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3D. Froidevaux, CERN LHCC Open Session, CERN, 21/09/2011 

ATLAS status report!
Now have covered a lot of phase space for many signatures

http://arxiv.org/abs/arXiv:1108.1582
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Search for high-mass resonances decaying to jets
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Getting to know the new particle

• SM is highly predictive for the Higgs boson: Only free parameter is the 
mass


• Measure the mass and width 
• Measure the production rate

• Measure spin and parity (only elementary scalar):

• Measure couplings (including self-coupling)  

37

ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002, PRL 114 (2015) 191803, EPJC 75 (2015) 212, Phys. Lett. B 726 (2013), pp. 120-144

JPC = 0++

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

H0 J = 0

In the following H
0 refers to the signal that has been discovered in

the Higgs searches. Whereas the observed signal is labeled as a spin

0 particle and is called a Higgs Boson, the detailed properties of H
0

and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons (H± and H
±±)”, respectively.

H0 MASSH0 MASSH0 MASSH0 MASS
VALUE (GeV) DOCUMENT ID TECN COMMENT

125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11 1,2 AAD 15B LHC pp, 7, 8 TeV
• • • We do not use the following data for averages, fits, limits, etc. • • •

125.07±0.25±0.14 2 AAD 15B LHC pp, 7, 8 TeV, γγ

125.15±0.37±0.15 2 AAD 15B LHC pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.02±0.43±0.27 AAD 15B ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.04 AAD 15B ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.59±0.42±0.17 AAD 15B CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
125.36±0.37±0.18 1,3 AAD 14W ATLS pp, 7, 8 TeV
125.98±0.42±0.28 3 AAD 14W ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.06 3 AAD 14W ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.6 ±0.4 ±0.2 4 CHATRCHYAN14AA CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
122 ±7 5 CHATRCHYAN14K CMS pp, 7, 8 TeV, τ τ
124.70±0.31±0.15 6 KHACHATRY...14P CMS pp, 7, 8 TeV, γγ

125.5 ±0.2 +0.5
−0.6

1,7 AAD 13AK ATLS pp, 7, 8 TeV

126.8 ±0.2 ±0.7 7 AAD 13AK ATLS pp, 7, 8 TeV, γγ

124.3 +0.6
−0.5

+0.5
−0.3

7 AAD 13AK ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.8 ±0.4 ±0.4 1,8 CHATRCHYAN13J CMS pp, 7, 8 TeV

126.2 ±0.6 ±0.2 8 CHATRCHYAN13J CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.0 ±0.4 ±0.4 1,9 AAD 12AI ATLS pp, 7, 8 TeV
125.3 ±0.4 ±0.5 1,10 CHATRCHYAN12N CMS pp, 7, 8 TeV

1Combined value from γγ and Z Z∗ → 4ℓ final states.
2ATLAS and CMS data are fitted simultaneously.
3AAD 14W use 4.5 fb−1 of pp collisions at Ecm = 7 TeV and 20.3 fb−1 at 8 TeV.
4CHATRCHYAN 14AA use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

5CHATRCHYAN 14K use 4.9 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

6KHACHATRYAN 14P use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

HTTP://PDG.LBL.GOV Page 1 Created: 10/6/2015 12:32

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-044/
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
http://link.springer.com/article/10.1140/epjc/s10052-015-3351-7
http://www.sciencedirect.com/science/article/pii/S0370269313006527
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The Hierarchy Problem
• WW scattering violates unitarity above ~1 TeV

• New diagrams needed to regulate the cross section

•  Adding diagrams with a scalar solves the problem 
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The Hierarchy Problem the Usual Picture 
The Higgs potential is fully renormalizable, but… 
 

If the scale at which the standard model breaks down is large, the Higgs 
natural mass should be of the order of the cut-off. 

This can be achieved by fine tuning our theory… Inelegant…  

…are quadratically divergent : 

e.g. the Planck scale 

…but the Higgs boson has a low mass! 

Loop corrections to the Higgs boson mass… 

m0 +!m+...Higher orders  

(note that technicolor models are not concerned by this problem) 

mH =

• BUT, the loop corrections to the Higgs boson mass are quadratically 
divergent, so although we’ve solved one problem, we’re left with another

The Hierarchy Problem the Usual Picture 
The Higgs potential is fully renormalizable, but… 
 

If the scale at which the standard model breaks down is large, the Higgs 
natural mass should be of the order of the cut-off. 

This can be achieved by fine tuning our theory… Inelegant…  

…are quadratically divergent : 

e.g. the Planck scale 

…but the Higgs boson has a low mass! 

Loop corrections to the Higgs boson mass… 

m0 +!m+...Higher orders  

(note that technicolor models are not concerned by this problem) 

mH =

Planck scale
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15 SLAC @ 50, Aug 24, 2012 Andreas Hoecker   —   The Higgs Boson and Beyond 

4th of July, 2012 — Higgs-day at CERN 

Duration of projects /planning stability: 
First LHC workshop 1984 ! 

4 July 2012: Higgs (In)dependence Day
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It’s real … it’s in the PDG

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

H0 J = 0

In the following H
0 refers to the signal that has been discovered in

the Higgs searches. Whereas the observed signal is labeled as a spin

0 particle and is called a Higgs Boson, the detailed properties of H
0

and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons (H± and H
±±)”, respectively.

H0 MASSH0 MASSH0 MASSH0 MASS
VALUE (GeV) DOCUMENT ID TECN COMMENT

125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11 1,2 AAD 15B LHC pp, 7, 8 TeV
• • • We do not use the following data for averages, fits, limits, etc. • • •

125.07±0.25±0.14 2 AAD 15B LHC pp, 7, 8 TeV, γγ

125.15±0.37±0.15 2 AAD 15B LHC pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.02±0.43±0.27 AAD 15B ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.04 AAD 15B ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.59±0.42±0.17 AAD 15B CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
125.36±0.37±0.18 1,3 AAD 14W ATLS pp, 7, 8 TeV
125.98±0.42±0.28 3 AAD 14W ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.06 3 AAD 14W ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.6 ±0.4 ±0.2 4 CHATRCHYAN14AA CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
122 ±7 5 CHATRCHYAN14K CMS pp, 7, 8 TeV, τ τ
124.70±0.31±0.15 6 KHACHATRY...14P CMS pp, 7, 8 TeV, γγ

125.5 ±0.2 +0.5
−0.6

1,7 AAD 13AK ATLS pp, 7, 8 TeV

126.8 ±0.2 ±0.7 7 AAD 13AK ATLS pp, 7, 8 TeV, γγ

124.3 +0.6
−0.5

+0.5
−0.3

7 AAD 13AK ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.8 ±0.4 ±0.4 1,8 CHATRCHYAN13J CMS pp, 7, 8 TeV

126.2 ±0.6 ±0.2 8 CHATRCHYAN13J CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.0 ±0.4 ±0.4 1,9 AAD 12AI ATLS pp, 7, 8 TeV
125.3 ±0.4 ±0.5 1,10 CHATRCHYAN12N CMS pp, 7, 8 TeV

1Combined value from γγ and Z Z∗ → 4ℓ final states.
2ATLAS and CMS data are fitted simultaneously.
3AAD 14W use 4.5 fb−1 of pp collisions at Ecm = 7 TeV and 20.3 fb−1 at 8 TeV.
4CHATRCHYAN 14AA use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

5CHATRCHYAN 14K use 4.9 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

6KHACHATRYAN 14P use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

HTTP://PDG.LBL.GOV Page 1 Created: 10/6/2015 12:32

K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014)



Benasque,  9th of September 2016D. Froidevaux (CERN) 

How many Higgs’ ?
41

How hard can it be to find 500k particles?

Energy Luminosity Dates Number of 
Higgs bosons

Run-1
7 TeV ~5 fb-1 2010-2011 ~80k
8 TeV ~ 20 fb-1 2012-2014 ~450k

Run-2 13 TeV ~ 9 fb-1 2015- ~400k
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Incredibly Lucky?
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

42

Nature just happened to choose a Higgs mass for which almost all 
experimental channels are accessible

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections


Higgs Decays: The Big 5
43
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In the remainder of this section the focus will be on the

recent major results. Unless explicitly mentioned, all measure-

ments are based on the full dataset of about 10 fb−1 recorded

by the Tevatron experiments and about 25 fb−1 recorded by the

LHC experiments. An extensive review of the searches for the

Higgs boson from LEP to the LHC can be found in Ref [111].

III.1. The discovery channels

For a given mH the sensitivity of a search channel depends

on the production cross section of the Higgs bosons, its decay

branching fraction, reconstructed mass resolution, selection

efficiency and the level of background in the final state. For

a low mass Higgs boson (110 < mH < 150 GeV) where the

natural width of the Higgs boson is only a few MeV, the

five decay channels that play an important role at the LHC

are listed in Table 3. In the H → γγ and H → ZZ →
4ℓ channels, all final state particles can be very precisely

measured and the reconstructed mH resolution is excellent.

While the H → W+W− → ℓ+νℓℓ
′−ν̄ℓ′ channel has relatively

large branching fraction, the mH resolution is poor due to the

presence of neutrinos. The H → bb̄ and the H → τ+τ− channels

suffer from large backgrounds and a poor mass resolution. For

mH > 150 GeV, the sensitive channels are H → WW and

H → ZZ where the W or Z boson decays into a variety of

leptonic and hadronic final states.

Table 3: The five sensitive channels for low
mass SM Higgs boson searches at the LHC. The
numbers reported are for mH = 125 GeV.

Decay channel Mass resolution

H → γγ 1-2%

H → ZZ → ℓ+ℓ−ℓ′+ℓ′− 1-2%

H → W+W− → ℓ+νℓℓ
′−ν̄ℓ′ 20%

H → bb̄ 10%

H → τ+τ− 15%

July 29, 2014 15:21
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Studied Higgs Modes
45

mass 
range 
[GeV]

Branchin
g Ratio 

[%]

Mass 
Resolutio

n [%]
ggF VBF VH ttH

bb 110-135 58 10

WW 110-600 22 20

ττ 110-145 6,3 15

ZZ 110-1000 2,6 1-2

γγ 110-150 0,2 1-2

Searches for almost every* decay modes and production channels

*of course, there are some more exotic production and decay modes
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Discovery Channels
46

The"two"Main"discovery"Chanels"

H → γγ,

H → 4e$

Very"simple"channels,"with"excellent"mass"resoluFon"(unambiguous"signatures)"

The"Golden"chanel"over"a"large"
range"in"mass"

An"excellent"chanel"for"a"Higgs"
boson"near"125"GeV""

ns ~ 500 ns ~ 20!30
Inclusive"approximate"number"of"selected"signal"events"

The"two"Main"discovery"Chanels"

H → γγ,

H → 4e$

Very"simple"channels,"with"excellent"mass"resoluFon"(unambiguous"signatures)"

The"Golden"chanel"over"a"large"
range"in"mass"

An"excellent"chanel"for"a"Higgs"
boson"near"125"GeV""

ns ~ 500 ns ~ 20!30
Inclusive"approximate"number"of"selected"signal"events"

An excellent channel for 
mH = 125 GeV

Golden channel over a 
wide mass range

Simple channels with excellent mass resolution

Ns ~ 500 Ns ~ 20-30 

Also 4μ
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Higgs to two photons (H→γγ)
• A good discovery final state


• Resonance on top of a smooth background

• Excellent Higgs mass resolution


• Large backgrounds: need good photon identification

• Key consideration in calorimeter design
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H→γγ: Signal and Background
48

Background 

From jets  

Signal 

Background 

From jets  

Signal 

signal

background
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Production and Decay
• No coupling of Higgs to gluons


• Main production through a loop containing top (and bottom) quarks

• Cross-section depends on Higgs coupling to top 

• No coupling of the Higgs to photons 
• Decay through loops containing tops and W bosons


• Decay depends on coupling to top and W boson

• Small branching ratio (0.2%)
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Backgrounds: pile up and jets
50
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Higgs to two photons (H→γγ)
51



Benasque,  9th of September 2016D. Froidevaux (CERN) 

Higgs to two photons (H→γγ)
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Why Categories ?

• Take a simple example with two 
categories: 


• C1: s=12 and b=60

• C2: s=18 and b=40 


• Inclusively we have 

• s = 30

• b = 100

• Significance of 3σ 


• Now calculate for the two categories

• C1: 2.85σ 

• C2: 1.55σ 

• Combined significance: 3.24 

52

Improved 
significance!

• Most LHC Higgs analyses use 
categories to improve 
sensitivity


• Main strategy is to separate 
events with different 
significance ~S/√B


• Differences can depend on 
resolution, background type or 
size, signal production 
mechanism or systematic 
uncertainties



Improving Sensitivity: Categories

• For ɣɣ, categories are also used to improve 
sensitivity to the different production modes


• Define categories with higher or lower purity of 
a specific production mode
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Diphoton selection

tt̄H leptonic

tt̄H hadronic

V H dilepton

(ZH → ℓℓH)

V H one-lepton

(WH → ℓνH)

V H Emiss
T

(ZH → ννH ; WH → ✁ℓνH)

V H hadronic

(WH → jjH ; ZH → jjH)
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(qqV → jjH)

Untagged

(gg → H)
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(qqV → jjH)

Fraction of each signal process per category
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 hadronicHtt

 leptonicHtt

ggF VBF WH ZH Htt bbH tH

ATLAS Simulation γγ→H  = 8 TeVs
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Why Categories? (2)
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Final Run-1 ɣɣ Results
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Signal strength
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Higgs to 4 leptons (H→ZZ*→llll)
• A good discovery final state


• Low backgrounds 

• S/B: 1.5 - 10


• Very good Higgs mass 
resolution


• Requires good lepton 
reconstruction efficiencies


• Muon spectrometers 
designed specifically for this 
channel


• Clear and robust signal of Higgs 
coupling to weak bosons


• Select 4 reconstructed leptons

• 4e, 4μ, 2e2μ
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Production and Decay

• As for γγ, production through top loop

• Decay depends only on coupling to Z 

boson 

• Small branching fraction to the 4-lepton 

final state (2.6%)

• Improve sensitivity by using full event 

information (e.g. in MVA)

• 2 production and 3 decay angles

• Z1 and Z2 masses
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EventNumber : 76170653 RunNumber : 209109 m4ℓ=123.4 GeV. The BDTVBF value is 0.7. Six jets in 
total, and the two leading jets have pT = 180 and 150 GeV, Δηjj = 3.4, and pTjj = 200 GeV. The missing 

ET = 40 GeV.
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Categories
59
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Higgs to 4 leptons (H→ZZ*→llll)
60

4 July 2012
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Higgs to 4 leptons (H→ZZ*→llll)
60

4 July 2012
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Final Run-1 ZZ Results
61HIG-13-002


HIGG-2013-21

mH = 125.4± 0.27 GeV mH = 125.6± 0.45 GeV

Z = 8.1(6.2)� Z = 6.8(6.7)�

µ = 0.93± 0.29
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-21/
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H→WW
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µ = 1.22+0.23
�0.21 µ = 0.90+0.23

�0.21

Z = 6.8(5.8)� Z = 4.8(5.6)�
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H→ττ
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µ = 1.41+0.40
�0.36 µ = 0.88+0.30

�0.28
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Higgs boson is almost as 
heavy as a gold atom
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Measuring Particle Masses: An Example

• Higgs boson decays to photon 1 and photon 2

• Photons are reconstructed in the calorimeter

• Use the momentum (energy) of these photons to calculate the Higgs 

boson mass

• (E, px, py, pz) = 


• (|P1|, px1, py1, pz1) + (|P2|, px2, py2, pz2) 

• = (|P1| + |P2|, px1 + px2, py1 + py2, pz1 + pz2)


• Mass of Higgs boson: m2 = E2 - p2


• Or m2 = 2|P1||P2| . (1 - cosθ)
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ATLAS Mass Measurement
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Phys. Rev. D. 90, 052004 (2014)
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ATLAS Mass Measurement
67

Phys. Rev. D. 90, 052004 (2014)
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CMS Mass Measurement
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Combined Higgs Mass Measurement

• Measurement dominated by statistics

• The compatibility of the four 

measurements is to within 10%

• Tension between ATLAS 4l and γγ ~2σ
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HIGG-2014-14
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Uncertainties on the Mass Measurement
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Mass Measurement Implications

• mH = 125 GeV → our universe lies on the 
boundary between instability and stability


• No need to panic: metastability means that 
the universe is unlikely to end tomorrow


• But intriguing, nonetheless
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Spin/Parity

• Only elementary particle with spin-0

• Spin and parity determine angular distributions of decay products


• Use γγ, ZZ and WW

• Don’t forget, though, that the γγ observation implies


• does not originate from spin 1 : Landau-Yang theorem

• charge conjugation is +1 (assuming C and P separately conserved) 

• WW/ZZ channels disfavour CP odd hypothesis (can occur through 

loops)
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Variables sensitive to spin

• Study a number of angular 
variables sensitive to spin and 
parity


• Combine into a single discriminant 
using an MVA or theory-based 
matrix element technique
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CP Mixing
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Both ATLAS and CMS find that the observed Higgs boson is 
compatible with a standard CP-even



Width

• As an highly unstable elementary 
particle, the lifetime of the Higgs is 
very short


• For mH = 125 GeV

• Γ=4.07 x 10-3 GeV 


• Direct experimental measurements 
probe widths 3 orders of magnitude 
larger ~1.6 GeV (ATLAS, ZZ)


• Thought to be impossible to 
measure the width at a hadron 
collider
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Off-shell Higgs Production

• A paper from Kauer and 
Passerino in 2012 pointed out a 
peculiar cancellation between the 
Breit-Wigner trend and the width 
as a function of mVV enhances 
the cross-section at high mass


• For ZZ, ~7.6% of the total cross-
section is at high mass

77

N. Kauer and G. Passarino, JHEP 08 (2012) 116

Higgs in ZWA as well as off-shell including interference with continuum V V production

(where γ∗ contributions are also included).6All results are given for a single lepton flavour

combination. No flavour summation is carried out for charged leptons or neutrinos. As

input parameters, we use the specification of the LHC Higgs Cross Section Working Group

in App. A of Ref. [45] with NLO ΓV and Gµ scheme. Finite top and bottom quark mass

effects are included. Lepton masses are neglected. We consider the Higgs masses 125GeV

and 200GeV with ΓH = 0.004434 GeV and 1.428GeV, respectively. The Higgs widths have

been calculated with HDECAY [88]. The fixed-width prescription is used for Higgs and

weak boson propagators. The renormalisation and factorisation scales are set to MH/2.

The PDF set MSTW2008NNLO [77] with 3-loop running for αs(µ2) and αs(M2
Z) = 0.11707

is used. The CKM matrix is set to the unit matrix, which causes a negligible error [65].

The accuracy of the ZWA Higgs cross section and the impact of off-shell effects is

assessed with the ratio

R0 =
σH,ZWA

σH,offshell
. (3.1)

To facilitate comparison with off-shell MV V distributions, we define the ZWA MV V distri-

bution as suggested by Eq. (2.5):

(

dσ

dMV V

)

ZWA

= σH,ZWA
MHΓH

π

2MV V
(

M2
V V −M2

H

)2
+ (MHΓH)2

. (3.2)

Each signal process gg → H → V V → leptons (with amplitude MH) and corresponding

continuum background process gg → V V → leptons (with amplitude Mcont) have identical

initial and final states. Hence interference occurs, and the distinction between signal and

background cross sections becomes blurred:

|MVV|2 = |MH +Mcont|2 = |MH |2 + |Mcont|2 + 2Re(MHM∗
cont) . (3.3)

We assess interference effects using a (S +B)-inspired interference measure,

R1 =
σ(|MVV|2)

σ(|MH |2 + |Mcont|2)
, (3.4)

and a (S/
√
B)-inspired measure,

R2 =
σ(|MH |2 + 2Re(MHM∗

cont))

σ(|MH |2)
. (3.5)

In the following, charged leptons are denoted by ℓ.

3.1 gg → H → ZZ → ℓℓ̄ℓℓ̄ and ℓℓ̄ℓ′ℓ̄′ at MH = 125GeV

The same- and different-flavour 4-charged-lepton channels have been analysed by ATLAS

[89] and CMS [90] for Higgs masses in the range 110–600 GeV. In these search channels,

the invariant mass of the intermediate Higgs (MH∗ ≡ MZZ) can be reconstructed. The

6All cross sections are evaluated with a pT (V ) > 1GeV cut. This technical cut prevents numerical

instabilities when evaluating the continuum amplitude.
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)

– 5 –

threshold 
effects

Tot[ pb] MZZ > 2MZ [ pb] R[%]

gg → H → all 19.146 0.1525 0.8

gg → H → ZZ 0.5462 0.0416 7.6

Table 1. Total cross-section for the processes gg → H → ZZ and gg → H → all; the part of the
cross-section coming from the region MZZ > 2MZ is explicitly shown, as well as the ratio.

100–125 125–150 150–175 175–200 200–225 225–250 250–275

0.252 0.252 0.195 · 10−3 0.177 · 10−2 0.278 · 10−2 0.258 · 10−2 0.240 · 10−2

Table 2. Bin-by-bin integrated cross-section for the process gg → H → ZZ. The first row gives
the bin in GeV, the second row gives the corresponding cross-section in pb.

a remarkable identity follows (defining the so-called Bar-scheme):

1

M2
ZZ − sH

=
(

1 + i
ΓH

MH

)(

M2
ZZ −M

2
H + i

ΓH

MH

M2
ZZ

)−1
, (2.11)

showing that the complex-pole scheme is equivalent to introducing a running width in the

propagator with parameters that are not the on-shell ones. Special attention goes to the

numerator in Eq. (2.11) which is essential in providing the right asymptotic behavior when

MZZ → ∞, as needed for cancellations with the rest of the amplitude. Therefore, it is not

advisable to use a naive, running-width Breit-Wigner distribution or to use a propagator

with M2
ZZ −M2

H + iMH ΓH(M2
ZZ).

In Table 2, we present the invariant mass distribution integrated bin-by-bin. If we take

the ZWA value for the production cross-section at 8TeV and for µH = 125GeV (19.146 pb)

and use the branching ratio into ZZ of 2.67 · 10−2 we obtain a ZWA result of 0.5203 pb

with a 5% difference w.r.t. the off-shell result, fully compatible with the 7.6% effect coming

from the high-energy side of the resonance. In Table 1, we also see that the effect is much

less evident if we sum over all final states with a net effect of only 0.8%. This agrees well

with the deviation of 0.5% between ZWA and fixed-width Breit-Wigner scheme (FWBW)

given in Table 1 of Ref. [46] for MH = 120GeV. At MH = 125GeV, de Florian-Grazzini

obtain a 0.3%–0.4% deviation between ZWA and CPS (or FWBW) with “pure massless

NNLO,” i.e. without resummation, heavy quark effects and EW corrections, and a slightly

smaller deviation for the full calculation [78]. For gg → H → all, one can thus expect

deviations of O(1%) depending on the particular implementation of the calculation.

Of course, the signal per se is not a physical observable and one should always include

background and interference. In Fig. 3 we show the complete LO result for gg → ZZ

calculated with HTO with a cut of 0.25MZZ on the transverse momentum of the Z. The

large destructive effects of the interference above the resonant peak wash out the peculiar

structure of the signal distribution. If one includes the region MZZ > 2MZ in the analysis

then the conclusion is: interference effects are relevant also for the low Higgs mass region,

at least for the ZZ(WW ) final state. It is worth noting again that the discussed effect on

– 6 –



Measuring the Width

• This can be used to set a constraint on the Higgs width as follows


• Determine r by measuring ratio of off-peak to on-peak cross-section

78F. Caola, K. Melnikov (Phys. Rev. D88 (2013) 054024) 
J. Campbell et al. (arXiv:1311.3589) 

Constraint on width  

R. Covarelli 3 
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determination of r is obtained  
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Significant interference with the SM 
VV background at high mass
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CMS measurement of the width

• First measured by CMS (Moriond 2014) using the 
4l and 2l2ν using a matrix element likelihood 
approach (MELA)


• Combined observed (expected) values

• r < 4.2 (8.5) @ 96% CL

• Γ < 17.4 (35.3) MeV)


• Two orders of magnitude better than direct 
measurements 
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CMS Analysis inc. ll + MET

9

22 MeV (33 MeV) at a 95% CL, which is 5.4 (8.0) times the expected value in the SM. The best fit
value and 68% CL interval correspond to GH = 1.8+7.7

�1.8 MeV. The result of the 4` analysis alone
is an observed (expected) limit of GH < 33 MeV (42 MeV) at a 95% CL, which is 8.0 (10.1) times
the SM value, and the result of the analysis combining the 4` on-shell and 2`2n off-shell regions
is GH < 33 MeV (44 MeV) at a 95% CL, which is 8.1 (10.6) times the SM value. The best fit values
and 68% CL intervals are GH = 1.9+11.7

�1.9 MeV and GH = 1.8+12.4
�1.8 MeV for the 4` analysis and for

the analysis combining the 4` on-shell and 2`2n off-shell regions, respectively.
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Figure 5: Scan of the negative log-likelihood, �2D lnL, as a function of GH for the combined
fit of the 4` and 2`2n channels (blue thick lines), for the 4` channel alone in the off-shell and
on-shell regions (dark red lines), and for the 2`2n channel in the off-shell region and 4` channel
in the on-shell region (light red lines). The solid lines represent the observed values, the dotted
lines the expected values.

The expected limit for the two channels combined without including the systematic uncertain-
ties is GH < 28 MeV at a 95% CL. The effect of systematic uncertainties is driven by the 2`2n
channel with larger experimental uncertainties in signal efficiencies and background estima-
tion from control samples in data, while the result in the 4` channel is largely dominated by the
statistical uncertainty.

The statistical compatibility of the observed results with the expectation under the SM hypoth-
esis corresponds to a p-value of 0.24. The statistical coverage of the results obtained in the
likelihood scan has also been tested with the Feldman–Cousins approach [47] for the combined
analysis leading to consistent although slightly tighter constraints. The analysis in the 4` chan-
nel has also been performed in a one-dimensional fit using either m4` or Dgg and consistent
results are found. The expected limit without using the MELA likelihood discriminant Dgg is
40% larger in the 4` channel.

In summary, we have presented constraints on the total Higgs boson width using its relative

CMS work in the model in 
which the off-shell cross 
section is a rescaled SM 
signature

�H  5.4 �SM
H

or 
�H  22 MeV

1405.3455 & CMS-PAS-HIG-014-002 

Using a MEM method to 
construct a kinematic 
discriminant they find. 

See Claude’s talk

4l analysis 

R. Covarelli 7 

` No changes in selection w.r.t. CMS collab. , arXiv:1312.5353 

` Lepton pT cuts, Z invariant masses, impact parameter 
significance, loose isolation 

` In the matrix element likelihood approach (MELA), design a 
specific discriminant for gg → ZZ production: 
 
 
 

` Built with 7 variables completely                                                     
describing kinematics (mZ1, mZ2,                                                           
five angles) 

` Pgg,(qq) are joint probabilities for                                                          
gg → ZZ, signal + background + interference                                        
(qq → ZZ) from MCFM matrix elements                                                         

m4l and Dgg distributions / yields 

R. Covarelli 9 



ATLAS width result

• Similar result from ATLAS during 2014

• Additionally, showed the dependence on the k-factor for the ZZ 

background

• No strong dependence observed
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Higgs Couplings Combination

81



Combinations

• As we’ve only seen a small* amount of data from the LHC so far, we want 
to combine the results from ATLAS and CMS so that we get the most 
accurate measurements
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µ = 1.20± 0.15 µ = 0.97± 0.14

Average: 1.08

But wait, what about 
the errors?

Weighted average: 1.07

Perhaps some of the errors should be 
correlated? e.g. the theoretical 

uncertainties

Full combination

2 years?

x̄ =

Pn
i=1 xi�

�2
iPn

i=1 �
�2
i
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Measurements of the Higgs boson production and decay rates and
constraints on its couplings from a combined ATLAS and CMS

analysis of the LHC pp collision data at
p

s = 7 and 8 TeV
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Abstract

Combined ATLAS and CMS measurements of the Higgs boson production and decay rates,
as well as constraints on its couplings to vector bosons and fermions, are presented. The
combination is based on the analysis of five production processes, namely gluon fusion, vec-
tor boson fusion, and associated production with a W or a Z boson or a pair of top quarks, and
of the six decay modes H ! ZZ,WW, ��, ⌧⌧, bb, and µµ. All results are reported assuming
a value of 125.09 GeV for the Higgs boson mass, the result of the combined measurement
by the ATLAS and CMS experiments. The analysis uses the CERN LHC proton–proton
collision data recorded by the ATLAS and CMS experiments in 2011 and 2012, corres-
ponding to integrated luminosities per experiment of approximately 5 fb�1 at

p
s = 7 TeV

and 20 fb�1 at
p

s = 8 TeV. The Higgs boson production and decay rates measured by the
two experiments are combined within the context of three generic parameterisations: two
based on cross sections and branching fractions, and one on ratios of coupling modifiers.
Several interpretations of the measurements with more model-dependent parameterisations
are also given. The combined signal yield relative to the Standard Model prediction is meas-
ured to be 1.09 ± 0.11. The combined measurements lead to observed significances for the
vector boson fusion production process and for the H ! ⌧⌧ decay of 5.4 and 5.5 standard
deviations, respectively. The data are consistent with the Standard Model predictions for all
parameterisations considered.
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Combination Inputs
84

Table 5: Overview of the decay channels analysed in this paper. The ttH production process, which has contributions
from all decay channels, is also shown. To show the relative importance of the various channels, the results from the
combined analysis presented in this paper for mH = 125.09 GeV (Tables 12 and 13 in Section 5.2) are reported as
observed signal strengths µ with their measured uncertainties. The expected uncertainties are shown in parentheses.
Also shown are the observed statistical significances, together with the expected significances in parentheses, except
for the H ! µµ channel, which has very low sensitivity. For most decay channels, only the most sensitive analyses
are quoted as references, e.g. the ggF and VBF analyses for the H ! WW decay channel or the VH analysis
for the H ! bb decay channel. Although not exactly the same, the results are close to those from the individual
publications, in which slightly di↵erent values for the Higgs boson mass were assumed and in which the signal
modelling and signal uncertainties were slightly di↵erent, as discussed in the text.

Channel References for Signal strength [µ] Signal significance [�]
individual publications from results in this paper (Section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS
H ! �� [91] [92] 1.14 +0.27

�0.25 1.11 +0.25
�0.23 5.0 5.6

⇣

+0.26
�0.24

⌘ ⇣

+0.23
�0.21

⌘

(4.6) (5.1)

H ! ZZ [93] [94] 1.52 +0.40
�0.34 1.04 +0.32

�0.26 7.6 7.0
⇣

+0.32
�0.27

⌘ ⇣

+0.30
�0.25

⌘

(5.6) (6.8)

H ! WW [95, 96] [97] 1.22 +0.23
�0.21 0.90 +0.23

�0.21 6.8 4.8
⇣

+0.21
�0.20

⌘ ⇣

+0.23
�0.20

⌘

(5.8) (5.6)

H ! ⌧⌧ [98] [99] 1.41 +0.40
�0.36 0.88 +0.30

�0.28 4.4 3.4
⇣

+0.37
�0.33

⌘ ⇣

+0.31
�0.29

⌘

(3.3) (3.7)

H ! bb [100] [101] 0.62 +0.37
�0.37 0.81 +0.45

�0.43 1.7 2.0
⇣

+0.39
�0.37

⌘ ⇣

+0.45
�0.43

⌘

(2.7) (2.5)

H ! µµ [102] [103] �0.6 +3.6
�3.6 0.9 +3.6

�3.5
⇣

+3.6
�3.6

⌘ ⇣

+3.3
�3.2

⌘

ttH production [77, 104, 105] [107] 1.9 +0.8
�0.7 2.9 +1.0

�0.9 2.7 3.6
⇣

+0.7
�0.7

⌘ ⇣

+0.9
�0.8

⌘

(1.6) (1.3)

channel i ! H ! f , or as ratios of cross sections and branching fractions plus one reference �i ·
B f product. In these parameterisations, the theoretical uncertainties in the signal inclusive cross sections
for the various production processes do not a↵ect the measured observables, in contrast to measurements
of signal strengths, such as those described in Section 2.3. These analyses lead to the most model-
independent results presented in this paper and test, with minimal assumptions, the compatibility of the
measurements with the SM. The third generic parameterisation is derived from the one described in
Section 2.4 and is based on ratios of coupling modifiers. None of these parameterisations incorporate
any assumption about the Higgs boson total width other than the narrow-width approximation. Some
theoretical and experimental systematic uncertainties largely cancel in the parameterisations involving
ratios but at the current level of sensitivity the impact is small.

Table 6 gives an overview of the parameters of interest for the two generic parameterisations involving
ratios which are described in more detail in Sections 4.1.2 and 4.2. The first row makes explicit that the
gg! H ! ZZ channel is chosen as a reference. The �Zg = Z/g term in the fourth row is related to the
ratio of the ZH and ggF production cross sections. Once �WZ = W/Z is also specified, the VBF, WH,

17
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Table 7: The signal parameterisation used to express the �i · B f values for each specific channel i ! H ! f . The
values labelled with a "�" are not measured and are therefore fixed to the SM predictions.

Production process Decay channel
H ! �� H ! ZZ H ! WW H ! ⌧⌧ H ! bb

ggF (� · B)��ggF (� · B)ZZ
ggF (� · B)WW

ggF (� · B)⌧⌧ggF �
VBF (� · B)��VBF (� · B)ZZ

VBF (� · B)WW
VBF (� · B)⌧⌧VBF �

WH (� · B)��WH (� · B)ZZ
WH (� · B)WW

WH (� · B)⌧⌧WH (� · B)bb
WH

ZH (� · B)��ZH (� · B)ZZ
ZH (� · B)WW

ZH (� · B)⌧⌧ZH (� · B)bb
ZH

ttH (� · B)��ttH (� · B)ZZ
ttH (� · B)WW

ttH (� · B)⌧⌧ttH (� · B)bb
ttH

in the H ! ZZ decay channel. The fit results are therefore quoted only for the remaining 20 parameters
and for the combined ATLAS and CMS data.

Table 8 presents, for the combination of ATLAS and CMS, the fit results for each �i · B f product along
with its statistical and systematic uncertainties. The corresponding SM predictions are also given. The
ratios of the fit results to SM predictions are included in Table 8 and displayed in Fig. 7. Figure 7
additionally shows the theoretical uncertainties in the SM predictions for the fitted parameters. In almost
all cases, the dominant uncertainty is statistical. The results presented in Table 8 and Fig. 7 clearly
exhibit which decay modes are probed best for each production process, and conversely which production
processes are probed best for each decay mode. With the current sensitivity of the combination, six of the
�i · B f products can be measured with a precision better than 40%, namely the H ! ��, H ! ZZ, and
H ! WW decay modes for the ggF production process, and the H ! ��, H ! WW, and H ! ⌧⌧ decay
modes for the VBF production process. Because of the sizeable cross-contamination between the ggF and
VBF categories, the corresponding results are significantly anticorrelated, as illustrated by the measured
correlation matrix in Fig. 27 of Appendix A.

4.1.2. Parameterisation using ratios of cross sections and branching fractions

If there is only one Higgs boson, each row or column in Table 7 can be derived from the others by identical
ratios of cross sections for the rows and of branching fractions for the columns. Therefore, in a second
generic approach, ratios of cross sections and of branching fractions can be extracted from a combined fit
to the data by normalising the yield of any specific channel i ! H ! f to a reference process. In this
paper, the gg ! H ! ZZ channel is chosen as the reference because it has very little background and is
one of the channels with the smallest overall and systematic uncertainties. The gg! H ! WW channel,
which has the smallest overall uncertainty but larger systematic uncertainties, is used as an alternate
reference for comparison, and the corresponding results are reported in Appendix B.

The product of the cross section and the branching fraction of i ! H ! f can then be expressed using
the ratios as:

�i · B f = �(gg! H ! ZZ) ·
 

�i

�ggF

!

·
 

B f

BZZ

!

, (10)

where �(gg ! H ! ZZ) = �ggF · BZZ in the narrow-width approximation. With �(gg ! H ! ZZ)
constraining the overall normalisation, the ratios in Eq. (10) can be determined separately, based on the
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Figure 7: Best fit values of �i · B f for each specific channel i ! H ! f , as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1� intervals. The fit results are normalised to the SM predictions for the various parameters and the shaded
bands indicate the theoretical uncertainties in these predictions. Only 20 parameters are shown because some are
either not measured with a meaningful precision, in the case of the H ! ZZ decay channel for the WH, ZH, and
ttH production processes, or not measured at all and therefore fixed to their corresponding SM predictions, in the
case of the H ! bb decay mode for the ggF and VBF production processes.
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Figure 27: Correlation matrix obtained from the fit combining the ATLAS and CMS data using the generic para-
meterisation with 23 parameters described in Section 4.1.1. Only 20 parameters are shown because the other three,
corresponding to the H ! ZZ decay channel for the WH, ZH, and ttH production processes, are not measured with
a meaningful precision.
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