Observation of the
I, p HIggS (?) particle

2011 -12 \s=7-8TeV

0"k S o
110 115 120 125 130 135 140 145 150

—— Observed  [===7 Expected Signal+ 16

Stan Bentvelsen -
on behalf of the
Nikhef ATLAS group

Veldhoven 2013




- % : : _
— e p——

olla
T

e e

More than 3000 physicists
institutions of 46 countries
| 1981 o first ideas
11992 ° ATLAS letter of intent
=| 1994 ° approval by council
*] 2008 ¢ installation completed
) | 2009 o first collisions
\1 5010 ¢ first collisions at 7 TeV
2011 * data taking at 7 TeV
5012 ¢ data taking at 8 TeV
Y 4 | =




- Experimental particle
L physics = team work

=4

Tomorrow more information:
Focus session F09: Higgs into focus
Parallel session PA11: Subatomic physics | |
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Fundamental interactions
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( .
Lo

Electro- ||
magnetism

Strong
Interaction

Weak || L

| ‘uantum

) - Chromo Dynamics »




The result: Standard Model




Status of Standard Model
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e Consistent model ~197O - :';F.,%g;
l Nobel prlze M Veltman & G ‘t H00f t_‘ -

—However: W- and Z-boson mass spoil symmetry

 ‘Dynamic generation’ of mass
—Developed (P Higgs and F.Englert___RfBroutT
around 1964 P! dl
—In Standard Model
to give W, Z-boson
and fermions mass

e Observation Z- and W-boson in 1983
—Big success Standard I\/\odel'r Nobel prize S van der Meer & C Rubb:a i
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Universe as superconductor

Unbroken ‘symmetric’ phase
particles do not have mass
move with speed of light

Broken phase: Higgs field
particles interact with
omnipresent field
effectively acquire a mass

“Smoking gun’’
Quantum excitation
of the Higgs Field
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LHC challenge 2: Luminosity =~ | observation

 ‘Higgs production’ 10 orders of magnitude
below total cross section

‘\ Detector

" very rdre processes

-
-y

' Trains of bunches - |
each with 10™ protons

50 ns

LHC bunches separated by 50 ns

*24/7 operation March - December

-F||I with bunches |

proton hard inte actV p,-oton ‘
-Ramp-up energy N P S %P L
-CO”iSiOﬂS (""10 hrS) / spectator quarks —

-Recycle

— ATLAS collecting data when LHC provides stable beams




e Muon
chambers
Momentum for
penetrating
muons

e Calorimeters
Energy
measurement
by absorption

e Tracking-
chambers
Direction and
momentum
charged
particles

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation
Tracking Tracker

detector

vE

PixellSCT SR

lectrons”

The dashed tracks
are invisible to
the detector

< ATI AC

e dall Mal,
D CYPEDIMENT

—

http://atlas.ch




L~

Instrumentation

._:’.

it
/ Intry

/

.
4

Analysis

.
.
>

Computing |




by

Muon precision chambers
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Higgs physics
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History...

e | HC schedule adjusted
—2008: quench incident
* ~100 di-pool magnets affected
—2010: LHC @ 3500/4000 GeV
— 2014: Full energy available

e Start operation
—2011: LHC expectations
exceeded by a factor 5

—2012: Again luminosity
exceeded expectations W event with 27 collisions

e A total of ~1.8 10" collisions!

— Excellent ATLAS performance
e Data taking efficiencies ~94%
e >96% channels operational!

'LHC as harsh environment
— Pile-up_interactions per bunch crossing




Events /1 GeV

Infrastructure ...

10°
10*
10°

10?

20 10° collisions/sec
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—4— Data 2010 (s = 7 TeV) _ -1 ;
P J.Ldt—33pb :

= ATLAS

[ A ]
70 100 110
m,, [GeV]

Data analysis

on-line trigger selection rate 600 Hz
~ 1 GB/s data collection

Data distribution using
GRID infrastructure
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-

Muon pairs in final state

Z-boson
- P

P, (K) =27 GeV n(w)= 0.7
p,(u*) =45 GeV n(u*) = 2.2

Mw =87 GeV
muon

\\| Z>pp candidate
" in 7 TeV collisions




Higgs searc

e Production

e Decay

+ H->77" —
+ H—=v+4+7y

h strategy
— _— Higgs
Predicted for 2012 -
mu=125 GeV: 212.000 P
'mu=200 GeV: 77.000 |
4 leptons
Higgs

+ H— WW?* — 2 leptons + 2v

114 141

Excluded by ATLAS & CMS in 2011

Excluded

before LHC
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1A EXPERIMENT

Run Number: 189483, Event Number: 90659667

NIE@EF




Higgs = ZZ*— 4u candidate,
M(4 leptons)=125.1 GeV




@ATLAS

EXPERIMENT
http://atlas.ch




Higgs to leptons - July 2012

> [ | | T | T | T T T | | T : /‘/ 7
’ 1 O . e Data ]
| zz bk% Ot . ATLAS i
| 0 25— [l Background 2Z ) N
F ! = - H=ZZ -4l .
| = - - Background Z+jets, tt 1
\< | L%320—_ Signal (m =125 GeV) 3
- " 7%/ Syst.Unc. 1
Higgs F {5[1s =7 TeV: |Ldt = 4.8 fb” N
(15 =8TeV:/Ldt=581b ! y
io- / -
- ' —

' Maximum observed il \ Blinded |

significance ~3.6 sigma | O_

100N’ 150 200 250
m,, [GeV]
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_Higgs to 2 photons

H = v+

e

e Background > T

G 3500F ATLAS ¢ Data —
— Fake photons % 30005_ ——— SigsBkg Fit (m~1265CeV) 3
. T S U Bkg (4th order polynomial) =
*e.g. pion decay £ 2500F- =
r — A 2000E- T E
0 | 1500 —
JT " y 1000 15=7 TeV, [Ldt=4.8f0" .
;;;;; AL 500F- 15=8 TeV, [Ldt=5.9fb" H-yy —
‘ N = —_ ! =

ﬂ 4 _J

Zoom energy deposition
in calorimeter oo | | | | | _
100 110 120 130 140 150 160

m,, [GeV]

— Prompt photons
* non-Higgs channel

. |
W\/\/\N‘

——
A
——

| Maximum observed
significance ~4.5 sigma
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Scientific discovery: July 4™, 2012

e Calculate data significance for each mass NISEEF
b z/,TFL.AS 2011 - 12 \s=7-8TeV =
—— Observed  f---1 Expected Signal+ 16 i i e
110 150 200 300 _ 400 500 44?%&;%
m,, [GeV] —

e Mass: 126.0+0.4(stat)+0.4(syst) GeV
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Public announcement, July 4" 2012







Since July 4", 2012

¢ |s it a Standard Model Higgs?
— Couplings to boson/fermions?

i
|

B | | i I |

ATLAS Preliminary i my =125 GeV

W,ZH — bb

\s=7TeV: [Ldt= 4.7 1b" -—

v: [Ldt= 131"

H— 11

Vs =7 TeV: [Ldt = 4.6 fb
8 TeV: JLdt= 131"

\s=8Te t=1 3
H-WwW" > vy
\s=8TeV: [Ldt= 13 b

H— vy

\s=7TeV: [Ldt= 481"

Vs =8TeV: [Ldt- 1310

H— zz" - 4l

\s =7 TeV: [Ldt= 4.6 b ——
8TeV: JLdt= 131" :

Combined n=135+0.24
\s=7TeV: [Ldt=a6-48" | _e—
TeV: JLdt=131b" :

H=4l |

-1 0 +1
Signal strength (u)

e Much more collisions needed

— Determination spin

e Results disclosed soon

Intriguing:

M(H—yy) =M(H—41)?]

-1

ATLAS Preliminary
Is=7TeV: Ldt = 4.6-4.8 fiy"!
Vs= sTev:dex =13fp"!
X Best fit

— 68% CL

----- 95% CL

e 99.7% GL p—
— Am,=0 .
+ Am,=0 best fit

121, ks
21 122 123 124 {03 1

26 127 128 129
M,y [GeV]

— :: Hoyy

Approximately 2/3 total data set (2011+2012) unblindedl




* Most important discovery in particle physics of past 42 years
* Observation? yes!
e Isitreally a Higgs? Don’t know yet

Near future
Energy LHC doubles: in depth Higgs studies
Continued searches for BSM physics

Far future F
'Very high luminosity at LHC
All ATLAS public resiilts High precision Higgs in e+e- collider

s S =

https://twiki.cern.chitwiki/bin/view/AtlasPublic
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Major leap
- Is it elementary or COompos

- Does it couple to itself?

- What ‘screens’







Beyond the Higgs

Higgs? Fascinating major leap in our understanding! |

- What are the quantum numbers of this particle?
- Are there more Higgs or other particles?

- Is it a particle or a composite? |
- Does it couple to itself? |

|

- What ‘sceens’ its mass from Planck scales quantum physics? |
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Higgs found - check - particle physics solved?

e NO - because:

—Properties Higgs
©sS=0
o self coupling?

— Conceptual problems
e Quantum gravity
e Hierarchy problem
e Flavor puzzle

— Experimental clues
e Neutrino masses
e Coupling unification
e Dark matter
* Baryogenesis

January 22, 2013

FOM Veldhoven

=

Solutions to hierarchy problem?
- supersymmetry: boson-

fermion symmetry

- Higgs as condensate: no
fundamental scalars

- Extra symmetries: non -
perturbative regime around
10 TeV (“Little Higgs”)

- Extra space-time dimensions

- The anthropic principle ...
\__
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Publication - international collaboration

\s=7TeV: det = 4.6-4.8fb"
; \s =8TeV: J.Ldt =5.8-5.91fb"

Sig. Expected

60
300 400 500

| The ATLAS Collaboration

I [N S—
| G.Asd®.T. Abajyan®, B. Abbou'" J. Abdalisd B K.V “"""‘f l
0 ~ % S Burdin _
Adu.\ % 3.4 M. Buttar N = H

M. A

|| 2 Aguitar Saavedea
LT Akd: A

. Albvand™ M, Aleksa™ LN Ale
M. AlL

K_Edm s

S. Eckweilee®

B. Heinemann! C. Helle:

C. Helsens'". R ('

exopoulos”

B.MM. Alibrooke

" E. Alonso™

M. mlk.
- h
A. Alonso™, F.

LA, Altheimer

., F. Dudziak™, M. Dithe . LP. Duerdoth®,

E. Duchovni'™, G. Duckeck™, D. Duda'™, A. Dudarev s
diz**, R. Duxfield" ™, M. Dwuznik™,

. L. Duflot’ Dfour®, L. nugmu" 1. Dunfor ™ H. Dy
M.C. Hodgkinson'™, P. He a\ F Dydek’, M. L it

M. Hohifeld™!, M. Holder
Huysduynen’

L
A Farilla"™ . Farley™

Fabbr

A Asthury'™ M Amwn“

u( w.mu'

.D.C
,,\| Citterio™
B. Clement" R Froese

- Gabald E-Jansen”, H. Jansen®, A. Juntsch®,

rer'™, D
mn“' M. Fing
1™, 1 Fleck'*!, J. Flec i
“, M.J. Flowerdew”, T. Fonseca. Mas

1 I ey il .
C. (‘uu.m myu; *,J. Collot™, T
. MC. Conids

|~ Coav
M (mwur" E
1, Ol o

D. Fortin'”
D. Francis™
.

M. Frankl

RF
3. Fuster'", C. Gabaldon™,
. n® ( (n.lka

Fullana Torregrosa™,
l(m.!]ull 8. Gadomski®”,
V.Gallo .BJ. Giallop ™, . Gallus'™,

. C. Garcia'”, 1 E.
€ Gaai®”, G G

L Gauthier' . P. Gauz: yeken™!, EN. Gazis . P.C
| CNP Gee'™, D.A llesstedt’ CG
MH. Genest” )

H. Ghazlas
1 Gianotti*

soardles de la Hoz' | G.K
* L. Goossens ™, PA. Go
7, E. Gomid]

| T3, Khoo®,
SH. Kim'®

oelaert™, A Bog Bogdunchikolf
T.Bold™, \ B«l_g.\ - \\1 Bolnet"™ M Hul \| (mmplm

. Gris
DG

i

1AL D Mattia

E.B. Diehl"”, J. Dietr]

Bruncko'“*, R
F. Bucei®, J. Buch

X
]
%

O"HN

U.Kn .nhml.m * . Krt
s. ’\udu\ ".$. Kueh

uyar
R. Hauser'™, M. Havranek
L CP. Hays''%, u

DR n_‘m,
K.

75, P. Ham

her

16 K. Hanawa®

. Han
5 H.\len u) mmu' 2 Hansson
*,U. Landgraf] T Herenberg ™S, Harkushs™. D. Harper'T R D. Harrington®, O.M, Harris'
T. Haruya: .“.. Harvey LY. Hasegawa'*
R. Hauser™, M. Havranek®®,C M. Hawkes'*, R J. Hawkings
D. Hayden™, C P, Hays'™*, FL.S. Hayward™, $.1. Haywood™

*,T. Lagouri!

36




Progress since July

—
ATLAS ¢ Data

—— Sig+Bkg Fit (m =126.5 GeV)

-------- Bkg (4th order polynomial)
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1T T T

100 150 200 250

m, [GeV]

' I}
IS |t read W,ZHI—>bb 5
\s=7TeV: |Ldt=4.7fb" ° :
. . Vs =8TeV: [Ldt= 13 o™
—Intruigin | o |
Vs=7TeV: [Ldt= 46" :
\s=8TeV: [Ldt= 131" :
v H—>V\§W“—>rv|v 5
| \s=8TeV: [Ldt=13 1" :
JE128 s8] H— vy 5
| :
X B \s=7TeV: [Ldt = 4.8 fb" | e—
L6 \s=8TeV:|Ldt- 131" :
TPy [ Hozzl o 5
i \s=7TeV:|Ldt=4.61" .:
126 n 2;1 \s=8TeV:|Ldt= 131" 5
Combined n=135+0.24 :
| 125 \s=7TeV: [Lat=46-48" :
\s=8TeV: [Ldt=131b" : -
! 124 | | | | i |
H -—)4, -1 0 +1
‘ .
123 Signal strength (u)
122 i
A NN RN N N D :
BT 126 127 128 i2e
- my, [GeV]

i

I | | :
ATLAS Preliminary - 128 Gov

— New results

———> H-oyy

e couplings to boson/fermions
e Spin Higgs disclosed soon
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More puzzles - Higgs?

e Which role does this particle play in Standard Model?

—Window to new physics T
. . 5 | ATLAS Preliminary { m, = 125 Gev
e Couplings as predicted: WZH bt |

Vs =7TeV: [Ldt = 4.7 1" :
\s=8TeV: [Ldt= 131" ‘ :

e |s Higgs spin-0 boson? i

Vs =7TeV: [Ldt = 4.6 " e

\s=8TeV: [Ldt= 131"

—Understanding its dynamics Ho W :
* How does Higgs | Q:?I:ﬁt;:::‘;:ff e
couple to itself?

H- zz" - 4

Vs =7TeV: [Ldt = 4.6 fb" —e—
\s=8TeV: [Ldt=13b" '

| Combined i =135%024 .
P \s =7 Tev: Ldt=4.6-j,8 o +

3 \s=8Te ~13fb :
I | | l i |
-1 0 +1

Signal strength (u)

e Future music
—Very high luminosity at LHC
—Higgs in e*e collider




|[dentification Dark Matter?

--_L_

K o

-

»r e

.. |Dark matter is cold (non relativistic at freeze out),
.. |hot dark matter disfavored

-\WIMP with mass 10" - 103 GeV good candidates

o | For WIMPs in thermal equilibrium after inflation,
.. their couplings are typical for weak cross sections

. LHC has good chance of finding WIMPs!

. i Supersymmetry supports Dark Matter
' .' candidates: neutralino’s as LSP’s

B T
.. A » .' _ il - " o. .

- uestio forLHC: is dark matter a WIMP?

X e

.
¢ .




Chile
China

|
1
|

Argentina
Armenia
Australia
Austria
Azerbaijan
Belarus .
Brazil
Canada

Colombia

Czech Republic
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rFranc '

Ve 90N
% I ' y

What an extraordinary time |
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Fundamental interactions

\‘ | 7
| Weak
| Electro-magnetic /) Weak isospin
Electric charge 2 W= and Z° exchange
Photon exchange / |
[

. Gauge sym L\
? — 71— A : | ~ Neutral |
/ / | N\, \ - c\b\x
= 1 é

January 22,2013 FOM Veldhoven 41




An open issue ...

P

* Mass: conserved quantity
—Mass = inertia

F = ma

—Mass = source of gravi

M
F=-G—,
.

e Einstein’s mass as ‘condensed energy’

? But what is ‘particle mass’? I
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Installation SCT
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Peaks: re-discovery of 20™" century physics

Resonance
particles
decay to two
muons

L=

! %
8

=2

10°

w/p ¢ :

ATLAS Preliminary
Data 2010,\s=7 TeV
1 1 Ll Ll I| 1 1 1 Ll Ll I|

T T T |||||| T T T 1T 1
sz40.4 ob

EF_mui15

k
i

Lk

1 10

10°

m,, [GeV]

IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| III:
——————

10é

Caluclate mass of resonances | Allknown particles are
with final state muons

u foupd back!

|
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_Searchfor the Higgs

Py - ) - — . : —
Production’ of Higgs tiggs |  Produced in 2012 |
—a number of processes | mu=125 GeV: 212.000

— 'mu=200 GeV: 77.000 |

o ‘Decay’ of the Higgs

“Signal” ~ “Background”
| Higgs Higgs decay to photons
H — v+~

| Higgs decay to leptons

i |

Ralct:E | H — ZZ* — 4 leptons

... and more decay
46




Summary of ‘tour-de-force’

e Standard Model reigns at 7+8

TeV!

—1

| =
‘ : ‘yr
| |

LR

10°

1

| Observations compared to theory

35pb”
.

35pb’

IILLLLLL

iota [PP]

10*

I llll”l

10°

T
/

10°

I llﬂlll

10

(L IHIHI

LHC pp Vs =7 TeV
wn Theory
= Data2010 (L=35pb’)

o Data2011 (L=1.0-4.7fb")

LHC pp Vs =8 TeV
s Theory
e Data2012(L=5.81b")




The ATLAS data )

* H—yy: very rare

O 35001 ATLAS ¢ Dan =

N — . . —

~ = — Sig+Bkg Fit (m,=126.5 GeV -

& 3000F ig+Bkg Fit (m,, ) =

= - e e Bkg (4th order polynomial) =

O 2500F- =

L — B

2000 M E

1500 =
1000F- 15=7 TeV, [Ldt=4.8fb" d

500F- 15=8 TeV, [Ldt=5.9fb" H-vy =

100 110 120 130 140 150 160
_ m,, [GeV]

- an P

| Maximum observed

local significance
- ~4.5 sigma
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Length: 44 m|
Diameter: 22 m
Weight: 7000 tons |
' Channels: 100 million |
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Phenomenology

 ‘Hard’ interactions
—proton as bag full of (anti-) quarks and gluons

R g # 4 & = */§Q

hard interaction proton
X-Z 0

spectator quarks

e - r—

A RS
—fraction of energy available for hard interaction
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@EXPERIMENT

http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST




Collisions in practice

o| HC CO“iSi()nS 24/7 proton hard /nteract/V proton
— From March to — . o

December
—Machine cycle:
e Fill with bunches
e Ramp-up energy
¢ Collisions (~10 hrs)
e Empty machine

spectator quarks

Calculate processes

i

i

Theory < Experiment
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First protons in LHC (2008)




Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Length:

Diameter: 22 m |
| Weight; 7000 tons ! Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Channels: 100 million | 55




Fundamental interactions

Quantum field theory

e

' gt

Electro- ||
magnetism

Strong
Interaction

Weak |
Interaction

| ‘uantum

) - Chromo Dynamics y

' Electro Dynamics
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LHC performance

e Quench incident (2008)
— ~100 di-pool magnets affected
— One year delay

» Schedule adjusted -
—3500/4000 GeV per beam
— Full energy available aft<j

o Start operation March !@7’.3
—2011: LHC expectations s

e A total of ~1.8 105
collisions!




