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The Higgs boson in the Standard Model
• SM describes all known elementary particles and their interactions
• Local gauge invariance forbids explicit mass terms in the Lagrangian – 

but experimentally both gauge bosons and fermions have mass

• Introduce a new field with a very specific potential that keeps the full 
Lagrangian invariant but makes the vacuum not invariant
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1.3.2 µ2 < 0: Introducing a particle with imaginary mass ?

φ

)φV( v

η

The situation with µ2 < 0 looks strange since at first glance it
would appear to describe a particle � with an imaginary mass.
However, if we take a closer look at the potential, we see that it
does not make sense to interpret the particle spectrum using the
field � since perturbation theory around � = 0 will not converge
(not a stable minimum) as the vacuum is located at:

�0 =

r
�µ2

�
= v or µ2 = ��v2 (3)

As before, to investigate the particle spectrum in the theory, we have to look at small
perturbations around this minimum. To do this it is more natural to introduce a field ⌘
(simply a shift of the � field) that is centered at the vacuum: ⌘ = �� v.

Rewriting the Lagrangian in terms of ⌘

Expressing the Lagrangian in terms of the shifted field ⌘ is done by replacing � by ⌘+ v in
the original Lagrangian from equation (2):

Kinetic term: Lkin(⌘) =
1

2
(@

µ

(⌘ + v)@µ(⌘ + v))

=
1

2
(@

µ

⌘)(@µ⌘) , since @
µ

v = 0.

Potential term: V(⌘) = +
1

2
µ2(⌘ + v)2 +

1

4
�(⌘ + v)4

= �v2⌘2 + �v⌘3 +
1

4
�⌘4 � 1

4
�v4,

where we used µ2 = ��v2 from equation (3). Although the Lagrangian is still symmetric
in �, the perturbations around the minimum are not symmetric in ⌘, i.e. V(�⌘) 6= V(⌘).
Neglecting the irrelevant 1

4
�v4 constant term and neglecting terms or order ⌘2 we have as

Lagrangian:

Full Lagrangian: L(⌘) =
1

2
(@

µ

⌘)(@µ⌘)� �v2⌘2 � �v⌘3 � 1

4
�⌘4 � 1

4
�v4

=
1

2
(@

µ

⌘)(@µ⌘)� �v2⌘2

From section 1.2 we see that this describes the kinematics for a massive scalar particle:

1

2
m2

⌘

= �v2 ! m
⌘

=
p
2�v2

⇣
=

p
�2µ2

⌘
Note: m

⌘

> 0.
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µ2 < 0

• Higgs mechanism predicts existence of at least one 
new, neutral boson: the Higgs boson
• SM parameters: mass (μ or mH) and vacuum 

expectation value, v
• Discovered at CERN by the ATLAS and CMS 

collaborations in 2012 after 40+ years of searching

L = |Dµ�|2 � yiq
i
Lq

i
R�� µ2�2 � ��4 + ...



The Large Hadron Collider (LHC)
3

ATLAS Cavern 

#CMS#is#a#large#compact#fast5electronics#detector#(80#M#channels,#40#MHz),#
#embedded#in#a#4#T#magne?c#field,#precise#3D#event#reconstruc?on.#

#

#High5efficiency#(pT,#MET,#event#mul?plicity)#low5latency#trigger#system############
#brings#the#20#MHz#collision#rate#down#to#800#Hz,#almost#insensi?ve#to#PU.#

#

#Aker#3#years#of#opera?on,#efficiency#of#all#subdetectors#above#96%.#

8"

Two general 
purpose detectors

ATLAS
CMS

>100 fb-1



The Higgs Boson at the LHC

• H→bb: 58 %

• H→WW*: 21%

• H→τ+τ-: 6.3%

• H→ZZ*: 2.6%

• H→γγ: 0.2%
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Production 
The Higgs boson at the LHC.
Higgs boson production
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Decays
5 main channels at the LHC
Decay branching fractions for 

mH = 125 GeV
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Overview of the LHC Higgs Program

• VH, ttH production

• bb decay

• rare decays
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Higgs 
discovery

• ggF,  VBF production

• mass

• spin/parity, 

• γγ, ZZ, WW, ττ decays

• HH & self-coupling

• ?

BSM: additional Higgs bosons, non-SM decays
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Discovery Channels: H→γγ and H→ZZ→4l
• Similar signal strength precision between channels

• Factor of two improvement in precision wrt Run-1

• 4l is starting to approach theory uncertainty
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CMS arXiv:1706.09936 Submitted to JHEP ATLAS-CONF-2017-043

Improvements on overall precision ~ x2 wrt Run1 

Starting to approach SM theory uncertainty 

µ = 1.05+0.15
�0.14(stat)

+0.11
�0.09(syst)

µ = 1.28+0.18
�0.17(stat)

+0.08
�0.06(exp)

+0.08
�0.06(theo)

~70 events

Z➝4l

H➝4l

ZZ*➝4l

μ=σ/σSM

Paolo Meridiani

H➝ƔƔ 
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CMS HIG-16-040 ATLAS-CONF-2017-045

µ = 1.16+0.15
�0.14 = 1.16+0.11

�0.10(stat)
+0.09
�0.08(exp)

+0.06
�0.05(theo)

~2k events

bkg: ~80% irreducible ɣɣ

Precision similar to ZZ, despite lower S/B  

accepted by JHEPATLAS-CONF-2017-045

Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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http://arxiv.org/abs/1706.09936
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Inclusive cross-section
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Differential distributions
• Model-independent measurements of 

production and decay kinematics

• Use high precision ZZ, WW and γγ channels

• Allow comparisons to be made to precise 
calculations

• Also probes new physics: couplings in loops, 
CP mixing, etc.
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Higgs Properties
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Mass measurement
• Higgs mass is a SM parameter that needs 

to be determined from experiment

• Measure in the high resolution channels: 
H→γγ and H→ZZ(4l)

• Precision depends on muon momentum 
scale and electromagnetic calorimeter 
calibration
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Total width

• Lower bound on total width 
from decay measurements 

• Direct experimental 
measurements probe 3 orders 
of magnitude larger than SM 
width (Γ=4 MeV)

• Indirect constraint* on the 
width via measurement of 
ratio of off-peak to on-peak 
cross-section

• CMS: Γ < 13 MeV

• ATLAS: Γ < 22 MeV
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Higgs Boson Quantum Numbers

• SM predicts JPC = 0++ 

• Angular distributions sensitive to JP

• Wide range of alternative quantum 
numbers excluded at >99% CL

• All observations consistent with 
expectations for the SM Higgs boson
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Coupling to Fermions
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Coupling vs Mass
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Observation of coupling to τ-leptons
• 5.5σ observation of H→ττ from combination of ATLAS and CMS Run-1 

results

• 5.9σ observation from CMS from combination of 7, 8 and 13 TeV results

• Most sensitive decay channel for VBF production
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Evidence for coupling to b-quarks
• Difficult channels despite the large branching ratio (58%) due to large 

backgrounds

• Direct evidence recently obtained by ATLAS (3.5σ) and CMS (3.3σ) using 
most sensitive production mode: VH production

• Further searches using ggF,  VBF and ttH production

• Analysis cross-checked via observation of VZ(bb) production

• Most sensitive channel for VH production
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Direct evidence for coupling to top quarks
• ttH production provides a probe of the direct coupling of the Higgs boson to 

top quarks

• 3.3σ evidence for ttH production from CMS using leptonic final states

• 4.2σ evidence from ATLAS from combination of five major decay modes
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Other decays
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Probing rare Higgs decays
• Exploit growing LHC dataset to explore further decay channels

• H→μμ: 2.8 x SM

• H→Zγ: 6.6 x SM

• H→cc: 

• 110 x SM (ZH(cc))

• 200 x SM (J/ψγ)

• H→φγ: 200 x SM

• H→ργ: 50 x SM
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Invisible Higgs Decays
• The Higgs could decay to invisible or undetected BSM particles

• For invisible, the most sensitive channel is VBF

• Upper limit of ~30% at the 95% CL on branching fraction from combined 
ATLAS and CMS Run-1 results

• Assumes unitarity-inspired constraint of κV < 1

• Recent ATLAS search using associated ZH production sets a limit of 67% at 
the 95% CL 
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Lepton-flavour violating Higgs decays

• No lepton flavour violating 
Higgs decays in the Standard 
Model

• Search for lepton flavour 
violation via H→eτ and 
H→μτ

• Slight tension with SM in 
Run-1 with a mild excess

• Obtain limits of ~10-3 on the 
off-diagonal couplings
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DiHiggs Production
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Figure 13: The sensitivity of the various Higgs pair production processes to the trilinear
SM Higgs self–coupling at different c.m. energies. The left panels display the total cross
sections, the right panels display the ratio between the cross sections at a given κ =
λHHH/λSM

HHH and the cross sections at κ = 1.

boson decaying into a photon pair, 6.12% for the Higgs boson decaying into a τ pair and
21.50% for the Higgs boson decaying into off–shell W ∗ bosons.

At the time of the analysis, no generator existed for the signal process, but the matrix

22

1212.5581

g

g h

h

t

g

g h

h

t
h

Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

300 400 500 600 700 800 900

0.5

1.0

2.0

5.0

10.0

d
Σ
!

d
M

h
h
"

fb
!

G
e
V
#

NNLO"NNLL 100 TeV

Μ0$Mhh ! 2 PDF4LHC15

300 400 500 600 700 800 900
0.90

0.95

1.00

1.05

1.10

Mhh " GeV#

Fig. 61: The invariant mass distribution at NNLO+NNLL [173] for a 100 TeV collider, with the corresponding
scale uncertainty. The lower panel shows the ratio with respect to the central prediction.

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [173].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [173].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.
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Double Higgs production
• Non-resonant HH production main probe for the Higgs self-coupling

• Tiny cross-section, σ = 33 fb, due to destructive interference 

• Many possible channels: product of individual Higgs decay channels

• Sensitivity currently O(10) x SM

• Require full HL-LHC statistics to approach SM sensitivity
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μ < @95% 
CL

ATLAS CMS

bbbb < 29 < 342

bbWW < 79

bbττ < 30

bbγγ < 117 < 19

WWγγ < 747

Run-2 3 fb-1 13 fb-1 36 fb-1 HIG-17-008

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-008/index.html


Additional Higgs Bosons
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Searches for Additional Higgs Bosons
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HIG-17-013

EXOT-2016-07

Additional neutral SM-like Higgs 
bosons with different mass

Example: cross-section limit from a low 
mass H→γγ search

Charged Higgs bosons
Example: Search for a doubly-
charged Higgs boson decaying 

to two or three leptons

Many BSM models predict additional 
neutral or charged Higgs bosons

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-07/


Conclusion
• Rapid progress in the Higgs measurement program at the LHC

• Observation or evidence for all main production and decay modes

• Recent exploration of the fermionic sector

• Searches for additional decay modes are being developed

• Mass measured to 0.2% precision

• Constraints on width from off-shell measurements

• Charge and parity consistent with SM predictions

• Searches have begun for diHiggs production

• No evidence for non-SM Higgs decays

• No evidence for additional Higgs bosons
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Overall, excellent consistency with SM predictions
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