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• Higgs coupling with fermions and gauge bosons
• Branching ratios
• Higgs search at LEP
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• Higgs properties
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Higgs couplings with W and Z1/3

• Electroweak Lagrangian that is invariant for a local gauge transformation: 

• Replacing in the Lagrangian the field ϕ obtained after the spontaneous symmetry 
breaking

we get the Higgs couplings with the gauge bosons: 
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Higgs couplings with the fermions1/3

• After the spontaneous symmetry breaking we insert in the Lagrangian the field
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N.B. the coupling constant is proportional to 
the fermion mass

and we get:
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Higgs boson search at LEP1/3
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Higgs production cross-section at LEP1/3
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Higgs Branching Ratios1/3

The dominant decay channel is Hàbb up MH≈ 120 GeV
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Higgs decays Branching Ratios1/3
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HZ decays1/3

• Higgs boson decays into a b quark pair
• According to the Z decays we have

different event topologies:
• Z à e+e- ; μ+μ- (small B.R. but very

little background, it was the golden
channel)

• Z à νν (good compromise between
B.R. and background)

• Zà qq (High QCD background)

NO HIGGS FOUND AT LEP
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Global electroweak fit and Higgs mass1/3
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Constraints on Higgs mass1/3
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The Large Hadron Collider LHC1/3

Installed in 26.7 km LEP tunnel
Depth of 70-140 m

LHC Control Room

LHC ring

SPS ring

CERN MeyrinFrance Switzerland

Jura
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The Large Hadron Collider LHC1/3

Installed in 26.7 km LEP tunnel
Depth of 70-140 m

SPS ring

CMS

ALICE

ATLAS

LHCb

Control Room

LHC ring
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LHC ring layout1/3

q Total length 26.66 km, in the former LEP tunnel.

q 8 arcs (sectors), ~3 km each.

q 8 straight sections of 700 m.

q Beams cross in 4 points.

q Design energy 7 TeV obtained with
superconducting magnets operating at 8.3 T.

q 2-in-1 magnet design with separate vacuum
chambers.

q 2 COUPLED rings.

Design √s=14 TeV

pp collider p = qRB
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Production cross-section at LHC1/3

ATLAS & CMS: Strong Interactions and New Physics                     S.Bethke, MPP München                    Bormio 2016 6

production cross sections at the LHC
proton - (anti-)proton cross sections

total cross section: 
108 evts/s (dominated  
by strong interaction)

max. read-out: 
~ 103 evts/sec

O(1) top-event/sec

O(1) Higgs/min

L(2016)=1034 cm-2s-1è x 10 the ev/s
1 nb

1 μb

1 mb

1 pb

1 fb

Background is around here

Rare events/interesting events
are around here

(QCD bg)

We need a very high background rejection capabilityWe need a very high luminosity

sLdtdN =/1 b=10-24 cm2
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Collider Luminosity1/3

The key parameter for the experiments is the event rate dN/dt. For a physics
process with cross-section σ it is proprotional to the collider Luminosity L:

!!dN /dt = Lσ

Population N1 Population N2

area A

L

unit of L : (surface × time)-1 

To maximize L we have to squeeze as many particles as possible into 
the smallest possible volume !

L = kN 2 f
4πσ x

*σ y
* F L = kN 2 f

4πσ xσ y

k = 2808
N = 1.15×1011
s*x=s*y = 16 µm
L ~ 1034 cm-2s-1

LHC Design

k

sLdtdN =/

N1�N2

A seconddN/dt = σ × ×
encounters
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LHC: parton-parton interactions1/3

LHC is a gluon machine

Q2=10 GeV2
Q2=10000 GeV2

g/10 g/10

Low energy LHC

Interaction between the partons which
constitute the hadrons:
not well defined parton energy but
energy distributionà pdf

PDFs are parameterizations of the partonic content of the proton:
at Hadron Colliders cross-section calculations are a convolution of the cross-section at parton level and PDFs
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Luminosity: 2011, 2012, 2015 and 20161/3

5.0 x1033 cm-2 s-17.6x1033 cm-2 s-1

2010
2011

2012

2015

7 TeV 7 TeV 8 TeV 13 TeV

2011: 5.5 fb-1
2012: 22.8 fb-1

2015: 4.2 fb-1
2016: 29.6 fb-1

13 TeV

13.8 x1033 cm-2 s-
1

Design L.

2016
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Pile-up1/3

2011/12: 50 ns bunch spacing 2015/16: 25 ns bunch spacing

Z decay 25 primary vertices
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The ATLAS detector1/3

ATLAS & CMS: Strong Interactions and New Physics                     S.Bethke, MPP München                    Bormio 2016

ATLAS detector

4

Length: 44 m 
Height: 25 m 
Weight:      7000 t

3000 Physicists & Engineers 
         (incl. 1000 Students) 
    38 Nations, 178 Institutes 
~500 papers published

150•106   electronic readout channels 
40 MHz   collision rate 
1014 B/s   raw data flux

Planning & construction 1990 to 2007, operation from 2009 to ~ 2035

Planning & construction 1990 to 2007; operation from 2009 to ~2035

ATLAS & CMS: Strong Interactions and New Physics                     S.Bethke, MPP München                    Bormio 2016

ATLAS detector

4

Length: 44 m 
Height: 25 m 
Weight:      7000 t

3000 Physicists & Engineers 
         (incl. 1000 Students) 
    38 Nations, 178 Institutes 
~500 papers published

150•106   electronic readout channels 
40 MHz   collision rate 
1014 B/s   raw data flux

Planning & construction 1990 to 2007, operation from 2009 to ~ 2035
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ATLAS: Zàμ+μ- candidate1/3
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ATLAS: 50 years in one slide1/3

μ+

μ-p

p
g /Z/ω/…

+ p+p Xµ µ-® + +

Invariant mass μ+μ-mµµ = E1 +E2( )2 −
!p1 +
!p2( )2

Peak positions are
used to check scale
momentum calibration
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The Higgs boson1/3

The first Higgs seen in the ATLAS Experiment
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H à ZZ* à μ+μ- μ+μ-1/3
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SM Higgs Boson Production1/3

ggF ~86%

VBF ~7%

VH ~5%

bbH/ttH ~1.5%

σtot(13 TeV) = ~2σtot(8 TeV)

Gluon Fusion

Vector Boson Fusion

Higgs-strahlung

ttbar associated production
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Higgs Boson decay modes1/3

Most used decay modes are built
using isolated leptons (e,μ), photons
and missing energy

g
HWW

= gm
W

Higgs couplings (tree level)

They are proportional to the mass

g
HZZ

= g
m
Z

2cos θ
W

g
Hee

= g
m
e
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Higgs Boson Mass Measurement1/3
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Background Z, ZZ*

tBackground Z+jets, t
Syst.Unc.

ATLAS

Hà γγHà ZZ* à 4l (e,μ)

Combined mass: mH=125.36±0.37 (stat) ±0.18 (syst)
GeV

Ø Precise measurement of mH from channels with the best mass resolution:
H→γγ and H→ZZ*→4l (e,μ) (but B.R.≈0.25% only)

Ø Dominant uncertainties:
photon energy scale (H→γγ), statistics (H→4l)
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Combined Higgs Boson Mass1/3

mH=125.09±0.24 GeV !!
Δm
m

=0.2%
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Higgs Boson Spin Measurement1/3

Ø Test SM (0+) against various models

§ Spin-2 Higgs
§ Spin-0 odd (BSM Higgs)
§ (Spin-1 ruled out by observation of Hà γγ decays)

Ø In all tested cases non-SM models rejected at >99% CL

(Multivariate analysis (MVA) based on angular variables)
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Comparison with SM expectations1/3

Measure the ratio between observed rate and SM Higgs boson expectation

Results are SM like (all μs ~ 1) (μ on production modes have been
combined assuming SM BR for the decay)

!
µi =

σ i

σ i( )
SM

!

µ f =
BRf

BRf( )
SM

Production

Decay
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Higgs Boson Couplings1/3

Coupling strengths scale with mass just as predicted by the SM
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First look at 13 TeV data for H(125)1/3

H à ZZ* à e+e- μ+μ-

The electrons have a transverse momentum of 111 and 16 GeV, the muons 18 and 17 GeV, the jets 118 and 54 GeV . The
invariant mass of the four lepton system is 129 GeV, the di-electron invariant mass is 91 GeV, the di-muon invariant mass is
29 GeV, The di-jet invariant mass is 2 TeV.
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First look at 13 TeV data for H(125)1/3

The Higgs signal is “still” present in 
the 13 TeV data. 
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A brief introduction to SuperSymmetry1/3

• SuSy is a generalization of the SM: symmetry between 
fermions and bosons
Ø Introduces sfermions and gauginos
à doubles particles content with respect to SM

Ø Extended Higgs sector: h, H, A, H+, H-

• PRO:

Ø Alleviates hierarchy problem (mh << mP)
Ø has a good Dark Matter candidate (neutralino)
Ø Allows for gauge coupling unification

• CONS:
ØOver 100 free parameters (although with some ad hoc 

assumptions we can reduce the number of parameters) 

Ø wide range of possible experimental signatures

It was expected ‘’something’’ at the TeV scale



Click to edit Master title style

Claudio Luci – Introduction to Particle Physics – Chapter 13 35

Search for susy particles1/3

q Lightest susy particle ( ) escapes detectionà Missing Transverse Momentum and Missing Energy

q Different analysis strategies according to many different final states

a few diagrams with susy particles in the final state, with the decay chain
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example: gaugino and neutralino mass limits1/3

No signal has been found (yet)!

From other susy searches many exclusions limits on the parameters phase space

Particles masses higher and higher; cross-sections lower and lower

now there is less and less room to “manouver”.

!!
mx10

!t

!t
!t

!t

exclusion plot
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ATLAS susy particles: Run2 results1/3
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Evidence for Dark Matter1/3

Comprises majority of mass in Galaxies
Missing mass on Galaxy Cluster scale Zwicky (1937)

Large halos around Galaxies
Rotation Curves Rubin+(1980)

Almost collisionless
Bullet Cluster Clowe+(2006)

Non-Baryonic Big-Bang Nucleosynthesis,
CMB Acoustic Oscillations
WMAP(2010),Planck(2015)
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Detecting Dark Matter1/3

Assumption: non-gravitational interaction with ordinary matter

Contact interaction (EFT)
“works” if the scaleΛ >> Q2
(like Fermi theory).
otherwise we need a Simplified
Model with (at least) a Mediator
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Detecting Dark Matter at LHC1/3

§ Require MET
§ Select for X
§ Veto other objects
§ Additional cuts to suppress background
§ Data-driven techniques to estimate

background à invert vetoes

Results are interpreted in the Simplified Model
framework to allow comparison with Direct Detection

Ø Mediator particle connects the SM quarks to DM particles:
§ Axial Vector, Pseudoscalar, etc…

Ø Model depends on four parameters:
§ DM mass, Mediator mass, SM-mediator coupling,

DM-mediator coupling

Non-interacting DM particles
à Missing transverse energy (MET)

X (jet, photon, etc..)

General analysis strategy
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DM at ATLAS; one example: monojet1/3

q Main backgrounds are EW processes
with intrinsic ETmiss , accompanied by jets:
Ø Z(νν)+jets: irreducible background
Ø W(lν)+jets: with unrecostructed or

misidentified lepton

q Both estimated from data using leptonic Z
or W control regions

q Other backgrounds:
Ø Non-collision background (data)
Ø Multijet background (data)
Ø Zàee, top, diboson (MC)

Backgrounds

Dominant uncertainties:
Statistical (3-10%), top (~3%), boson+jet modeling (2-4%)
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DM at ATLAS; one example: monojet1/3

Results
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