misid i
200 — B vy —
- [J Top .
i @ DY ]
0 - -
> B (b) Background-subtracted 7
& 150 - ¢ Obs-Bkg —
o B — Bkgtsyst ]
2 100 . https://twiki.cern.ch/+
() | | of o o
& B ] wiki/pub/AtlasPublic/
50 |- ] HiggsPublicResults//W
i 1 W-FixedScale.gif
0 //////? 7
_| | 1 I%II | | | 1 | | 1 | 1 1 | | 1 1 I:

50 100 150 200 250
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Vector boson fusion H>WW production

#* Dominated by VBF
#* Large rapidity gap between

jets

CMS 19.4 b7 (8 TeV)
:CE) LA L L N I L L Y I L L ) I BB
< [ *- data ww m,=125GeV |
..g 10— H=wWw . DY-+jets eu 2-jets, VBF tag ]
g top
i o wy©

Wijets

B wz+zz+vwy

N

AN
0 [ I — el B | e I

50 100 150 200 250
m,, [GeV]
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Encontramos uma °
particula nova!

Mas... sera o bosao
~ de Higgs??

Estagios de verao do LIP (19 Julho 2017)




Descoberta: inicio de uma nova fase...

[

#* Temos de medir as suas propriedades
Se produz com a probabilidade que esperamos?
Decai como € suposto?
Tem as propriedades que esperamos?

#* O que ja sabemos:
E um bosao, pela forma em como decai
Tem carga zero
Massa por volta de 125-126 GeV

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 38



Que outra coisa pode ser?

#* Ter um bosao de Higgs € a opcao mais simples no Modelo Padrao

% Poderia haver 5 Higgses! ’h

2
3
- )

A particula descoberta

=
-

agora poderia ser o Higgs

mais ligeiro
#* Super-Symmetry (SUSY) __
Também ha 5 bosoes de Higgs H
% Tecnicolor
O bosao de Higgs seria um
estado ligado de tecniquarks

Previsoes menos precisas que
no caso do Higgs do MP

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 39



Spin 1/2

P. Conde Muino

Spin 0

Spin 1

40



I

Mass

> CMS

Studied/measured via 3 production mechanisms (gluon
fusion, VH, vector-boson fusion)

my = 125.26 + 0.20(stat.) 4= 0.08(sys.) GeV

Submitted to JHEP: arXiv:1706.09936

: M
— = (W] =T
ATLAS Preliminary VA

Vs =13TeV, 36.1 fb" F—e—i Total Stat. [ Syst.

> ATLAS Total  Stat. Syst.

LHC Run 1 ———— b 125.09 + 0.24 (+0.21+ 0.11) GeV

..................... .|

124.88 = 0.37 ( £ 0.37 + 0.05) GeV

H-yy — —125.11+0.42 ( £ 0.21+ 0.36) GeV

| =an |
T
Combined b F—ﬂl : 124.98 +0.28 ( + 0.19 + 0.21) Ge

1 I 1 1 1 1 I 1 L 1 1 I 1 1 L 1 I 1 1 1 L I L 1 1 1 I 1
124 124.5 125 125.5 126 126.5
my, [GeV]
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?!;!i;“ Spin e paridade

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

distributions of the decay products « — Backgound— Fu0'

o
[\®)
oE

— Background — J°=0*

- ATLAS .
" Vs=8TeV,203fp" ~ K=-049 k=-0.73 7
jH—)WW*n=0e1,L - K =-0.98 K=-1.22"]

Kk =-1.47

Arbitrary units
o
N

0.15

0.1

---------------------------------------------------

AN LLLLLL ranrl [T .

0.05E= i e T _

fronoocs R T

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

Combination of the three main bosonic channels
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2013 NOBEL PRIZE IN PHYSICS
Francois Englert
Peter W. Higgs

1% Fundacion
Principe de Asturias
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§!!i“ Couplingscombination
LIP

/ Production o
g . g‘“:
2 =§P
iRy §
g - 1
3 af » psmaneon
g '

= e =1 i ] i} -] ] &
T L LARRN RAREE AL

rrrrr

>w Dt 301103012

SR . Y,

~ P. Conde Muifio Estagios de verdo do LIP (19 Julho 2017

g g subbacied data
'_‘Sllnmmm ﬁGw—

-t _

B0 B0 100 120 140 160 180 200 Z20 240 260 2

44

tw é o et lazane YV S rmsgn
2 = 'mo_ 8Tev [Lm.-207m" -5"“":'::\' E
g voooooy—>——o 1 e __ we XK §°°°?"~W-~-°'-= - -
4 - E
Phot 400 3
$--»---H xK-z tw o I ;
t - E
oo -
Iw- :
a0y
B0
&0
20
L
20|

Backgrounds +




?!;!i;“ Combined ATLAS+CMS Run 1 results

> Couplings to fermions and > Couplings to different
bosons particles
w 1.6 L — >|> T AL AL T T
“ [ATLASand CMS .. ] E1Z 17 ATLAS and CMS
. LHC Run 1 1 ¥ ; LHC Run 1
| []JATLas«cus el> 107F E
12r [ ]atas j ™ -
L[ Jems
= . 1072%E E
I } ATLAS:CMS |
0.87 7] I SM Higgs boson |
i — M, €] fit ]
0.6 . []68%CL
I ] [ ]195%CL
[ —— 68%CL o 95% CL 4 Bestfit * SM expected | 10%E8 e T
047058 1 12 14 10" 1 10 102
Ky Particle mass [GeV]
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Evidence of Higgs decaying to b-quarks

Wz

Y4

Comb.

I I I T
ATLAS Preliminary

T rrryfrrrr|yrrrrjJrrrrjJrrrr |IIII|IIII|IIIIIIIII
1s=13 TeV, 36.1 fb™

r. uvoliue 1viulilv

—Total Stat.
(Tot.) ( Stat., Syst.)
+0.60 +0.24 +0.55
I—=L—| 1.02 _0.57 (—0.24 » -0.52 )
+0.29 +0.16 +0.24
o 1.13 0.26 (“016 » -020 )
+0.2 0.12 0.22
T" 1.1 4).22 (%011 2070 )
N I T N Y N I | |IIII| IIIIIIII |III\|IIII|IIII
4 0 1 2 3 5 6 7 8
bb
MVZ

Events / 10 GeV (Weighted, backgr. sub.)

12

10

|IIIIIIIIIIIIIIIlIIIIIIIIIIIlI
ATLAS Preliminary —e— Data ]
{s=13TeV,36.1 b - ‘6'_‘:) — Vbb (u=1.30)-

iboson
0+1+2 leptons Uncertainty
2+3 jets, 2 b-tags

Weighted by Higgs S/B Dijet mass analysis

i

£

7
7

_[|III|lIlIIlIlIIIlIIllIIIIIIIIllll]_
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Inclusive H — bb search

> Simultaneous fit to search for
Z — bb and H — bb signals

CMS Preliminary 3591 (13 TeV_}I .

)
14 3
=1
12 o
2
10 <«
e
‘ 6
4
i “"""'A::.:'“""f"""" 2
0
—4 -2 0 2 4 6 8
Hy
H Z
Observed best fit pa =237 pz=0780%
Expected significance 0.70 (ugy =1) 5.80 (uz =1)
Observed significance 1.5¢ 5.1¢
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E ! W boson mass measurement

LI P

> High precision measurement
Data from 2011 only!

> Consistency test of the SM

140 - ATLAS -8 Data

E (s=7TeV,4.1fb" EW—uv
[1Background
»2/dof = 48/59

120
100

Events/ GeV
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o 098 1 -4
8 60 70 80 90 100 110 120
L B L B L S B L R B B my; [GeV]
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= Stat. Uncertainty
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Matéria escura

Eﬂ i“
:
L

> O Universo ndo ¢ feito do mesmo tipo de matéria que a Terra
Efeitos gravitacionais: existe matéria escura
Existem evidencias de que ndo esta feitade p, e, n

96% do universo é matéria/energia escural

> De que esta feita a matéria escura?

Dark Matter Mot Dark Matter
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Matéria escura

§Egi“
:
L1 P

> O Universo ndo é feito do mesmo tipo de matéria que a Terra

Efei‘ros gravi’racionais: existe matéria escura

lllllllllllllllll AA PN N I‘AA
e eitadep, e,
Exnnc Other sta feita p.en

183 cmMatéria/energia escural

'FE“‘“
S5cm

137 cm  Supersimetria:

;22 cm

cm

Propoe um candidato para a

matéria escura do Universo: o

1em

fotino

Dark [

“All right... which of you punks is

responsible for dark matter?”
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Supersimetria (SUSY)

§Egi“
:
L1 P

> A supersimetria diz que para cada fermido na "“"T'*\
hatureza existe um bosdo e vice-versa.

J
:

.

.

Supersymmetric
"shadow" particles

n.- ’l}. ‘1.-"
Quarks @ Levtons @ roree particies ) Sleptenz @ SUSY force
Standard particles SUSY particles
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iﬂ The stability of the Higgs mass

H t W<

2 2
My = Mbare+ HH) +(_‘_‘f_ : H)_*_(H{:i)
~mt2A2/ t t
% Cancel out large terms: S s e s
Stop — SUSY i # H = .

But... stop mass cannot be much larger than the top mass

Avoid fine tunning!

#* Given the observed mass of the Higgs boson, the stop mass should
not be much larger than 1-1.5 TeV

Accessible at the LHC?
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? ;!p A procura de outros bosdes de Higgs
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

May 2017 ) \/_=7, 8,13 TeV
Model &M T,Y Jets ET [Lanm™] Mass limit V5=7,8TeV | Ys=13TeV Reference
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 m(g)=m(g) 1507.05525
@, 4-a%) 0 26jets  Yes  36.1 m(¥})<200 GeV, m(1% gen. §)=m(2™ gen. §) ATLAS-CONF-2017-022
8 49— Y] (compressed) mono-jet  1-3jets  Yes 3.2 m(G)-m(¥})<5 GeV 1604.07773
£ gz 5o 0 2-6jets Yes  36.1 m(¥})<200 GeV ATLAS-CONF-2017-022
% 28, §—qak; >aqWi] 0 26jets  Yes  36.1 m(£9)<200 GeV, m(¥*)=0.5(m(%})+m(z)) ATLAS-CONF-2017-022
D g7, g-qq(l/vv)¥; 3en 4 jets - 36.1 m(¥))<400 GeV ATLAS-CONF-2017-030
? 38, 3oqgWZ, 0 711jets  Yes  36.1 m(?) <400 GeV ATLAS-CONF-2017-033
> GMSB (ZNLSP) 127+0-1¢ 0-2jets  Yes 3.2 1607.05979
S GGM (bino NLSP) 2y - Yes 3.2 c7(NLSP)<0.1mm 1606.09150
S  GGM (higgsino-bino NLSP) % 1b Yes 203 m(¥?)<950 GeV, cr(NLSP)<0.1 mm, ;<0 1507.05493
=  GGM (higgsino-bino NLSP) Y 2jets  Yes 133 m(¥?)>680 GeV, cr(NLSP)<0.1 mm, 41>0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2e,u(Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 m(G)>1.8 x 10~* eV, m(g)=m(7)=1.5TeV 1502.01518
§% 222060 0 3b Yes  36.1 m(,\‘/'({))<soo GeV ATLAS-CONF-2017-021
DE oY 0-1eu 3b Yes  36.1 M) <200 GeV ATLAS-CONF-2017-021
o B0 88, g-biX 1 0-1e,u 3b Yes  20.1 m(¥7)<300 GeV 1407.0600
w < bbb N 0 2b Yes  36.1 m(¥))<420 GeV ATLAS-CONF-2017-038
T8 bbb -7 2e,u(SS)  1b Yes  36.1 mEF2)<200 GeV, m(FE)= met%)+100 GeV ATLAS-CONF-2017-030
E S Ah, bt 0-2e,u 12b  Yes 4.7/13.3 m(ET) = 2m(¥Y), m(¥))=55 GeV 1209.2102, ATLAS-CONF-2016-077
B8 hi, ioWhE or ) 0-2e,u 0-2jets/1-2b Yes 20.3/36.1 m(e)=1GeV 1506.08616, ATLAS-CONF-2017-020
S 8§, hock) 0 mono-jet  Yes 3.2 m(f)-m(E})=5 GeV 1604.07773
S8  #fi(natural GMSB) 2e,u(2) 1b Yes  20.3 mi1)>150 GeV 1403.5222
Y8 hhnhoh+Z Be,u(2) 1b Yes  36.1 m(})=0GeV ATLAS-CONF-2017-019
b, hoh +h 1-2e,pu 4b Yes  36.1 m(#))=0 GeV ATLAS-CONF-2017-019
turlig, I8 2ep 0 Yes  36.1 m(P)=0 ATLAS-CONF-2017-039
JORT, X —Ev() 2eu 0 Yes  36.1 m(EY)=0, m(Z, 7)=0.5(m(¥; )+m(})) ATLAS-CONF-2017-039
T 130, X7 —7v(av), (o —tr(vi) 27 - Yes  36.1 mEY)=0, m(z, #)=0.5(m(¥s)+m(¥2)) ATLAS-CONF-2017-035
=3 KX ELVELE), EVELE(Y) 3eu 0 Yes  36.1 MEE)=m(E2), m(E2)=0, m(Z, #)=0.5(m(¥s)+m(tl)) ATLAS-CONF-2017-039
o2 )?T)28—>W)Z°ZJE 28eu  02jets  Yes  36.1 mE)=m(®3), m(¥})=0, Z decoupled ATLAS-CONF-2017-039
S EBWRY, hobb/WW/Tr/yy ey 0-2b Yes 203 m(¥T)=m(B3), m(¥})=0, 7 decoupled 1501.07110
X3, Moy oErtl dep 0 Yes  20.3 m(¥3)=m(E3), m(¥})=0, m(Z, #=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod.,X(°—>yG lepu+y - Yes 20.3 cr<imm 1507.05493
GGM (bino NLSP) weak prod., ¥]—yG 27 - Yes  20.3 cr<imm 1507.05493
Direct ¥1 X1 prod., long-lived ¥{ Disapp. trk 1 jet Yes  36.1 mE)-m(@))~160 MeV, 7(75)=0.2 ns ATLAS-CONF-2017-017
Direct X1 % prod., long-lived 1 dE/dx trk - Yes  18.4 M5 )-m(¥3)~160 MeV, 7(¥;)<15 ns 1506.05332
S, Stable, stopped g R-hadron 0 1-5jets  Yes 279 m¥)=100 GeV, 10 us<7(3)<1000 1310.6584
2 D  Stable g R-hadron trk - - 32 1606.05129
S Metastable § R-hadron dE/dx trk - - 3.2 m(E)=100 GeV, r>10 ns 1604.04520
S 8 GMSB, stable 7, 1{—7(2 i)+r(e, ) 1-2p - - 19.1 10<tanB<50 1411.6795
= GMSB, ¥1—yG, long-lived ¥} ¥ - Yes 203 1<r()<3 ns, SPS8 model 1409.5542
38, X\ —eev/epv/upv displ. ee/ep/pp - - 20.3 7 <ct(¥)< 740 mm, m(z)=1.3TeV 1504.05162
GGM 33, X1 ->2G displ. vix +jets - - 20.3 6 <cr(¥))< 480 mm, m(g)=1.1TeV 1504.05162
LFV pp—vr + X, ¥r—ep/et/ut ejL,eT.ut - - 3.2 24,2011, A132/133/233=0.07 1607.08079
Bilinear RPV CMSSM 2¢,u(SS) 0-3bh Yes 203 m(g)=m(g), ctzsp<1 mm 1404.2500
TR, X =W, W —eev, ey, ppv dep - Yes  13.3 M(¥)>400GeV, A12#0 (k = 1,2) ATLAS-CONF-2016-075
XiXT, X W, X —11ve, etve Bepu+t - Yes 203 mEPY)>0.2xm(¥E), A133#0 1405.5086
,?_ 88,8999 0 4-5large-Rjets - 14.8 BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2016-057
O 3z 3599, %) > qqq 0 45largeRjets - 14.8 m(¥))=800 GeV ATLAS-CONF-2016-057
28, 3100, X — qaq leu 810jets/0-4b - 36.1 mE@)= 1 TeV, A11,#0 ATLAS-CONF-2017-013
88, §—hit, fi—bs 1e,u 8-10jets/0-4b - 36.1 m(fi)=1TeV, A33#0 ATLAS-CONF-2017-013
i, i —bs 0 2jets+2b - 15.4 [450-510 GeV ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
T, fi—bt 2epu 2b - 36.1 BR(f, —be/u)>20% ATLAS-CONF-2017-036
Other Scalar charm, é—c¥} 0 2¢ Yes  20.3 m(E)<200 GeV 1501.01325

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Mass scale [TeV]



Higgs as a portal to dark matter

# WIMP: assumed to interact very weakly with visible matter, except
for the Higgs boson

% Search for invisible Higgs decays
Assume couplings to other known particles as in SM

% Interpreted in terms of dark matter particles coupling only to Higgs
sector

F‘ _3? [Il T T T LI L | I| T T T T 1rrr I| T T T T T 177171
E 1 U . m— ENON 100
] ] ] S.4 0% Higgs Portal model for ATLAS - :é:g: ::
Exclusion limits depende 5o e
E 1 0_‘2 E COMS 20
' 210 e
On WIMP Spln % 10_42 \ EATLASSCEHE!DM
g 10—43 ................ \ #4518 ATLAS vector DM
WIMP maSS < 2m s 10_44 ., &beics ATLAS majorana DM
H 8404
S10%E % —
T109 e T s
= BE. SRR
Q10 F e ATLAS Simulation Preliminary
13‘50 """"""" Higgs coupling combination
-". ol ] -1
101 | i gl ﬁ._’fﬂ-.e\{’.j.f'fj.tfsooo.fb. LG i
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1
DM mass [GeV]
ATL-PHYS-PUB-2013-015
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [L£dt=(32-37.0)fb Vs=8,13TeV
Model ¢y Jetst ET [rdi[i] Limit Reference
T T L T T L T T T
@ ADD Gk +g/q Oe,pu 1-4j Yes 36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
Ks) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO CERN-EP-2017-132
2  ADDQBH - 2j - 370 | Mu 89TeV n=6 1703.09217
g ADD BH high ¥, pr >le,u >2j - 3.2 My 8.2 TeV n=6,Mp =3 TeV, rot BH 1606.02265
35 ADD BH multijet - >3j - 3.6 Mg, 9.55TeV n=6,Mp =3TeV,rot BH 1512.02586
e RS1 Gkk — vy 2y - - 36.7 Gkk mass 4.1 TeV k@p, =01 CERN-EP-2017-132
u>.<| Bulk RS Gk — WW — qqlv 1epu 1J Yes 36.1 Ggk mass 1.75 TeV k/Mp = 1.0 ATLAS-CONF-2017-051
2UED/ RPP leu 22b23) Yes 13.2 KK mass 1.6 TeV Tier (1,1), B(A®Y = tt) =1 ATLAS-CONF-2016-104
SSM Z" — ¢t 2e,u - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
(7)) SSM Z" —» 1t 27 - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
S | Leptophobic Z — bb - 2b - 32 |2 mass 1.5TeV 1603.08791
§ Leptophobic Z’ — tt 1eu >1b,>1J/2) Yes 3.2 Z’ mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
© SSMW’ -ty Tepu - Yes  36.1 W’ mass 5.1 TeV 1706.04786
g’ HVT V' - WV — gqqq model B 0O e, u 2J - 36.7 V’ mass 3.5TeV gv =3 CERN-EP-2017-147
8 HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gy =3 ATLAS-CONF-2017-055
LRSM W}, — tb 1eu 2b,0-1] Yes 20.3 1410.4103
_ Cl qqqq - 2] - 37.0 A 21.8TeV 7. 1703.09217
(6] Clttqq 2eu - - 36.1 A 40.1TeV g, ATLAS-CONF-2017-027
Ol wutt 2S9)23 e >1b>1] Yes 203 [TV |Corl = 1 1504.04605
Axial-vector mediator (Dirac DM) Oeu 1-4j Yes 36.1 Mmed 1.5 TeV 84=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060
g Vector mediator (Dirac DM) Oe,u, 1y <1j Yes 36.1 Mpped 1.2 TeV g,=0.25, g, =1.0, m(y) < 480 GeV 1704.03848
VVyy EFT (Dirac DM) Oeu 1J,<1] Yes 3.2 M. 700 GeV m(x) < 150 GeV 1608.02372
Scalar LQ 1%t gen 2e > 2] - 3.2 LQ mass 1.1 TeV p=1 1605.06035
Scalar LQ 2" gen 2u >2j - 3.2 LQ mass 1.05 TeV B=1 1605.06035
Scalar LQ 3" gen Teu 21023 Yes 203 |G esocev B=0 1508.04735
» VLQTT - Ht+ X Oorie,u >22b,>3j Yes 13.2 T mass 1.2 TeV B(T - Ht)=1 ATLAS-CONF-2016-104
E VLQ TT = Zt + X teu 21b23] Yes 361 |Tmass 1.16 TeV B(T > 7t)=1 1705.10751
g_ VLQTT - Wb+ X 1leu =1b,>1J/2) Yes 36.1 T mass 1.35 TeV B(T - Wh) =1 CERN-EP-2017-094
N VLQ BB - Hb+ X leu >22b,>23j Yes 20.3 B(B - Hb) =1 1505.04306
& VIQBB- Zb+ X 2>8en  >2>1b - 203 B(B - Zb) = 1 1409.5500
£  VLQBB - W+ X Tepu 21b,>1J2 Yes 361 | Bmass 1.25 TeV B(B - Wt) =1 CERN-EP-2017-094
VLQ QQ —» WqWgq 1epu >4j Yes 20.3 1509.04261
Excited quark g* — qg - 2j - 37.0 q* mass 6.0 TeV only u* and d*, A = m(q") 1703.09127
ho) g Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) CERN-EP-2017-148
% S Excited quark b* — bg - 1b,1j - 133 |b* mass ATLAS-CONF-2016-060
X '§ Excited quark b* — Wt 1or2e,u 1b,2-0j VYes 20.3 fo=fi=fr=1 1510.02664
Uy Excited lepton {* 3epu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Se,u, T - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2eu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢ 234e,u(SS) - - 36.1 870 GeV DY production ATLAS-CONF-2017-053
§  Higgs triplet H** — (1 3e,ut - - 20.3 DY production, B(H;* — (1) =1 1411.2921
= Monotop (non-res prod) 1epu 1b Yes 20.3 Anon-res = 0.2 1410.5404
O Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

*Only a selection of the available mass limits on new states or phenomena is shown.

+Small-radius (large-radius) jets are denoted by the letter j (J).
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I

!il;“ LHC reaching higher and higher luminosity...

> Performance of the LHC surpassing expectations!
Higgs boson discovery and measurements
Reaching precision SM era!

> With higher luminosity discoveries
might be around the corner...
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Run I

7Tev 8TV

2011 2012

75%
nominal
luminosity |

LHC / HL-LHC Plan

LS1

splice consolidation
button collimators
R2E project

2013 2014

experiment beam pipes

Futuro do LHC e de ATLAS e CMS

LHC
Run I1I Run III
13-14 TeV Lt
e ;:EEE::E?;?‘T; el HL-LHC installation

regions

radiation
damage ﬂ

2 x nominal luminosity
experiment upgrade | . experiment upgrade
phrase 1 phase 2

nominal luminosity

~ exm

High

uminosity

LHC

Run IV

14 TeV

2015 2016 2018 2019 2020 2021 2022 2023 2024 2025 IIII »

L=10*cm?s! L =2x10* cm?2s?

p= 27 p= 55

energy
5107 x

nominal

luminosity

integrated
luminosity

5x10% em2s™

p= 140

2035l

Aqui estamos
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Backup
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O Modelo Padrao da Fisica das Particulas

The Standard Model

Fermions Bosons

neutrino neutrino neutrino .

Quarks

electron muon tau

Leptons

e
electron muon

4
Q2
G
[&]
@
2
i
| I i
Three generations of matter
nggq
boson

Quarks e leptoes Mediadores das forcas
spin = % (fermides) spin inteiro (bosoes)

P. Conde Muino Estagios de verao do LIP (19 Julho 2017) 63



il L |
LB As interacoes fundamentais

Forte

Gravitacao Fraca Electromagnetismo

Age sobre massa carga de “sabor” carga eléctrica
Responsavel por Sistema solar radioactividade beta luz, atomos, hadrdes
galaxias fusao nuclear quimica, electronica nucleos

F. ouonde viuino Hstaglos de verao do Llr (1Y Julno 2ZUl /) L



lI))Oi§ tipos de particulas na natureza: fermioes e
0soes

* Os fermides tém spin semi-inteiro e tendem a ser
timidos e a manterem-se afastados uns dos outros
(como num hotel onde as pessoas estao sempre
em quartos individuais)

* Os bosodes tém spin zero ou inteiro e tendem a
estar todos juntos (como num hotel em que as
pessoas ficam em dormitorios comuns)

O que ¢ a Supersimetria?

P. Conde Muino Estagios de verao do LIP (19 Julho 2017)
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E! i“ Supersimetria
LI P

* A supersimetria diz que para cada fermido na
natureza existe um bosédo e vice-versa.

* Nao se encontraram particulas supersimétricas
(ainda) e portanto devem ser muito pesadas.

SPIN %
FERMIONS ]S_D,I())Ié\lo(l)\]s

SUSY >
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