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Abstract

This article presents an overview of the measurements of key feartures of the
Higgs boson, including mass, width and coupling strengths. For the mass mea-
surement the two important channels H → γγ and H → Z → 4` yield a mass of
125.36± 0.41GeV. The width, while not directly measurable, can be constrained
to be no more than 4 times the SM expectation. The coupling strengths for the
various scenarios with SM or BSM contributions are all compatible with the SM
expectations as well.
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1 Introduction
The discovery of the Higgs boson at the LHC has answered many questions physicists
had about the standard model but at the same time more questions cropped up. First
and foremost the question: Is this really the standard model Higgs boson? Or maybe
something esle?
To answer these questions it is necessary to measure the properties of the particle.
These properties are the mass, spin and CP state, the width and the couplings to other
particles. Apart from the mass these are all fixed in the standard model, allowing com-
parison between theory and experiment. This article focuses on the mass, width and
couplings. The spin and CP state are not discussed here, as the fixation of these to
their standard model values is both justified and necessary for the determination of the
coupling strengths.

As a reminder the Higgs production and decay processes are shown in fig.1 and fig.2

Figure 1: Feynman graphs of the important produciotn modes of the Higgs boson: gluon-gluon fusion,
vector boson fusion, tt̄ fusion and associated production with a vector boson

Figure 2: Example of the decay modes of the Higgs boson. The top in the loop can in principle be exchaned
with any massive charged particle. The Z pair can be replaced by any massive particles with their respective
decay products.

While the selection of the diffenert decay channels is rather easy by looking for the
signals of the corresponding decay products it is more complicated to separate the
various production modes. As shown in fig.3 by the exapmle of H→ γγ it is possible
to enrich certain production modes by applying appropriate cuts. Knowing the cross
section for these different selections the actual contributions of the different production
modes can be inferred.
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Figure 3: Example of the separation of production modes of the Higgs boson in the→ γγ channel. The
variables used here will be explained later.

2 Mass
The mass is a very important feature of the Higgs boson, as it, once known, according
to the standard model fixes every other property of the Higgs boson. It is therefore
improtant to have a small error on this quantity. To this end the channels H → γγ
and H → Z → 4` are used. Key feature of these channels are the clean final states
consisting of only well understood objects: γ, e± and µ±. By use of well understood
reference processes the detector response can be studied in great detail. The ATLAS
collaboration uses more than 7 million events (Z→ e+e−, Z→ `+`−γ, J/ψ → e+e−)
to controll the energy calibration, both global and cell specific, the behaviour of the
diffenent layers of the detector and the understanding of the material in front of the
calorimeter for e± and γ. Similarly the muon behaviour in the detecor and muon
spectrometer is monitored separately with about 15 million events (using Z→ µ+µ−,
J/ψ → µ+µ−). This results in a very low statistical uncertainty for measurements
containing only these particles in the final state.

2.1 H→ γγ

This channel is used because of the clean final state of two photons, allowing full recon-
stuction of the Higgs boson. Since photons, as mentioned, are well understood objects
this results in a very good mass resolution. Another aspect is the smooth background
that can be easyly determined from the data. While this is not that important for the
mass measurement itself, this was very important for the discovery of the Higgs boson.
The ATLAS collaboration has split the analysis of this channel into 10 diffenert cate-
gories. The categories are split for converted photons, different regions in the pseudo-

3



rapidity and different pT t
1 regions. Since unconverted photons, meaning photons not

having undergone pair production in the material in front of the calorimeter, provide a
better energy resolution that converted ones, the different regions in the detector hav-
ing different energy resolutions as well and the high pT t events yielding better enery
resolution the splitting into the different categories improves the statistical error of the
measurement. The different categories are shown in fig:4. The result can be seen in
fig.5

Figure 4: Tabel containing different features of sigal and background for the different categories: expected
number of signal events, expected FWHM of the signal, expected σeff =half the width containing 68% of
the signal, expected background events in the region conaining 90% of the signal, and expected signal to
backgound ratio.

Apart from the staticical uncertainties the systematic errors have to be accounted for as
well. A summary of the systematic uncertainties is shown in fig.6. The exellent under-
standing of the detector can be seen there as the systematic uncertainty is never larger
than 0.6%. This then amounts to a measured mass of mH = 125.98 ± 0.42(stat) ±
0.28(syst)GeV. A signal strength2 can be extracted as well and is measured to be
µ = 1.29± 0.30.

1pT t =

∣∣∣∣∣(pγ1T + pγ2T

)
× p

γ1
T
−pγ2

T∣∣∣pγ1T −pγ2T ∣∣∣
∣∣∣∣∣ , this is the projection of transverse momentum transvere to the

transverse thrust axis, the transverse thrust axis being the axis maximizing the transverse momentum projeted
onto it

2The signal strength is the cross section normalized to the SM expectation.
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Figure 5: Result for the H→ γγ channel, for illustration purposes each category is weighted by its signal
to background ratio.

Figure 6: Tabel of the relative systematic uncertainties in % for the different categories.

2.2 H→ ZZ∗ → 4`

As before this channel provides a clean final state. The two Z bosons decaying into
e± and/or µ± allow the full reconstruction of the Higgs boson. The leptons in the final
state being well understood then results in a good mass resolution. In addition to that
this channel features a good signal to background ratio.
The analysis of this channel is split into 4 different categories by the ATLAS collabo-
ration, simply sepatating the different lepton decay posibilities of the Z bosons. Fig.7
shows the different categories and the respective expected and observed number of
events.
This then results in the invariant 4 lepton mass distribution shown in fig.8. Also shown
there is the result of a boosted decision tree for better distinguishability of signal and
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Figure 7: Expected and observed number of events for the different categories.

background. This BDT uses pT , η and DZZ
3 as input variables. This can be con-

densed into a log-likelihood plot as seen in fig.9. As a result in this channel a mass of
mH = 124.51 ± 0.52(stat) ± 0.06(syst)GeVand a signal strength of µ = 1.66+0.45

−0.38
is measured.

2.3 Combination
The two channels presented, H → γγ and H → ZZ∗ → 4`, each yielded a mass for
the Higg boson. With a measured mass difference of ∆mH = 1.47 ± 0.67(stat) ±
0.28(syst)GeV these measurements agree to 2σ and can be combined to the final result
of mH = 125.36 ± 0.37(stat) ± 0.18(syst)GeV. Fig.10 shows this combination.
Since both measurements have been performed with the same detector the systematic
uncertainties are correlated. Fig.11 shows these uncertainties, showing once again the
good understanding the ATLAS collaboration has of their detector.

3DZZ = log
|Msig|2

|MZZ|2
, theM are the matrix elements of signal and ZZ backgound respectively
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Figure 8: Result of the H→ ZZ∗ → 4` channel. Left: Invariant 4 lepton mass distribution, Right: Mass
distribution against the BDT output.

Figure 9: Log-likelihood ratio for the different categories and the combination.
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Figure 10: Left: Likelihood ratio for both channels and their combination. Right: Higgs boson mass
plotted against the signal yield for both channels and the combination with uncertainty contours.

Figure 11: Break down of the systematic uncertainties involved in the mass measurement of the Higgs
boson
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3 Width
The measurement of the decay width of the Higgs boson is difficult. The experimental
energy resolution on an event to event basis is about 2GeV, the uncertainty of the
mass measurement as already seen is about 0.4GeV. This is still more than 2 orders
of magnitude greater than the theory prediction of about 4MeV, leaving no hope to
directly measure the width of the Higgs boson. It is however possible to inver an
upper bound on the width of the Higgs boson. By assuming the Higgs boson to behave
exactly as predicted in the standard model, with no other contributions form any BSM
theory, the exact shape of the Higgs boson cross section as a function of center of mass
energy is known once the mass is known. By compairing the on and off resonance
cross sections the total width can be inferred. The CMS collaboration did just that,
measuring the width to be smaller than 4 times its SM expectation value. However,

Figure 12: Upper limit on the Higgs boson decay width over the SM expectation, as measured by the CMS
collaboration.

since the width measurement included the assumption of a SM Higgs boson, there is
no model indepentent way to measure the total width of the Higgs boson. The variables
left are signal strengths and relatice coupling strengths.

4 Couplings
To start the measurement of the coupling behaviour of the Higgs boson a few basic
assumptions are needed. These assumptions greatly simplify the computation of the
desired quantities. First it is assumed that everything observed originated from the
same particle, excluding several particles of similar mass that just can’t be resolved.
Second is the assumption of the examined particle to have a vanishing decay width.
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This is a reasonable assumption as explained in the previous section and greatly sim-
plifies the dependencies of desired variables on measured quantities. And last is the
assumption of the particle being a CP-even scalar, since the event topology is used in
the distinction of the production prcesses. This is reasonable as well seeing as other
measurements not presented here support that theory.
With these assumptions in place the modified coupling strength is introduced. Every
vertex factor of a vertex coupling to the Higgs boson is simply multiplied by the cou-
pling strength κX for the coupling to particle X as shown in fig.13. By construction
this factor is 1 for the SM expectation. Futhermore care has to be taken wether this
vertex is the production or decay vertex of the Higgs boson. Since only certain produc-
tion processes are possible, a simple κX is enough. For the decay however coupling
any possible partilce has to be considered, requireing the normalization to the total
width of the Higgs boson, signified by κH. Although the SM predicts the functional
dependence of κH off the κX for the different particles, this is the only way to model
indepenently describe the modified coupling. In the example shown in fig.14 this is il-
lustraded. However in that case the loop coupling to the photons can not only contain t
but also W± leading to interference effects. For this an effective coupling of the Higgs
boson to photons is introduced, with theory giving the functional dependence:

κ2γ(κFκV ) = 1.59κ2V − 0.66κV κF + 0.07κ2F

Since the coupling strength modifies the matrix element which only holds physical
meaning when sqared, the sign of the coupling strength is irrelevant. The relative sign
of two coupling strengths however is important in interference effects, making this
the only possibility to inferr the relative sign of the coupling strength of bosons and
fermions. Since only the relative sign is important, κV is set to be positive.

Figure 13: Feynman graph of a Higgs boson vertex with indicated modified coupling.

4.1 Coupling strength
Here the assumption is made that any modification to the coupling is uniform for
bosons and fermions respectivey, meaning only one coupling strength describing the
interaction of the Higgs boson with vector bosons and one for the interaction with
fermions and the effective coupling to gluons:

κV = κW = κZ

κF = κt = κb = κτ = κg
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Figure 14: Feynman graph of the gg → H → γγ via two t loops. Considering this process alone the
matrix element is to be modified by κ2

t/κH

4.1.1 SM contributions only

Here it is assumed that, appart from the modified coupling strength, the Higgs boson
behaves exactly as predicted by the SM, coupling only to SM particles. Then the total
width of the Higgs boson can be expressed by the other coupling strengths

κH = 0.75κ2F + 0.25κ2V

This then results in the folloing functional dependence of the cross section and branch-
ing ratio:

σ(gg → H)×BR(H → γγ) ∼
κ2Fκ

2
γ(κF , κV )

0.75κ2F + 0.25κ2V

σ(qq′ → qq′H)×BR(H → γγ) ∼
κ2V κ

2
γ(κF , κV )

0.75κ2F + 0.25κ2V

σ(gg → H)×BR(H → ZZ(∗), H →WW (∗)) ∼ κ2Fκ
2
V

0.75κ2F + 0.25κ2V

σ(qq′ → qq′H)×BR(H → ZZ(∗), H →WW (∗)) ∼ κ2V κ
2
V

0.75κ2F + 0.25κ2V

σ(qq′ → qq′H,V H)×BR(H → ττ,H → bb̄) ∼ κ2V κ
2
F

0.75κ2F + 0.25κ2V

Utilizing this the ATLAS collaboration produced values of κF = 1.15 ± 0.08 and
κV = 0.99+0.17

−0.15 for the coupling strengths. As can be seen in fig.15, the realtive
sign of the coupling strengths is prefered to be positive, as per SM expectation, but a
negative relative sign is not jet excluded.
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Figure 15: Contour and log likelihood plots for the coupling strengths with SM assumptions.
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4.1.2 Free total width

In this scenario the total width of the Higgs boson is not assumed to behave to SM
expectation making it an additional free parameter. This means that only the ratio
of coupling strengths is now measurable. With the new variables κV V = κV κV/κH
and λFV = κF/κV the functional dependence of cross section and branching ratio is
changed to

σ(gg → H)×BR(H → γγ) ∼ λ2FV κ2V V κ2γ(λFV , 1)

σ(qq′ → qq′H)×BR(H → γγ) ∼ κ2V V κ2γ(λFV , 1)

σ(gg → H)×BR(H → ZZ(∗), H →WW (∗)) ∼ λ2FV κ2V V
σ(qq′ → qq′H)×BR(H → ZZ(∗), H →WW (∗)) ∼ κ2V V

σ(qq′ → qq′H,V H)×BR(H → ττ,H → bb̄) ∼ κ2V V λ2FV

With this the ATLAS collaboration measured λFV = 0.86+0.14
−0.12 and κV V = 1.28+0.16

−0.15.
Once again the negative relative sign of the coupling strengths is disfavoured but not
excluded, as can be seen in fig.16.
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Figure 16: Contour and log likelihood plots for the coupling strength ratios with total width as free
parameter.

4.1.3 Free loop contents

In addition to the free total width the loop content is now no long er set to SM expec-
tations. This makes the effective coupling to the photon an additional free parameter
and since this was used to determine the relative sign earlier, that is no longer possible.
The new variables are

λFV = κF/κV

λγV = κγ/κV

κV V = κV κV/κH

Leading tho the following dependencies

σ(gg → H)×BR(H → γγ) ∼ λ2FV κ2V V λ2γV
σ(qq′ → qq′H)×BR(H → γγ) ∼ κ2V V λ2γV

σ(gg → H)×BR(H → ZZ(∗), H →WW (∗)) ∼ λ2FV κ2V V
σ(qq′ → qq′H)×BR(H → ZZ(∗), H →WW (∗)) ∼ κ2V V

σ(qq′ → qq′H,V H)×BR(H → ττ,H → bb̄) ∼ κ2V V λ2FV

The result of this mearurement by the ATLAS cooperation is λFV = 0.85+0.23
−0.13,

λγV = 1.22+0.18
−0.14 and κV V = 1.15 ± 0.21. As mentioned and seen in fig.17 the

relative sign information is lost.
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Figure 17: Log likelihood plots for the coupling strength ratios with total width and loop content as free
parameters.

4.2 Custodial symmetry
Custodial symmetry refers to the requirement of the coupling strength modifier of the
W and Z boson to be equal. This is required by theory and can be tested by introduc-
ing an additional free parameter. Instead of having one parameter for the coupling to
vector bosons there are now two parameters, one for each the coupling to the W and
the Z boson. In addition the vector boson fusion process is now dependent on these
two coupling strengths. As with the effective coupling to the photon the functional
dependence is predicted by theory, leaving a κ2V BF (κW , κZ).

4.2.1 Free total width

In this case similar to before no assumptions about the total width of the Higgs bosons
are made, introducing this as a free parameter. As earlier this means that only ratios of
coupling strengths can be measured. With these variables

κZZ = κZκZ/κH

λWZ = κW/κZ

λFZ = κF/κZ
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Figure 18: Log likelihood plots for the coupling strength ratios with total width as free parameter, probing
custodial symmetry.

the dependencies look like this

σ(gg → H)×BR(H → γγ) ∼ λ2FZκ2ZZκ2γ(λFZ , 1)

σ(qq′ → qq′H)×BR(H → γγ) ∼ κ2V BF (λWZ , 1)κ2ZZκ
2
γ(λFZ , 1)

σ(gg → H)×BR(H → ZZ(∗)) ∼ λ2FZκ2ZZ
σ(qq′ → qq′H)×BR(H → ZZ(∗)) ∼ κ2V BF (λWZ , 1)κ2ZZ

σ(gg → H)×BR(H →WW (∗)) ∼ λ2FZκ2ZZλ2WZ

σ(qq′ → qq′H)×BR(H →WW (∗)) ∼ κ2V BF (λWZ , 1)κ2ZZλ
2
WZ

σ(qq′ → qq′H,V H)×BR(H → ττ,H → bb̄) ∼ κ2V BF (λWZ , 1)κ2ZZλ
2
FZ

The results are λWZ = 0.94+0.14
−0.29, λFZ ∈ [−0.91,−0.63] ∪ [0.65, 1.00] and κZZ =

1.41+0.49
−0.34. In this case, as seen in fig.18, there is no prefered relative sign of vector

boson (Z in this case) and fermion coupling.

4.2.2 Free loop content

Once again it is of interest to not constrain the content of the loop and introduce a
separate effective coupling of the Higgs boson to photons. By doing this the relative
sign information of vector boson and fermion coupling is lost. The variables are

κZZ = κZκZ/κH

λWZ = κW/κZ

λγZ = κγ/κZ

λFZ = κF/κZ
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Figure 19: Log likelihood plots for the coupling strength ratios with total width and loop content as free
parameters, probing custodial symmetry.

leading to these functionalities

σ(gg → H)×BR(H → γγ) ∼ λ2FZκ2ZZλ2γZ
σ(qq′ → qq′H)×BR(H → γγ) ∼ κ2V BF (λWZ , 1)κ2ZZλ

2
γZ

σ(gg → H)×BR(H → ZZ(∗)) ∼ λ2FZκ2ZZ
σ(qq′ → qq′H)×BR(H → ZZ(∗)) ∼ κ2V BF (λWZ , 1)κ2ZZ

σ(gg → H)×BR(H →WW (∗)) ∼ λ2FZκ2ZZλ2WZ

σ(qq′ → qq′H)×BR(H →WW (∗)) ∼ κ2V BF (λWZ , 1)κ2ZZλ
2
WZ

σ(qq′ → qq′H,V H)×BR(H → ττ,H → bb̄) ∼ κ2V BF (λWZ , 1)κ2ZZλ
2
FZ

The resulta are λWZ = 0.80 ± 0.15, λFZ = 0.74+0.21
−0.17, λγZ1.10 ± 0.18 and κZZ =

1.5+0.5
−0.4 with the log likelihood plots shown in fig.19

4.3 Loop contents
Another point of intrest is the question of what actually appears in the loops coupling
the Higgs boson to the massless gluons and photons. Since these cannot be measured
directly an effective coupling of the Higgs boson to these bosons is introduced.
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Figure 20: Contour and log likelihood plots for the effective coupling strengths to gluons and photons.

4.3.1 SM loop contents

Here the behaviour of the Higgs boson is set to the SM expectations with the exeption
of the effective coupling to gluons and photons. This means the Higgs boson only
couples to SM particels with the predicted strengths. This especially means that the
functional dependencies of the total width of the Higgs boson are known:

κH = 0.085κ2g + 0.0023κ2γ + 0.91

With this the dependencies of cross section and branching ratio are as follows:

σ(gg → H)×BR(H → γγ) ∼
κ2gκ

2
γ

0.085κ2g + 0.0023κ2γ + 0.91

σ(qq′ → qq′H)×BR(H → γγ) ∼
κ2γ

0.085κ2g + 0.0023κ2γ + 0.91

σ(gg → H)×BR(H → ZZ(∗), H →WW (∗)) ∼
κ2g

0.085κ2g + 0.0023κ2γ + 0.91

σ(qq′ → qq′H)×BR(H → ZZ(∗), H →WW (∗)) ∼ 1

0.085κ2g + 0.0023κ2γ + 0.91

σ(qq′ → qq′H,V H)×BR(H → ττ,H → bb̄) ∼ 1

0.085κ2g + 0.0023κ2γ + 0.91

The results here are κg = 1.08+0.15
−0.13 and κγ = 1.19+0.15

−0.12. The plots are shown in
fig.20.

4.3.2 BSM contributions

Now it is assumed that there are explicit BSM contributions resulting in either invisible
or undetectable decays of the Higgs boson. To account for that the expression for total
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width is modified:

ΓH =
κ2H(κi)

1−BRinv,undet
ΓSM
H

Leading to

σ(gg → H)×BR(H → γγ) ∼
κ2gκ

2
γ

0.085κ2g + 0.0023κ2γ + 0.91
(1−BRinv,undet)

σ(qq′ → qq′H)×BR(H → γγ) ∼
κ2γ

0.085κ2g + 0.0023κ2γ + 0.91
(1−BRinv,undet)

σ(gg → H)×BR(H → ZZ(∗), H →WW (∗)) ∼
κ2g

0.085κ2g + 0.0023κ2γ + 0.91
(1−BRinv,undet)

σ(qq′ → qq′H)×BR(H → ZZ(∗), H →WW (∗)) ∼ 1

0.085κ2g + 0.0023κ2γ + 0.91
(1−BRinv,undet)

σ(qq′ → qq′H,V H)×BR(H → ττ,H → bb̄) ∼ 1

0.085κ2g + 0.0023κ2γ + 0.91
(1−BRinv,undet)

and resulting in κg = 1.00+0.23
−0.16, κγ = 0.94+0.16

−0.13 and BRinv,undet = −0.16+0.29
−0.30. In

fig.21 the plot for the branching ratio for invisible/undetectable events turns up twice,
where one has BRinv,undet constrained to be positive to give an accurate upper bound
for it.

5 Conclusion
The mass of the Higgs boson has been meassured to be mH = 125.36± 0.41GeV by
the ATLAS collaboration with a signal strength of µ = 1.30 ± 0.20. The couplings
of the Higgs boson have been examined as well, resulting in a summary plot shown
in fig.22. With these figures the standard model has been validated within 2 standard
deviations. The CMS collaboration has produced similar results with a mass ofmH =
125.03+0.26

−0.27(stat)
+0.13
−0.15(syst) and couplings measurements (see fig.23) agreeing with

the SM expectations.
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Figure 21: Log likelihood plots for the effective coupling strengths and the branching ratio for invisi-
ble/undetectable events.
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Figure 22: Summary of the couplings measurements done by the ATALS collaboration.

Figure 23: Reults of the CMS collaboration. Left: Log likelihood plot for the mass measurement. Top
right: Contour plot of vector boson and fermion coupling strength. Bottom right: Summary plot for the
couplings measurements.
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