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12. Higgs Discovery at the LHC

… and the theoretical foundations 
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Overview

• Theoretical foundations: What you missed last week,  
courtesy of Deutsche Bahn


• Discovering a New Boson

• Recap: Status of Higgs search before LHC


• Recap: Production and Decay


• Discovery Channels & Discovery


• Properties of the New Boson

• Branching fractions


• Mass


• Spin
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The SM Higgs Boson - Theoretical Basis

• gauge field theory with gauge symmetry in weak isospin/hyper charge [SU(2) 
x U(1) ] to describe electromagnetic and weak interactions of quarks and 
leptons: 
includes massless gauge bosons (γ, Z0, W+, W–) and fermions


• any attempt to include mass terms breaks gauge symmetry and destroys 
renormalizabilty of the theories
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The SM Higgs Boson - Theoretical Basis

• The solution: 
Englert, Brout and Higgs (1964): spontaneous symmetry breaking  
(generates mass, keeps renormalizabilty):

• introduction of complex SU(2) doublets of scalar fields with a potential 

of   V(φ) = λ (φ+φ)2 - μ2 φ+φ  ;             with  λ, μ2 > 0 ; 
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The SM Higgs Boson - Theoretical Basis

• The solution: 
Englert, Brout and Higgs (1964): spontaneous symmetry breaking  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• V does not have minimum at φ = 0, but at
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• 3 of the 4 real degrees of freedom are 
used to generate the longitudinal spin 
d.o.f. of Z0 and W± 

The 4. d.o.f. –> physical Higgs particle!
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The SM Higgs Boson - Theoretical Basis

• inserting φ in Lagrange function results in 3 massive vector fields, 1 massless 
vector-field, plus one massive scalar field with
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The SM Higgs Boson - Theoretical Basis

• inserting φ in Lagrange function results in 3 massive vector fields, 1 massless 
vector-field, plus one massive scalar field with
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The SM Higgs Boson - Theoretical Basis

• inserting φ in Lagrange function results in 3 massive vector fields, 1 massless 
vector-field, plus one massive scalar field with
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• introduction of Yukawa-couplings gf between φ and the fermion fields: 
generates fermion masses
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The SM Higgs Boson - Theoretical Basis

• inserting φ in Lagrange function results in 3 massive vector fields, 1 massless 
vector-field, plus one massive scalar field with
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MW = 1
2 gv     ⇒      v = 246 GeV

MZ = MW /cosθw      (g = e/sinθw)
Mγ   = 0

MH  = 2µ2 = 2λv2

• introduction of Yukawa-couplings gf between φ and the fermion fields: 
generates fermion masses

€ 

mf = gfv / 2

• fundamental coupling of the Higgs to fermions and bosons:
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gff H = e mf
2Mw  sinθw
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gWWH = e Mw
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gZZH = e MZ
 sinθw cosθw



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 17/18, 12: Higgs Discovery

The SM Higgs Boson: Production

• Production and decay options given by the couplings

6

Leading production processes:

Higgsstrahlung / 
associated production

Vector Boson Fusion (VBF)

Gluon Fusion
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The SM Higgs Boson: Decay
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Tree-level processes:
• Production and decay options given by the couplings

predominantly into the heaviest kinematically 
accessible pair of fermions or bosons
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The only Unknown: The Mass of the Higgs Boson

• theoretical bounds for MH from self-consistency arguments of the Standard-
Model:

8

• upper bound: perturbativity

• lower bound: vacuum stability

Λ: energy scale up to which SM is valid
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Model:
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• upper bound: perturbativity

• lower bound: vacuum stability

Λ: energy scale up to which SM is valid

If SM is valid only up to  Λ = O(1 TeV),

then   MH = 50 ... 1000 GeV
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The only Unknown: The Mass of the Higgs Boson

• theoretical bounds for MH from self-consistency arguments of the Standard-
Model:

8

• upper bound: perturbativity

• lower bound: vacuum stability

Λ: energy scale up to which SM is valid

If SM is valid only up to  Λ = O(1 TeV),

then   MH = 50 ... 1000 GeV

If SM is valid up to Λ = O(MPlanck) 
then   MH ~ 125 ... 180 GeV
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Status of the Higgs Search w/o LHC Data

9

status: 2012
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Higgs Production at LHC and Tevatron

• Cross section depends on Higgs 
mass and rises strongly with energy

• no substantial “break” when going 

from proton-anti-proton to  
proton-proton
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• Cross section depends on Higgs 
mass and rises strongly with energy

• no substantial “break” when going 

from proton-anti-proton to  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=> Production dominated by gluons!
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Higgs Production at the LHC

• Total H cross section ~ 17 pb @ 7 TeV, 21 pb @ 8 TeV for 125 GeV
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LHC - What we had for the Discovery

• In 2011: 5.6 fb-1 @ 7 TeV 

~ 100k H produced  
(for a mass of 125 GeV)


• In 2012: 23 fb-1 @ 8 TeV 
~ 500k H produced 
(for a mass of 125 GeV)

12

The challenge is to pick them out of an enormous background!

NB: No additional data in 2013  
and 2014: LHC in shutdown

Since July 2015: 13 TeV,  
up to now ~ 90 fb-1
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Higgs Decay I

• This defines the channels to look for:

13

bb - the most abundant  
(but hopeless background - needs 
tricks!)
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Higgs Decay I

• This defines the channels to look for:

13

bb - the most abundant  
(but hopeless background - needs 
tricks!)

WW - Quite abundant, but: 
Background only manageable for 
leptonic W decays - Missing 
energy!
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Higgs Decay I

• This defines the channels to look for:

13

bb - the most abundant  
(but hopeless background - needs 
tricks!)

WW - Quite abundant, but: 
Background only manageable for 
leptonic W decays - Missing 
energy!

gg - Decay into two light jets - 
hopeless at LHC
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Higgs Decay I

• This defines the channels to look for:

13

bb - the most abundant  
(but hopeless background - needs 
tricks!)

WW - Quite abundant, but: 
Background only manageable for 
leptonic W decays - Missing 
energy!

ττ - Taus are tough: Missing 
energy in leptonic decays, 
hard to identify in hadronic 
decays

gg - Decay into two light jets - 
hopeless at LHC
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Higgs Decay I

• This defines the channels to look for:

13

bb - the most abundant  
(but hopeless background - needs 
tricks!)

WW - Quite abundant, but: 
Background only manageable for 
leptonic W decays - Missing 
energy!

ττ - Taus are tough: Missing 
energy in leptonic decays, 
hard to identify in hadronic 
decays

gg - Decay into two light jets - 
hopeless at LHC

ZZ - Getting rare - but 
beautiful signature for 
leptonic Z decays!
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Higgs Decay I

• This defines the channels to look for:

13

bb - the most abundant  
(but hopeless background - needs 
tricks!)

WW - Quite abundant, but: 
Background only manageable for 
leptonic W decays - Missing 
energy!

ττ - Taus are tough: Missing 
energy in leptonic decays, 
hard to identify in hadronic 
decays

gg - Decay into two light jets - 
hopeless at LHC

ZZ - Getting rare - but 
beautiful signature for 
leptonic Z decays!

γγ - Rare decay, but 
manageable background, 
good resolution
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Higgs Decay II

• Additional decay channels:

14

cc - Two charm jets - quite rare, 
no chance at LHC
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Higgs Decay II

• Additional decay channels:

14

cc - Two charm jets - quite rare, 
no chance at LHC

qq - Light quarks - two light jets: 
tiny branching fraction, no 
chance for measurement
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Higgs Decay II

• Additional decay channels:

14

cc - Two charm jets - quite rare, 
no chance at LHC

qq - Light quarks - two light jets: 
tiny branching fraction, no 
chance for measurement

µµ - Excellent signature, very 
good mass measurement but 
tiny branching fraction: Needs 
high luminosity
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Higgs Decay II

• Additional decay channels:

14

cc - Two charm jets - quite rare, 
no chance at LHC

qq - Light quarks - two light jets: 
tiny branching fraction, no 
chance for measurement

ee - Excellent signature, 
negligible rate, no chance for 
measurement

µµ - Excellent signature, very 
good mass measurement but 
tiny branching fraction: Needs 
high luminosity
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Discovery Channels - H -> WW

• The way to separate these events from background: Look for energetic leptons 
from the W decay -> Only leptonic decays of Ws  


‣ Poor mass resolution (two missing neutrinos) 

15

• High BR: 21.5%

• W decay into  

e, µ + neutrino: 
2 x 10.8%


‣ Total BR: 
21.5% x 
(21.6%)2  
= 1% 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Discovery Channels - H -> ZZ

• The way to separate these events from background: Look for energetic leptons 
from the Z decay -> Only leptonic decays of Zs  


‣ Excellent mass resolution: ~ 1%, very good purity

16

• Low BR: 2.6%

• Z decay into  

e, µ pairs: 
2 x 3.4%


‣ Total BR: 
2.6% x (6.8%)2 
= 1.2 x 10-4 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Discovery Channels - H -> γγ

• Good mass 
resolution: ~ 1% 
level, given by 
photon energy 
resolution of ECAL


• Low branching 
fraction:  
2.3 x 10-3

17

• Moderate background level - Good mass resolution allows to identify signal on top 
of random photon pairs



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 17/18, 12: Higgs Discovery

Understanding Higgs Exclusion Limits
• Overall discovery strategy:  

Compare the observed event rates 
with calculated predictions for SM 
Higgs with different masses + 
background

• Statistics give sensitivity compared to 

SM cross section 


‣ Result: How much signal can there 
be, in units of SM x-section

18
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The Discovery - All Channels Combined

• The SM Higgs is excluded over the full range from 110 GeV to 600 GeV, with 
the exception of the region around 125 GeV


• Observed and expected limits match well within 1 - 2 σ

19
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The Discovery - All Channels Combined

• Clear signal around 125 GeV, well in excess of the expected exclusion: 
A discovery!

20
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The Discovery - A closer Look at ATLAS
• Local significance (published!) ~ 6σ


‣ Probability for a random fluctuation 10-9 

(like tossing a coin and getting heads  
30 times in a row)

21
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Individual Channels

• The most significant: H -> γγ

22

CMS “discovery plot”
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Individual Channels

• The most significant: H -> γγ

22

• With more data: Single channel 
discovery in ATLAS > 7 σ

CMS “discovery plot”



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 17/18, 12: Higgs Discovery

Individual Channels

• The most significant: H -> γγ

22

• With more data: Single channel 
discovery in ATLAS > 7 σ

CMS “discovery plot”
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!  Significance: 
5.7σ obs. 
(5.2σ exp.) 

[arXiv:1407.0558, submitted to EPJC] 
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Individual Channels

• The golden mode: H-> ZZ -> l+l-l+l-

23

24 11. Status of Higgs boson physics

The signal strength µ for the inclusive H → 4ℓ production measured by the ATLAS and
CMS experiments are 1.43+0.40

−0.35 at mH = 125.5GeV and 0.91+0.30
−0.24 at mH = 125.8GeV

respectively.
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Figure 11.8: The combined m4ℓ distribution from ATLAS [119].

III.2. Mass and width measurements

In order to measure the mass of the observed state, the ATLAS and CMS experiments
combine the measurements from the γγ and ZZ channels which have excellent mass
resolution and where excesses with large significance are observed. For a model-
independent mass measurement, the signal strengths in the γγ and ZZ channels are
assumed to be independent and not constrained to the expected rate (µ = 1) for the
SM Higgs boson. The combined mass measured by ATLAS [119] and CMS [124] are
125.5 ± 0.2(stat.) +0.5

−0.6(syst.) GeV and 125.7 ± 0.3(stat.) ± 0.3(syst.) GeV respectively. In
both experiments the systematic uncertainty is dominated by the imprecision in the
knowledge of the photon energy and the lepton momentum scale. The significance of
the difference between the measurements of the masses in the γγ and ZZ channels
by the ATLAS experiment is 2.4σ [119]. Fig. 11.10 summarizes these measurements
and our combination of the ATLAS and CMS results assuming uncorrelated systematic
uncertainties between the two experiments.
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Figure 11.9: The combined m4ℓ distribution from CMS [121].

The natural width of a SM Higgs boson with a mass of 125GeV is about 4MeV, much
smaller than the instrumental mass resolution in the γγ and ZZ channels. CMS has
placed 95% CL bound [123] on the natural width of the observed boson of ΓH < 3.4GeV.

III.3. H → W+W−
→ ℓ+νℓ−ν

While the production rate in the H → W+W− → ℓ+νℓ−ν̄ channel is large, due to the
presence of two neutrinos in the decay, the mH resolution is quite poor (≈ 20% mH) so
the search is reduced to a counting experiment of the event yield in broad bins in mH .

Experiments search for an excess of events with two leptons of opposite charge
accompanied by missing energy and up to two jets. Events are divided into several
categories depending on the lepton flavor combination (e+e−, µ+µ−and e±µ∓) and the
number of accompanying jets (Njet = 0, 1,≥ 2). The Njet ≥ 2 category is optimized
for VBF production process by selecting two leading jets with a large pseudorapidity
difference and with a large mass (mjj > 500GeV). Backgrounds contributing to this
channel are numerous and vary by the category of selected events. Reducing them and
accurately estimating the remainder is major challenge in this analysis. For events with
opposite flavor lepton and no accompanying high pT jets, the dominant background
stems from non-resonant WW production. Events with same-flavor leptons suffer from
large Drell–Yan contamination. The tt , Wt and W + jets (with the jet misidentified as a
lepton) events contaminate all categories. Non-resonant WZ, ZZ and Wγ processes also
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Individual Channels 

• The abundant: H->WW->lνlν

24

• Limited mass resolution leads to 
a very broad peak: Background 
uncertainties accumulate, 
significance is reduced

Significance: 3.8σ



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 17/18, 12: Higgs Discovery

The Discovery: Seeing it happen

• Summer 2011: First (and last) focus on limits from 
LHC


• December 2011: First hints of a signal presented to 
CERN council


• Summer 2012: Discovery


• December 2012: Well established signal - entering 
the era of detailed Higgs physics program

25
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'
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July 4, 2012 - The Big Day
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July 4, 2012 - The Big Day
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Closer look into the region of excess
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Beyond Discovery - Other Channels

• Enormous hadronic background, high branching fraction - 
best to reconstruct with additional particle to tag: 
Higgs production off vector bosons

28

• H->bb BR: 
57%


• VH production: 
~5% of all H 
production, 
only leptonic V 
decay: 0.7%

‣ Combined: 

0.2%


• Limited mass 
resolution:  
b-Jet 
reconstruction 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Beyond Discovery - Other Channels

• Enormous hadronic background, high branching fraction - 
best to reconstruct with additional particle to tag: 
Higgs production off vector bosons

28

• H->bb BR: 
57%


• VH production: 
~5% of all H 
production, 
only leptonic V 
decay: 0.7%

‣ Combined: 

0.2%


• Limited mass 
resolution:  
b-Jet 
reconstruction 

No observation yet: Event yield lower 
than expected

Combined Significance 2.6 σ  
(ATLAS + CMS)

34 11. Status of Higgs boson physics
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Figure 11.15: CMS results: (Top) The combination of all channels into a
single distribution. The two bottom panels show the ratio of the data to the
background-only prediction (above) and to the predicted sum of background and SM
Higgs boson signal with a mass of 125GeV (below). (Bottom) The mbb distribution
with all backgrounds, except dibosons, subtracted. The solid histograms for the
backgrounds and the signal are summed cumulatively. The line histogram for signal
and for VV backgrounds are also shown superimposed [137].
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Beyond Discovery - Other Channels
• Poor mass 

resolution:  
tau decays 
include at least 
one neutrinos


• BR: 6.3%


• All decays 
considered - 
none are easy 
to identify:

• τ ->  

hadron(s) + ν


• τ -> l + ν + ν  

29
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Beyond Discovery - Other Channels
• Poor mass 

resolution:  
tau decays 
include at least 
one neutrinos


• BR: 6.3%


• All decays 
considered - 
none are easy 
to identify:

• τ ->  

hadron(s) + ν


• τ -> l + ν + ν  

29

• Now established: Combined 
significance 5.5 σ

Observation of Higgs direct coupling to leptons 

    Analysis strategy 
 

-  3 analysis channels (eµ, µµ), (eτh, µτh), (τhτh) 
-  Challenge in using the tau triggers 
-  Most discriminating features 

-  DiTau mass reconstruction (MMC) 
 (mass resolution ~15-20%) 

-  DiTau transverse momentum 

-  VBF topology 
- Backgrounds:  

Z!ττ:  Z!µµ (data) with embedding 
Z!ee, W+jets, ttbar: CRs (MC for shapes) 
QCD: Shapes and normalization from CRs 

 

4.1!Excess'observed'with'
significance'of':'

CompaLble'with'
expected'(125'GeV)'of':' 3.2!

(VBF)! +! !

Highlight Analysis I'

31'

ATLAS2CONF220132108'
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Branching Fractions & Signal Strength

• The key question: Does the new boson couple to mass as expected for the 
Higgs? -> Can be answered by measuring the ratios of different decay modes, 
compared to the SM expectation - now a Run 1 combination of ATLAS + CMS

31

µ: Signal strength, 
relative to SM 
expectation 
µ = 1: SM Higgs;  
µ = 0: No Higgs

production

decay
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Branching Fractions & Signal Strength

• The key question: Does the new boson couple to mass as expected for the 
Higgs? -> Can be answered by measuring the ratios of different decay modes, 
compared to the SM expectation - now a Run 1 combination of ATLAS + CMS

31

µ: Signal strength, 
relative to SM 
expectation 
µ = 1: SM Higgs;  
µ = 0: No Higgs

Overall: Production rate 
& decay patterns 
consistent with SM 
expectations!

production

decay
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Higgs Couplings

• From the measured signal 
strengths the couplings of the 
Higgs to various particles can 
be determined (with 
additional uncertainties)


• Clear evidence that couplings 
scale with particle mass 
(nothing like this has been 
observed for any other 
particle!): 
 
It is a Higgs boson

32
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Mass

33

• The mass is a key parameter: 

• Important parameter in SM and BSM theories 


• Defines the SM expectations for the branching ratios

Determining mass: The invariant mass of observed decay products

E1, p1

E2, p2

θ

signal

background 
under signal

� 1�
�(M)

� S⇥
B

Significance:

‣ Choose channels with good mass 
resolution -> Good energy and angular 
resolution for decay daughters
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Mass: Measured in two Channels

34

22 11. Status of Higgs boson physics

to the full mγγ distribution in each category. All categories are fitted simultaneously to
determine the signal yield at a particular mass. In the full dataset, the mγγ distribution
after combining all categories are shown for the ATLAS experiment in Fig. 11.6 and
for the CMS experiment in Fig. 11.7. ATLAS observes [119] its largest excess over
background at mH = 126.8GeV with a significance of 7.4σ compared with 4.3σ expected
for SM Higgs boson at that mass. CMS observes [120] its largest excess at mH =
125.4GeV with a significance of 3.2σ compared with 4.2σ expected for SM Higgs boson
of that mass.

The signal strength µ = (σ · B)obs/(σ · B)SM which is the observed product of the
Higgs boson production cross section (σ) and its branching ratio (B) in units of the
corresponding SM values, is 1.65+0.34

−0.30 for ATLAS and 0.78± 0.27 for CMS at mH = 125.5
and 125GeV respectively.
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Figure 11.6: The combined invariant mass distribution of diphoton candidates
observed by ATLAS [119]. The residuals of the data with respect to the fitted
background are displayed in the lower panel.

III.1.2. H → ZZ(∗)
→ ℓ+ℓ−ℓ′+ℓ′−, (ℓ, ℓ′ = e, µ)

In the H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channel a search is performed for a narrow mass
peak over a small continuous background dominated by non-resonant ZZ(∗) production
from qq annihilation and gg fusion processes. The contribution and the shape of this
background is taken from simulated events. The subdominant and reducible backgrounds
stem from Z +bb̄, tt and Z +jets events. Their contribution is suppressed by requirements
on lepton isolation and lepton impact parameter and their yield is estimated from control
samples in data.

To help distinguish the Higgs signal from the dominant non-resonant ZZ(∗)

background, CMS uses a matrix element likelihood approach [2] to construct a kinematic
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The signal strength µ for the inclusive H → 4ℓ production measured by the ATLAS and
CMS experiments are 1.43+0.40

−0.35 at mH = 125.5GeV and 0.91+0.30
−0.24 at mH = 125.8GeV

respectively.
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Figure 11.8: The combined m4ℓ distribution from ATLAS [119].

III.2. Mass and width measurements

In order to measure the mass of the observed state, the ATLAS and CMS experiments
combine the measurements from the γγ and ZZ channels which have excellent mass
resolution and where excesses with large significance are observed. For a model-
independent mass measurement, the signal strengths in the γγ and ZZ channels are
assumed to be independent and not constrained to the expected rate (µ = 1) for the
SM Higgs boson. The combined mass measured by ATLAS [119] and CMS [124] are
125.5 ± 0.2(stat.) +0.5

−0.6(syst.) GeV and 125.7 ± 0.3(stat.) ± 0.3(syst.) GeV respectively. In
both experiments the systematic uncertainty is dominated by the imprecision in the
knowledge of the photon energy and the lepton momentum scale. The significance of
the difference between the measurements of the masses in the γγ and ZZ channels
by the ATLAS experiment is 2.4σ [119]. Fig. 11.10 summarizes these measurements
and our combination of the ATLAS and CMS results assuming uncorrelated systematic
uncertainties between the two experiments.
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Mass

35

In both experiments slightly different mass results for the two channels - but in 
opposite directions

&Mass&is&measured&with&high&precision&channels&γγ&and&ZZ!4l&

Measurement in the individual channels 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 6&

Some&tension&between&the&four&measurements&(pNvalue&~10%)&and&
opposite&in&ATLAS&and&CMS&N&very&good&agreement&in&the&central&values&



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 17/18, 12: Higgs Discovery

The Spin of the New Boson

• We expect a scalar particle: Spin 0

• Naive first look - From observed decays (neglects possible angular momentum 

in final state - e.g. p-wave vs s-wave)

36

Decays Observed? Spin 0 Spin 1 Spin 2
H -> γγ yes yes no yes
Η -> ΖΖ yes yes yes yes
H -> bb (yes) yes yes (yes)
H -> ττ yes yes yes no
still allowed ? yes not really no
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The Spin of the New Boson

• We expect a scalar particle: Spin 0

• Naive first look - From observed decays (neglects possible angular momentum 

in final state - e.g. p-wave vs s-wave)

36

Decays Observed? Spin 0 Spin 1 Spin 2
H -> γγ yes yes no yes
Η -> ΖΖ yes yes yes yes
H -> bb (yes) yes yes (yes)
H -> ττ yes yes yes no
still allowed ? yes not really no

The question of spin is basically settled - not with decay mode 
observations alone, since there can be additional angular 
momentum in the two-particle final states... 



• The full answer will come from angular 
correlations!
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The Spin of the New Boson

37

electron

muon
MET

One example: H->WW

W- W+

parity violation in weak interactions:

H
(spin 0)

ν l- ν l+

W-
(spin 1)

W+
(spin 1)

Charged leptons are close in angle!

(For spin 2, the W spins would be 
parallel, the charged leptons would be in 
opposite direction -> large angles!)



• The full answer will come from angular 
correlations!
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The Spin of the New Boson

37

electron

muon
MET

One example: H->WW

W- W+

parity violation in weak interactions:

H
(spin 0)

ν l- ν l+

W-
(spin 1)

W+
(spin 1)

Charged leptons are close in angle!

(For spin 2, the W spins would be 
parallel, the charged leptons would be in 
opposite direction -> large angles!)

A word of caution: The requirements 
for large MET and also small opening 
angle between the leptons in the 

analysis disfavors event selection for 
spin ≠ 0 
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The Spin in WW - ATLAS

• Not an easy measurement: High background levels

• 0+ favored by data, but other hypotheses typically still allowed at the 5 - 10%  

probability level

38

ATLAS Collaboration / Physics Letters B 726 (2013) 120–144 125

6. H → W W ∗ → ℓνℓν analysis

The analysis of the spin and parity in the H → W W ∗ → ℓνℓν
channel is restricted to events containing two leptons of differ-
ent flavour (one electron and one muon) and no observed jets
with pT > 25 GeV within |η| < 2.5 or with pT > 30 GeV within
2.5 < |η| < 4.5. The leading lepton is required to have pT > 25 GeV
and the sub-leading lepton pT > 15 GeV. At least one of the two
selected leptons is required to match a lepton that triggered the
recording of the event.

The major sources of background after the dilepton selection
are: Z/γ ∗ + jets, diboson (W W , W Z/γ ∗ , Z Z/γ ∗), top-quark (tt̄
and single top) production, and W bosons produced in association
with hadronic jets where a jet is misidentified as a lepton. The
W W background also includes the small fraction of dibosons pro-
duced via gluon fusion. The requirement of two high-pT isolated
leptons significantly reduces the background contributions from
fake leptons. Multi-jet and Z/γ ∗ events are suppressed by requir-
ing relative missing transverse momentum2 Emiss

T,rel above 20 GeV.
Further lepton topological requirements are applied to opti-

mise the sensitivity for the separation of different spin hypotheses,
namely requirements on the dilepton invariant mass mℓℓ < 80 GeV,
the transverse momentum of the dilepton system pℓℓ

T > 20 GeV
and the azimuthal angular difference between leptons %φℓℓ <
2.8 rad. This selection, which significantly reduces the W W con-
tinuum and Z/γ ∗ backgrounds, defines the signal region (SR).

The contributions from W W , top-quark and Z + jets processes
predicted by MC simulation are normalised to observed rates
in control regions (CRs) dominated by the relevant background
sources. The Z + jets CR is defined by inverting the %φℓℓ require-
ment and removing the pℓℓ

T one. The Z + jets normalisation factor
of 0.92 with a total uncertainty of ±8% is derived from this control
region and applied to the simulated sample. The W W CR is de-
fined using the same selection as for the SR except that the %φℓℓ

requirement is removed and the mℓℓ requirement is inverted. The
resulting W W normalisation factor applied to the MC prediction is
1.08 with a total uncertainty of ±10%. The top-quark background
is estimated as described in Ref. [18]. The ratio of the resulting
prediction to the one from simulation alone is 1.07 with a total un-
certainty of ±14%. The W + jets background is estimated entirely
from data. The shapes and normalisations of non-W W diboson
backgrounds are estimated using simulation and cross-checked in a
validation region [18]. The correlations introduced among the dif-
ferent background sources by the presence of other processes in
the control regions are fully included in the statistical procedure
to test the compatibility between data and the two spin hypothe-
ses, as described in Section 3.

After the selection, the data SR contains 3615 events, with
170 events expected from the SM Higgs boson signal and about
3300 events from background processes, after their normalisation
to data in the CRs.

Spin correlations between the decay products affect the H →
W W ∗ → ℓνℓν event topologies by shaping the angular distribu-
tions of the leptons as well as the distributions of the lepton mo-
menta and missing transverse energy. Due to the presence of two
neutrinos in the event, a direct calculation of the various decay
angles is not possible. Two of the most sensitive variables for mea-
suring the spin of the Higgs boson are the dilepton invariant mass,
mℓℓ , and the azimuthal separation of the two leptons, %φℓℓ . Fig. 5

2 Emiss
T,rel ≡ Emiss

T · sin %φ , where %φ is the azimuthal separation between the miss-
ing transverse momentum and the nearest reconstructed object (lepton or jet with
pT > 25 GeV) or π/2, whichever is smaller. The missing transverse energy Emiss

T is
defined as the modulus of the missing transverse momentum.

Fig. 5. Distributions of (a) %φℓℓ and (b) mℓℓ in the signal region for mH = 125 GeV
and the J P = 0+ hypothesis. The signal is normalised to its SM expectation. In the
lower part of the figures the ratio between data and the sum of signal and back-
ground is shown. The hatched areas represent the uncertainty on the signal and
background yields from statistical, experimental, and theoretical sources.

shows the distributions of both variables in the signal region. The
distributions observed in the data agree well with the MC predic-
tion for the expected SM J P = 0+ signal. The dilepton transverse
momentum, pℓℓ

T , also has sensitivity to different spin hypotheses.
A BDT algorithm is used to distinguish between the spin hy-

potheses. In addition to the three variables mentioned above, the
transverse mass of the dilepton and missing momentum system,

aziuthal angle between leptons
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Fig. 6. One-dimensional distributions of the outputs of the BDT for the H → W W ∗

channel after background subtraction, using best-fit values for (a) J P = 0+ and
(b) J P = 2+ with fqq̄ = 100% hypotheses. In each case, the two-dimensional distri-
bution of the two classifiers is remapped into a one-dimensional distribution, with
the bins reordered in increasing number of expected signal events. Empty bins, de-
fined as bins with expected content below 0.1, are removed.

mT [18], is used in the BDT training as it provides a good separa-
tion between backgrounds and signals as well as some separation
between the different spin hypotheses for the signals. Two sep-
arate BDT classifiers are developed for each hypothesis test: one
classifier is trained to distinguish the J P = 0+ signal from the sum
of all backgrounds while the second classifier separates the alter-
native spin–parity hypothesis ( J P = 2+ , 1+ or 1−) from the sum
of all backgrounds. Background processes used to train both clas-
sifiers include W W , tt̄ and single top, as well as W Z , Z Z , W γ ,
W γ ∗ , W + jets and Z + jets.

The resulting two-dimensional distribution of the two classifiers
is then used in binned likelihood fits to test the data for compat-
ibility with the presence of a J P = 0+ , 1+ , 1− or 2+ particle in
the data. The analysis of J P = 2+ , including the retraining of the
second classifier with the J P = 2+ sample as signal, is repeated
for each of the five values of fqq̄ . The BDT output distributions

for data, after background subtraction, are shown in Fig. 6, after
remapping the two-dimensional distribution of the two classifiers
into a one-dimensional distribution.

The BDT relies on a good description of the input variables and
their correlations. These were studied in detail and found to be
well described by simulation [21]. In addition, dedicated studies
were performed to verify that a BDT with the chosen four in-
put variables is able to reliably separate the main backgrounds
in a background-enriched region, and that the response is well
modelled.

Two different categories of systematic uncertainties are consid-
ered: experimental or detector sources, such as the jet energy scale
and resolution, or the lepton identification efficiencies, scale and
resolution, as well as theoretical sources such as the estimation of
the effect of higher-order contributions through variations of the
QCD renormalisation and factorisation scales in the Monte Carlo
simulation. The experimental uncertainties affect both the signal
and background yields and are described in Ref. [18]. Monte Carlo
samples with systematically varied parameters were analysed. Both
the overall normalisation and shape distortions are included as
nuisance parameters in the likelihood.

The W W background in the signal region is evaluated through
extrapolation from a control region using the simulation. The theo-
retical uncertainties on the extrapolation parameter α = NSR/NCR,
the ratio of the number of events passing the signal region selec-
tion to the number passing the control region selection, are eval-
uated according to the prescription of Ref. [33]. Several sources of
uncertainty on the normalisation are considered: uncertainties on
the QCD renormalisation and factorisation scales, Parton Density
Functions (PDF), the choice of Monte Carlo generator, and the un-
derlying event and parton shower model. The total uncertainty on
the extrapolation is ±4.8%. Another important uncertainty arises
from the shape modelling of the irreducible W W continuum back-
ground. The uncertainty on the shapes of the BDT discriminants is
studied by varying the factorisation and renormalisation scales, by
comparing the predictions of HERWIG [34] and PYTHIA8 leading-
order parton shower programs, and by evaluating the uncertainties
from the CT10 [35] PDF error set and combining them with the
difference in central values between NNPDF [36] and CT10. An en-
velope for the predicted BDT shape for each discriminant is derived
and included in the binned likelihood fit as a shape uncertainty.

7. Results

The SM J P = 0+ hypothesis is tested against several alternative
spin–parity hypotheses using the analyses described in the previ-
ous sections. Using the statistical procedure described in Section 3,
integral probabilities, the p0-values, are determined to quantify the
level of agreement of the data with different spin–parity hypothe-
ses. When giving the confidence level associated with the rejection
of a spin–parity hypothesis, the CLs approach defined in Eq. (3) is
used.

7.1. Systematic uncertainties

The sources of systematic uncertainty accounted for in the anal-
yses of the individual channels are discussed in Sections 4, 5 and 6.
In the combination, the correlations among the common sources
of systematic uncertainties across channels are taken into account.
Systematic uncertainties on electron and muon identification, re-
construction and trigger efficiencies, as well as on their energy
and momentum resolution, are common to both the H → Z Z∗ and
H → W W ∗ channels. Systematic uncertainties on the energy scale
of electrons and photons affect all three decay channels. It was
also verified that the results presented in the following are insen-
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The Spin and Parity of the New Boson

• CMS summary - alternative hypotheses tested compared to 0+ 


•  0+ strongly favored in every case - alternatives typically rejected at > 99% CL

• only leaves room for small admixtures of other states for composite Higgs models
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Higgs Boson Production at 125 GeV 

ggH (87.4%) 
Gluon fusion 

VH (4.9%) 

VBF (7.1%) 
Vector boson fusion 

ttH (0.6%) 
Run I Run II 

7/8 TeV (2011/2012) 13 TeV (>2015)  

2.3x 

2.4x 

2.0x 
2.1x 

3.9x 

Observed production modes: ggF,  VBF 

Florencia Canelli - University of Zurich 4 

… already ~ 4 x more data than run 1, and higher cross section: many more Higgses!

This year: Have 
seen evidence for 
ttH production!
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Spiegel Online
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Summary

• A new boson has been discovered at the LHC by ATLAS and CMS

• The significance of the observation is by now beyond 7σ in both experiments, the 

γγ channel has surpassed 7 σ in ATLAS - single channel discovery!

• The mass of the new boson is ~125.1 GeV


• Its properties are so far consistent with those for the SM Higgs boson:


• Spin 0, even Parity favored


• Production rate and observed decays match expectations


‣ The exploration of this fundamentally new sector of matter has only just begun:

‣ Mostly still large uncertainties on measurements leave room for surprises


‣ Many models of New Physics lead to modifications of expected Higgs properties

‣ A lot still to come from LHC, and new colliders currently in planning (more in the 

last lecture in this series)
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Next Lecture: Heavy Quarks, S. Bethke, 29.01.2018
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1. Introduction	 16.10.

2. Accelerators	 23.10.

3. Particle Detectors I	 30.10.


----------- no lecture ------------- 06.11. 
4. Particle Detectors II	 13.11.

5. Monte Carlo Generators and Detector Simulation	 20.11.

6. Trigger, Data Acquisition, Computing	 27.11.

7. QCD, Jets, Proton Structure	 04.12.

8. Top Physics	 11.12

9. Tests of the Standard Model	 18.12.


----------- Christmas ---------------------

10. Physics beyond the SM	 08.01.

11. Higgs Physics I	 15.01.	 

12. Higgs Physics II	 22.01.

13. Heavy Quarks	 29.01.	 

14. LHC Outlook & Future Collider Projects  	 05.02.


