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The Higgs Boson

A short Iintroduction ...




Nobel Prize 2013 ...
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The Nobel Prize in Physics 2013 was awarded jointly to
Francois Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which recently
was confirmed through the discovery of the predicted fundamental particle,
by the ATLAS and CMS experiments at CERN's Large Hadron Collider"



The Standard Model

A particle physicist's view of the world ...
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Higgs
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The Standard Model

A theorist's view of the world ...

ACSM - »CDirac + 'Cmass + Egauge + 'Cgauge/dz .

Lbirac = i€ Pei + iv Qui + i€ Per + iti Pui + id; Pdi + itigPuly + idPdy ;
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Interaction

1 1 1 1
Lgange = _Z(GZU)Q - §WAZW7W B ZZWZW B ZFWFW +Lwza
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Gauge Fields Jy = p—— bﬂﬂy“yi + (—5 + sin® GW) e et + (sin? Oy )eryt ek
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Gauge Fields . Interactions
[triple and quartic couplings] [Fermion-Boson couplings]

+ Higgs terms




The SM Lagrangian [massless particles]

Kinetic energy
of fermions
kinetic & self-coupling ' interaction between
of gauge bosons fermions & fields

1 L 7
L = _ZELVFH + 1y O + ey ALY

SM Lagrangian without Higgs

where: /
ed, = %qu’j + g?m + %YBM
But: SU2), x U(1), symmetry ELVFMV _ GMVG,UJV 4 WWW;W 4 BMVB/LV

forbids ,,ad hoc* introduction
of extra masses terms:

destroy gauge
<" invariance !

Fermions:  mab) =/ i
Y But: particles do

2
Bosons:  m~A, A" have mass



The Higgs Mechanism

Introduce:

New doublet of complex scalar fields
[4 degrees of freedom; ‘mexican hat’ potential

V() = —p?[oT o + Ao o[

with u, A >0

Lagrangian of scalar field:

Lo =(0,0")(0"¢) — V()

Coupling to bosons via transition to covariant derivative.
Coupling to fermions via “ad-hoc” introduction of “Yukawa” coupling.

Ly
Lyvuk = cf(Yrrd + Vi)

(Du")(D!¢) = V(p) with D, =0, +ieA,

N
-~
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" Introduction into SM Lagrangian maintains
"""" invariance under SU(2), x U(1), gauge transformation
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The Higgs Mechanism

Introduce:

New doublet of complex scalar fields
[4 degrees of freedom; ‘mexican hat’ potential

V() = —p?[oT o + Ao o[

with u, A >0

Spontaneous symmetry breaking:
System falls in to minimum of V at ¢ # 0.

This results in:
e Three massless excitations along valley - 3 longitudinal d.o.f. for W= and Z

« One massive excitation out of valley > 1 d.o.f. for ,physical“ Higgs boson

Higgs field has two components: ¢ = “v + H”.

1. omnipresent, constant background condensate v = 246 GeV
2. Higgs boson H with unknown mass My = /2 = (2N)%'v



Mass generation and Higgs couplings

Yields Higgs-Boson
couplings . Contains Higgs
self-couplings

L, = (Dyd)(DFG) — V(g) with D, = d, + icA,
Lyuk = ¢ F(WrrO + YRYLO)

Higgs-fermion MW - gv/2

coupling
___________________ M, = \/g2—|—g’2 U/Q
Substitute: e My = V2 = V2 v

0\
/
—_— p—
¢ ¢ ( % (U T H) ) Unitary gauge

-
Lyue = (V2) 7 [ e (WrpH + Yrtor H) + cpo(ribr + Yribr)

= (V2)"' [ e (rvrH + Yo H) + mpptp



Mass generation and Higgs couplings

Interaction with ,ether” v=247 GeV:

My ~ gv (Gauge coupling)
m; ~ gV (Yukawa coupling)
® ®

1 gu
2 I where M = 5

Interaction with Higgs boson H:

Fermions:
W/Z bosons:

g; ~ mylv
v ~ Mg/v =g?-v

Or

X
v v =247 GeV

.

Fermion
X X
v =247 GeV ° 2
. £ g
W/Z boson
Higgs
g f g9
Fermion
Higgs
2 'x
g% v =247 GeV

~..

W/Z boson




The LHC

A New Dimension in Particle Physics




The LHC

A New Dimension in Particle Physics

Detector

Proton beam

|

% Tl ———
Samb
R LA
3488, Proton bunches C|rclulmference: 27 Km
6 [number: 2808] Collision rate: 40 MHz
el CMS-Energy: 14 TeV

Proton collisions
[10° per second]

Dipols: ca. 1200

Field: up to 8.3 T]

[Temperature: 1.9 K]

\\ Stored energy: 9.2 GJ]
New physics?

Parton-parton
N Interactions

—
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Fermilab SSC
CERN l LHCl

The Discovery Channel

10° Events/sec

[1 Mbyte/Event]

8 1 H b~ : jSl
2 E >0.26TeV _‘
o 2 i
-
10 S § |
a8 O'(W—»fv).-____\-‘_\
Efficient  inbl|
rate reduction needed
[Storage rate: 100 Hz] Bl
.................. () T?CDF it
T ———— T : [nlop %
10 Events/min e R
O
[my = 100 GeV] 1 pb = bl S
gy
I I m_=1TeV
with 0.2% H— Yy 2

15% H - 27 © Higgs

T =500 el

I I l
0.001 0.01 0.1 1.0 10 100

Vs TeV

Events / sec for £ = 10%%em™ sec™’



Higgs Production Mechanisms

Vector
Gluon fusion boson fusion
t 0
g t H 0
J {
g
t
1 W.Z W.Z
- O
3 H

- Associated
tt-fusion production



Higgs Production Cross Sections
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Higgs Couplings —

Coupling to
Fermions f
H _____
]?
H _____

Coupling to gluons
[via heavy particle loops]

—Xamples
Coupling to photons
[via charged particle loops]
‘\/\/\/\/ 7
H----- « QW
7
g
W, 7
\ Q Moo
W, 7
g Y

Higgs Coupling
to Gauge Boson



Higgs Boson Decays

e 1 E bb —
=) S
T —
10 -l.i WW
3 77 ——
10k
cc - —
af W ~-°°°
10 :?--__’ Z'\{ - -
E - tt ==
10 L §§ ww-=-
===
For M <135 GeV: H - bb, Tt dominant Y
For M > 135 GeV: H > WW, ZZ dominant H
Tiny but also - W
important: H > yy Y




Direct Higgs Channels

Channel LHC Potential
Huge QCD background (gg > bb);
gg > H~Dbb extremely difficult
Higgs with low pr, hard to discriminate
gg > H~>T from background; problematic
Small rate, large combinatorial background, but excellent
99 > H~>vy determination of my (CMS: crystal calorimeter)
g9 = H > WW Large rate, buﬁ 2 nelutrinos IN leptonic decay,l Higgs spin
accessible via lepton angular correlations
g9 = H> 77 L > 4qu “gold-plat.ed” channel for high-mass
Higgs (ATLAS: muon spectrometer)




Vector

B0oson Fusion

Channel LHC Potential

qq > qq H Very large QCD background (gg/qg > bbqgq);
[with H > bb] still very difficult

qq > qq H Higher pr than direct channel; interesting discovery
[with H > 1] channel for my < 135 GeV

qq > qq H Most likely combined with gg > H > yy

[with H > vy] to inclusive diphoton signal

qq > qq H Additional background suppression w.r.t. direct channel;
[with H > WW] interesting discovery channel for my > 135 GeV
gg > ttH Top-associated production; Seemed very promising,
[with H > bb] but overwhelmed by SM ttbb production




Higgs Searches @ |LHC: Examples

Two high-energy 2 electrons
2 jets 3 ,'_ B

Events/500 MeV for 100 fb-!

4 muons
My = Mz
"Q L
af 8 | H»ZZ > Ujj
L o=
> ~ 5|
o o &
O @ < 4
- L
Higgs signal f r @ -
@ gl g 3l
5 S
5000 2 ol
LLI ~—
o
S 1
4000 @
i N s T
o S el VaF s o N R ) e e B S O |

110 120 130 140 120 140 150 180 200 600 1000 1400 1800
+ r
MYY (GeV) M,y = (Gev) Mlljj (GeV)



Two Omni-Purpose Detectors

ATLAS: A Toroidal LHC ApparatuS CMS: Compact Muon Solenoid

- —— Hight: 15 m
- e i Length: 22 m
Weight: 12500 t

Hight: 25 m
Length: 40 m
Weight: 7000 t




Muon

Spectrometer
Hadronic
Calorimeter
¥ The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter "
‘Solenoid magnet ; s i
ransition /
Radiation RO £
Tracking € Tracker 3 : :
S Generic Detector Design

detector [Example: ATLAS Exp.]




The ATLAS Detector

EM Calorimeters: O/E = 10%/JE ® 0.7% Precision Muon Spectrometer: o/pr = 10% @ 1 TeV
excellent e/y identification fast trigger response
good energy resolution (e.g. for H = yy) good momentum resolution

(e.g. H > ZZ — 4p)

Hadron Calorimeter:

o/E = 50%/\E @ 3%
good jet resolution
good missing Et resolution

(e.g. H— 17)

Inner Detector:
Si Pixel & strips; TRT
o/pt=5 - 104 pt @ 0.001
good impact parameter res., i.e.
o(do) = 15 um @ 20 GeV

Magnets: (.. H = bb)

Solenoid (inner detector): 2 T
Toroid (muon spectrometer): 0.5 T



ATLAS October 2005

- View into .
"L ATLAS Detector | 5%

NA




ATLAS July 2006
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ATLAS August 2006

Insertion of
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The CMS Detector

Inner Detector:
o/pt=5 - 104 pt ® 0.001
EM Calorimeters: [vergl. ATLAS o/pt=5 - 10 pt ® 0.001]

o/E = 3%/JE ® 0.5%
[vergl. ATLAS: o/E = 10%/,JE ® 0.7 %]

Hadron Calorimeter:

o/E = 100%/\E ® 5%
[vergl. ATLAS: o/E = 50%/\JE ® 3%)]

TRACKER
CRYSTAL FCAL Muon Spectormeter

o/pt=10% @ 1 TeV
[vergl. ATLAS: o/pt= 10% @ 1 TeV]

PRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET
FORWARD
Magnet: - CALORIMETER
Solenoid: 4 T R

HCAL
MUON CHAMBERS



CMS June 2002

7<= |nsertion of
. vacuum tank 3
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CMS September 2005

Insertion of the CMS
§ coil into the barrel yoke
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LHC: Higgs Discovery Potential

Signal
significance

[—
&
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[ATL-PHYS-2003-005]

[Ldt=30fb"

(no K-factors)

ATLAS

H — vy

= ttH(H — bb)

s H - 779 = 41
H - WW" = hiv
qqH — qq WwW"?

A qqH — qqTt

Total significance

—

| ‘ | | | ‘ |
100 120

| ‘ | | | ‘ | | | ‘ | | | ‘ |
140 160 180 200

m,, (GeV/c’)

ATLAS
estimates 2005:

Full mass range can already
be covered after a few years
at low luminosity

Several channels available
over a large range of masses

Low mass discovery requires
combination of three of the most
demanding channels

Comparable situation for
the CMS experiment



The Discovery Channel

FPhoton

Top

Top

HIggs o

[Production via Gluon Fusion]

Photon
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Basic Analysis

drinciple

Example:

e

Shoton -

B

H o vy
Event Signature
[Schematic]

Invariant Mass:

e

—+1E» (1-cos9)




Sasic Analysis Principle

Simulation

Events / 2 GeV

H > vy
Event Signature
[Schematic]

Invariant Mass:

Mty = 2E1E» (1-cos9)

105 120 135

m,, (GeV)



Sasic Analysis

Events / 2 GeV
N

105

2rinciple

Simulation

120

135

m,, (GeV)

H > vy
Event Signature
[Schematic]

Invariant Mass:

Mty = 2E1E» (1-cos9)




Sasic Analysis Principle

Events / 2 GeV
=

17500 H > Y

Event Signature
[Schematic]

15000

12500 Invariant Mass:

Mty = 2E1E» (1-cos9)

10000
105 120 135



Sasic Analysis Principle

Simulation

Events / 2 GeV
S

17500
Possible
<= / signal

15000 “
12500

signal

region
10000

105 120 135

m, (GeV)

H > vy
Event Signature
[Schematic]

Invariant Mass:

My = 2

1

—5 (1—-c0s9)




Datenanalyse
Zeitliche Entwicklung des Higgssignals

vs =7 TeV I Ldt=0.02fb " Apr 18, 2011

4500

4000

Events / GeV

_+_ Daia ATLAS Preliminary

3000 H—yy channe!

— Backgroung-only
2500

2000

1500

1000

o
o
D
1

N

=

DD
I

Data - Fit

200 o
100 110 120 130 140 150 160

M., [GeV]




ATLAS Result

Observation of a New Particle [H > yy]

[Summer 2012]

——r r | r 1t 1 Tt | ‘t Tt ‘1 T [ T T T 1
ATLAS ¢ Data

——— Sig+Bkg Fit (m =126.5 GeV)

Bkg (4th order polynomial)

Events / 2 GeV

\s=7 TeV, det=4.8fb'1
— |s=8 TeV, det=5.9fb'1

Events - Bkg




ATLAS Result

Observation of a New Particle [H > yy] |
[Spring 201 3]

o 10000 T T T T T >
% _ Selected diphoton sample - ;l
2 -
- . Data 2011+2012 N
_% 8000_ Sig+Bkg Fit(mH=126.8 GeV) o
L I S Bkg (4th order polynomial) 15
6000— ATLAS Preliminary 13
- - H AN D)
L '... _)k{ m
4000 Q
~ \s=7TeV, |Ldt=4810" L
2000 r 1 Y
~ \s=8TeV, |Ldt=20.7fb 1=
N 1 .v e s s J s e 1 L | =
00— T 1 ; ! =
- 400 E- .
o 300E- =
C? 200 E- + + E
100 B~ =
g o= T t¢ ¢
8 -1005:‘-+ + ¢ -
-200 E- | | =
|(5=O. P 5 ‘120‘ .130. S .140. s .150. s 1=é0

ATLAS-CONF-2013-012



Decay particle

Did we measure the higgs?

Proton
). O < Proton
b-Quarks Higgs
57 %
Decay particle
—— c-Quarks
3%

/-Bosonen
3%
W-Bosonen

21%

Photonen
0.2%



ATLAS

@EXPERIMENT

http://atlas.ch




WW decay

@ATLAS

EXPERIMENT
hitp://atlas.ch




| ATLAS _"((2;2'[;2,0_) Total uncertainty
Measuring the m,=12536Gev | oxheoy b 4400
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