
Lecture 2: Higgs
S.Xella
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Standard Model Reminder
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Higgs field and particle
after Spontaneous

Symmetry Breaking (SSB), Φ0=v/√2  ,  
and 

m2Z,W = λZ,W 𝑣 
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Higgs production/decay @ 
LHC

• table of productions 

• compare in amount of production and size, to 
previous accelerators

once the mass of the Higgs is known then one can predict strength of 
Higgs field coupling to fermions and bosons4



How can we be sure it is 
the SM Higgs we see ?

confirming the SSB mechanism of the Standard Model means: 
!
measuring the Higgs boson mass, width, spin, charge, CP quantum numbers, 
!
AND 
!
observing the existence of HHH interaction , 
!
AND 
!
measuring all couplings to fermions and bosons (via production and decay). In 
particular, fermions-Higgs interaction is a bit ad-hoc added to the SM: 
Important to test it well 
!
AND 
!
ensure everything consistently points to the same picture (i.e. fit results wrt SM 
points to 1 in all parameters). 5
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there is a new particle.
now is no time to get sloppy.

we need to measure everything about it !
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LHC Run-1 dataset

LHC has delivered 
twice more data, at 
four times higher 
energy, in one year 
than all Tevatron  in 
20 years
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H to γγ H to ZZ to 4l H to WW

Observed!
105-160 GeV! Expected signal

13196 468

Observed!
120-130 GeV! Expected signal

37 18.2

Observed!
N(jet)
0,1,>1! Expected signal

831, 309, 55 100, 41, 10.9

Phys. Rev. D 90, 112015 (2014) Phys. Rev. D 91, 012006 (2015)

Higgs discovery with bosons

Phys. Lett. B 726 (2013) 88
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SM Higgs signal

courtesy of P. Chang

μ=1 means data matches theory (=SM for example)



After Run-1 :

not yet observed (not yet > 5 sigma away from 0) : VBF difficult, ttH rare
bb, ττ : no evidence or just evidence :  difficult final states to use
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μ All,X=γγ,ΖΖ,WW

μ All,X=ττ

μ All,X=bb

:(

:(

:(

evidence (3σ
away from 0)

observation (5σ
away from 0)

After Run-1: quantifies 
our degree of 

belief
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After Run-1 :

these are the final states with the best energy resolution12



Kv

KF

couplings H-to-X 
in decay/production 
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Higgs couplings- Run-1
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~ok
could be better

large uncertainties



: 6 x the data of Run-1LHC Run-2 dataset
(6 times Run-1 data)
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Run-2 H→ZZ 

beautiful ! and there is still more data to analyze !
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Run-2 has
been more
challenging
due to the

higher
pile-up
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Observed Higgs interactions  
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ATLAS-CONF-2018-031!
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Higgs mass
Phys. Lett. B 784 (2018) 345!
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down
to per-mille

precision



H-top coupling
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H-top coupling
Phys. Lett. B 784 (2018) 173!
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not a lot of events
but quite clean !



H-top coupling
Phys. Lett. B 784 (2018) 173!
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H-bottom coupling
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H-bottom coupling
PLB786 (2018) 59!
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H-bottom coupling
many category of events

designed, to exploit
the best events to spot

Higgs decay into b quarks
!

multi-variate selection used

PLB786 (2018) 59!



H-tau coupling

There is more data avaiable, not yet used.
Can start measuring the CP properties of the Higgs boson (is it a pure 
CP-even state, or mixes with another one?), and probe anomalous HVV 
couplings in VBF production.

PLB 779 (2018) 283
arXiv:1811.08856

First individual fermion 
coupling to be established 
with ≥5σ significance 
(Run1+Run2 ATLAS, alone)
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Higgs couplings - Run-2
ATLAS-CONF-2018-031!
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much better
everywhere



Higgs couplings - Run-2
probe for invisible/undetectable decays with possibility of new particles in gg → H

production and H → γγ decay i.e. κg and κγ modifiers left free in the fit

Result : BBSM < 0.26 at 95% CL

ATLAS-CONF-2018-031!
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H differential Xsections

remarkable results (and there is 3 times more data to use!)
Precision tests on Higgs achievable already now.

arXiv: 1807.03825
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spin/CP H
Run-I: Eur. Phys. J. C75 (2015) 476  
Run-2: arXiv:1802.04146, JHEP03(2018)095!
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in VBF and ggF, 
different dependencies

depending on CP of Higgs



H3
ATLAS-CONF-2018-043

pp→H is
 1000 times

larger
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• smallness of production cross section forces to use difficult final 
states with highest branching ratio

• several analyses need to be combined. 

H3
ATLAS-CONF-2018-043
arXiv:1811.09689
!
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here we need
statistics,
statistics,
statistics.



Higgs total width

Standard  Model predicts ΓH = 4.1 MeV

courtesy of P. Chang
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under the assumption that couplings do not change 
when moving from Higgs on-shell to Higgs off-shell

Higgs total width

off-shell production (σoff-shell) 
sizeable (~ 10% of total cross section), but
can be enhanced by experimental cuts

CMS-PAS-HIG-18-002
PLB 786 (2018) 223
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H-muon coupling
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ATLAS-CONF-2018-026
arXiv:1807.06325

H-muon coupling
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H-charm coupling

arXiv: 1809.10733
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H-charm coupling
constraints on λc from kinematics : best limits
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CMS-PAS-HIG-17-028
!

H-charm coupling
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Conclusions
• LHC delivers fantastic datasets, always 

exceeding expectations

• we start to zoom in on the Higgs. We welcome 
the HL-LHC period to nail down its properties.

• in some channels it is clear that cleaver ideas 
(in obsrvables choices, analysis methods, …) 
are needed to beat the difficulty of the small 
cross sections and/or difficult final states


