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The lifetime and the width
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• The decay rate is the width of the Breit-Wigner peak! Let’s measure it

• The lifetime of the Higgs boson is ~ , but is closely related to its decay rate10−22s

Γ =
ℏ
τ
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What we see in the detector:

The lifetime and the width

[1712.02304]

• The decay rate is the width of the Breit-Wigner peak! Let’s measure it

• The lifetime of the Higgs boson is ~ , but is closely related to its decay rate10−22s

Γ =
ℏ
τ

https://arxiv.org/abs/1712.02304
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Intrinsic Higgs 
width 4.1 MeV in 
standard model

Detector resolution 
~1000 MeV in 
ATLAS detector

This dot 
has a 
width of 
250 MeV

Convolution

What we see in the detector:The CMS collaboration did try the direct approach, 
and achieved a constraint of ~60 MeV 

 pretty impressive given the situation, but still not 
close to the actual SM value (~4 MeV) [HIG-21-019]
→

The lifetime and the width

• The lifetime of the Higgs boson is ~ , but is closely related to its decay rate10−22s

Γ =
ℏ
τ

https://cds.cern.ch/record/2871702
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Another strategy to measure the Higgs width
• Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width

https://arxiv.org/abs/1307.4935
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Another strategy to measure the Higgs width

Degeneracy between couplings 
and the width in onshell regime!

• Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width

https://arxiv.org/abs/1307.4935
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Another strategy to measure the Higgs width

Degeneracy resolved in offshell 
regime!

• Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width

https://arxiv.org/abs/1307.4935
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Assuming couplings 
(kappas) cancel out 
in on- and off-shell 
regimes

Dominant term 
for the on-shell region

w

w

Another strategy to measure the Higgs width

Dominant term 
for the off-shell region

In this analysis we measure the off-
shell  contribution 

[CERN-EP-2025-059] 

Combine with the legacy ATLAS run 2 on-shell  
analysis, shown by Robin Hayes yesterday!  

[CERN-EP-2025-054]

H → WW

H → WW

• Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width

https://arxiv.org/abs/1307.4935
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same flavour regions

different flavour regions

Signal production modes: EW and ggF production of Higgs 
• Split up into three jet channels, 0j focusing on ggF, 2j 

focusing on EW, 1j mixed

Two signal decay modes 
• Same flavour  decays ( ) 
• Different flavour  decays ( )

H → WW WW → eνeν/μνμν
H → WW WW → eνμν

Three DNN bins per analysis region

Dataset: Full LHC Run 2 collected by ATLAS experiment
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Analysis strategy

4

Signal production modes: EW and ggF production of Higgs 
• Split up into three jet channels, 0j focusing on ggF, 2j 

focusing on EW, 1j mixed

Two signal decay modes 
• Same flavour  decays ( ) 
• Different flavour  decays ( )

H → WW WW → eνeν/μνμν
H → WW WW → eνμν

Three DNN bins per analysis region

same flavour regions

different flavour regions

Dataset: Full LHC Run 2 collected by ATLAS experiment
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 Off-shell signal strength parameter 
•  

• 3.4 obs. (4.4 exp.) @ 95% CL

H → WW
μoff−shell = 0.3+0.9

−0.3 obs . (1.0+2.3
−1.0 exp.)

μoff−shell <

The Higgs boson total width 
• MeV obs. (  MeV exp.)  

•  < 13.1 MeV obs. (17.3 MeV exp.) @ 95% CL 
ΓH = 0.9+3.4

−0.9 4.1+8.3
−3.8

ΓH
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ATLAS Run 1

 H → ZZ & H → WW

 < 22.7 MeV @95% CIΓH

H
SMΓ/HΓ
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g/V,off-shellκ=g/V,on-shellκ
ZZ+WW off-shell+on-shell→H

-1Ldt = 20.3 fb∫ = 8 TeV: s
observed with syst.
observed no syst.
expected with syst.
expected no syst.

(a)

VV)→H*→K(gg
VV)→K(gg = H*
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ATLAS
ZZ+WW off-shell+on-shell→H

g/V,off-shellκ=g/V,on-shellκ

-1Ldt = 20.3 fb∫ = 8 TeV: s

(b)

Figure 11: (a) Scan of the negative log-likelihood as a function of �H/�SM
H when profiling the coupling scale factors

g and V associated with the on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤)
! VV decay. The

black solid (dashed) line represents the observed (expected) value including all systematic uncertainties, while the
red solid (dashed) line is for the observed (expected) value without systematic uncertainties. (b) Observed and
expected combined 95% CL upper limit on �H/�SM

H as a function of RB
H⇤ under the same assumption as (a). The

upper limits are calculated from the CLs method, with the SM values as the alternative hypothesis. The green
(yellow) bands represent the 68% (95%) confidence intervals for the CLs expected limit.
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(b)

Figure 12: (a) Scan of Rgg = 2g,o↵-shell/
2
g,on-shell when profiling the coupling scale factor V associated with the on-

and o↵-shell VBF production and the H(⇤)
! VV decay. The ratio �H/�SM

H is set to 1.0. The black solid (dashed)
line represents the observed (expected) value including all systematic uncertainties, while the red solid (dashed)
line is for the observed (expected) value without systematic uncertainties. (b) Observed and expected combined
95% CL upper limit on Rgg as a function of RB

H⇤ under the same assumption as (a). The upper limits are calculated
from the CLs method, with the SM values as the alternative hypothesis. The green (yellow) bands represent the
68% (95%) confidence intervals for the CLs expected limit.

27

[1503.01060]

ATLAS Run 2

Before today 
?

H → ZZ H → WW

 < 9.7 MeV @95% CIΓH

[CERN-EP-2024-298]

Presented the first ATLAS standalone  width measurement! 

•  competitive with state of the art, also large improvement over run 1  

• Large improvement over run 1  standalone measurement 

• 3.4 obs. (4.4 exp.) @ 95% CL versus 17.2 obs. (21.3 exp.) @ 95% CL 

• The lifetime is  ( ) 

H → WW

ΓH ZZ & WW
H → WW μoff−shell

τH = 7.0+82.1
−5.5 × 10−22 s τ = ℏ/Γ

https://arxiv.org/abs/1503.01060
https://cds.cern.ch/record/2842520/files/ATLAS-CONF-2022-068.pdf
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Figure 11: (a) Scan of the negative log-likelihood as a function of �H/�SM
H when profiling the coupling scale factors

g and V associated with the on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤)
! VV decay. The

black solid (dashed) line represents the observed (expected) value including all systematic uncertainties, while the
red solid (dashed) line is for the observed (expected) value without systematic uncertainties. (b) Observed and
expected combined 95% CL upper limit on �H/�SM

H as a function of RB
H⇤ under the same assumption as (a). The

upper limits are calculated from the CLs method, with the SM values as the alternative hypothesis. The green
(yellow) bands represent the 68% (95%) confidence intervals for the CLs expected limit.
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line represents the observed (expected) value including all systematic uncertainties, while the red solid (dashed)
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95% CL upper limit on Rgg as a function of RB

H⇤ under the same assumption as (a). The upper limits are calculated
from the CLs method, with the SM values as the alternative hypothesis. The green (yellow) bands represent the
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[1503.01060]

ATLAS Run 2

? 

H → ZZ H → WW

 < 9.7 MeV @95% CIΓH

[CERN-EP-2024-298]
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https://arxiv.org/abs/1503.01060
https://cds.cern.ch/record/2842520/files/ATLAS-CONF-2022-068.pdf
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Why measure the Higgs width?

8

The Higgs decaying faster, or with larger width, might indicate decay to undiscovered 
particles 

Measuring off-shell Higgs boson production is by itself important 
• As shown before:  degeneracy between 

couplings and width! 
• This can be resolved in the offshell regime! 

σonshell ∝ g4 / ΓH →

σoffshell ∝ g4

[1905.03764]

[2107.08343]

http://www.apple.com/uk
https://arxiv.org/abs/1905.03764
http://www.apple.com/uk
https://arxiv.org/abs/2107.08343
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Higgs width at the FCC-ee
One of the more realistic future colliders is the FCC, future circular collider

There are multiple options, but the FCC-ee would collide electrons,  
which generally comes with lower collision energy than hadronic colliders, but 

with the ability to more precisely tune the energy
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Higgs width at the FCC-ee

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

GeV, as functions of center-of-mass energy, are plotted
in Fig. 2. At the center-of-mass energy of 250 GeV, the
Higgs bosons are dominantly produced from ZH process,
where the Higgs boson is produced in association with a
Z boson.

Fig. 1. Feynman diagrams of the Higgs

production mechanisms at the CEPC: the

Higgsstrahlung, WW fusion, and ZZ fusion

processes.

 [GeV]s
150 200 250 300 350

 [f
b]

σ

-310

-210

-110

1

10

210

ZH

 fusionWW

 fusionZZ

Fig. 2. Production cross sections of the Hig-

gsstrahlung, WW fusion and ZZ fusion processes

as functions of center-of-mass energy. The dashed

lines (black) give the possible working energy

range of the CEPC.

The branching ratio of the Z boson decaying into a
pair of muons is 3.3%. The muons can be easily identified
and their momentum can be precisely measured in
the detector. By tagging the muon pairs from the
associated Z boson decays, the Higgsstrahlung events can
be reconstructed with the recoil mass method:

Mrecoil =
q
s+M

2
µ+µ� �2(Eµ+ +Eµ�)

p
s ,

where Eµ+ and Eµ� are the energies of the two muons,
Mµ+µ� is their invariant mass, and s is the square of
center-of-mass energy. Therefore, the ZH (Z ! µ

+
µ

�)
events form a peak in the Mrecoil distribution at the
Higgs boson mass.

With the recoil mass method, the ZH events are
selected without using the decay information of the
Higgs boson. Thus the inclusive ZH cross section �ZH

and the coupling gHZZ can be determined in a model-
independent manner. The measured gHZZ , combined
with exclusive Higgs boson decay measurements, could
be used to determine the Higgs boson width and absolute
values of couplings between the Higgs boson and its
decay final states [19]. Meanwhile, the Higgs mass mH

can be extracted from the Mrecoil distribution. A good
knowledge of the Higgs mass is crucial since the mH is
the only free parameter in the SM Higgs potential and
it determines the Higgs decay branching ratios in the
SM. Based on the model-independent analysis, the Higgs
decay information can be used to further suppress the
backgrounds, leading to a better mH precision.

The recoil mass method allows better exclusive
measurement of Higgs decay channels. Many new physics
models predict a significant branching ratio of the Higgs
boson decaying to invisible products [20–23]. At the
LHC, the current upper limit of this branching ratio is
about 40% [24, 25], which is much larger than the value
predicted in the SM (B(H! inv.)=B(H!ZZ! ⌫⌫⌫̄⌫̄)
= 1.06⇥10�3). At the CEPC, this measurement can be
significantly improved by using the recoil mass method.
In this paper, we evaluate the upper limit on the
branching ratio of the Higgs decaying to invisible final
states.

A series of simulation studies of similar processes
have been performed at the International Linear Collider
(ILC) [10, 26]. Compared to the ILC, the collision
environment of the CEPC is significantly di↵erent. The
ILC uses polarized beams while the CEPC has no beam
polarization. Besides, the beam spot size of the CEPC at
the interaction point (IP) is much larger than that of the
ILC, leading to a much weaker beamstrahlung e↵ect and
a narrower beam energy spread [10, 12, 27]. The details
of parameter comparison are listed in Table 1 [27]. Due
to the above di↵erences, the cross sections for both signal
and backgrounds are di↵erent. Therefore, it is necessary
to perform the full detector simulation at the CEPC.

Table 1. Comparison of machine and beam

parameters between the CEPC and the ILC.

Parameters CEPC ILC

Horizontal beam size at IP 73700 nm 729 nm

Vertical beam size at IP 160 nm 7.7 nm

Beamstrahlung parameter 4.7⇥10�4 2.0⇥10�2

Beam energy spread 0.16% 0.24%

Integrated luminosity 5 ab�1 2 ab�1

This paper is organized as follows. Section 2 describes
the detector model, Monte Carlo (MC) simulation and
samples used in the studies. Section 3.1 presents the
measurements of ZH cross section and the Higgs mass

010201-2

With a lepton collider we can tune the beam energy to exactly 
 +  and produce the Higgsstrahlung process with a very 

high rate
mZ mH

Higgsstrahlung, where the Higgs 
recoils off a Z boson

Table 16 summarizes the expected precision of Higgs boson mass measurements of future accelerators. Also shown is the
impact of the mH uncertainty on the H ! ZZ⇤ partial decay width. Already with HL-LHC, it will be possible to reduce this
impact to the level of about 0.2%. At this value, the parametric uncertainty on Higgs partial widths, (primarily on ZZ⇤,WW ⇤) is
much smaller than the expected precision at any hadron collider. For the e+e� colliders the precision on the W and Z couplings
is of that order, so that the mH precision needs to be further improved to about 10 MeV to avoid any limitations on the Higgs
coupling extraction precision (assuming the uncertainty due to higher order processes gets improved in the future, see Table 19).

Table 16. Overview of expected precision of Higgs boson mass measurements for future accelerators scenarios. For the
lepton colliders (ILC, CLIC, CEPC) the projected uncertainties listed are statistical only. The impact of dmH on dGZZ⇤

reported in this table is calculated as 1.2% · (dmH/100 MeV), following Ref. [97].

Collider Scenario Strategy dmH (MeV) Ref. d (GZZ⇤) [%]

LHC Run-2 m(ZZ),m(gg) 160 [96] 1.9
HL-LHC m(ZZ) 10-20 [13] 0.12-0.24

ILC250 ZH recoil 14 [3] 0.17
CLIC380 ZH recoil 78 [98] 0.94
CLIC1500 m(bb) in Hnn 3019 [98] 0.36
CLIC3000 m(bb) in Hnn 23 [98] 0.28

FCC-ee ZH recoil 11 [99] 0.13
CEPC ZH recoil 5.9 [2] 0.07

In the SM, the width of a 125 GeV H boson is predicted to be around 4 MeV, i.e. three orders of magnitude smaller than
that of the weak bosons and of the top quark. It is therefore very challenging to measure it directly. All methods considered so
far at colliders are in fact indirect and model dependent to various degrees. Three methods have been proposed at the LHC, and
are considered for future hadron colliders.

The most direct method involves the diphoton decay mode and it is based on the measurement of the shape of the invariant
mass of the diphoton close to the Higgs boson mass. This observable has a dependence on the width from signal-background
interference effects. The foreseen sensitivity, however, will not allow to probe values close to the SM predictions, and can
provide constraints of about 8�22⇥GSM [13].

A second method extracts the width indirectly from a global fit of the Higgs boson couplings by employing specific
assumptions. For example, in the k-framework, assuming kZ  1 and BRunt = 0 one can determine the width from the fit. 20

A third method is based on the combination of two independent measurements in gluon fusion production of a H boson
with subsequent decay into a ZZ final state: gg ! H ! ZZ⇤, where the H boson is on shell (and at least one of the final state Z
off shell) and gg ! ZZ with two on-shell Z bosons, where the H boson contribution is off shell [100]. The ratio of the off-shell
over the on-shell rate is directly proportional to the total width [101]. Even though in generic BSM scenarios including the
EFT, the interpretation of the off-shell/on-shell ratio as an extraction of the width is model dependent, this ratio can provide
useful information on other key aspects of the Higgs couplings, e.g. their energy dependence [102]. It is foreseen that, with
the HL-LHC and improvements in the theoretical calculations, GH can be measured with a precision of up to 20% using this
method [13].

At lepton colliders, the mass recoil method allows to measure the inclusive cross section of the ZH process directly, without
making any assumption about the Higgs BR’s. This possibility is unique to lepton colliders as it relies on the precise knowledge
of the total initial energy of the event. In combination with measurements of exclusive Higgs decay cross sections, it allows to
extract the total width GH with a mild model dependence. The simplest way is to consider the ratio of the ZH cross section
(from the recoil method) with the H ! ZZ branching ratio (extracted from the ZH,H ! ZZ⇤ rate)

s(e+e� ! ZH)

BR(H ! ZZ⇤)
=

s(e+e� ! ZH)

G(H ! ZZ⇤)/GH
'


s(e+e� ! ZH)

G(H ! ZZ⇤)

�

SM
⇥GH , (32)

19In Ref. [98] the values are 36 MeV (for
p

s = 1.5 TeV) and 28 MeV (for
p

s = 3 TeV) are based on unpolarized beams. The values quoted here are for the
default scenario of 80% electron polarisation assumed throughout.

20In fact, the width and the branching ratio to undetected final states are not independent observables. In the analysis presented in Section 3.2 we opted to fit
BRunt and calculate GH from Eq. (4).
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Higgs width at future (?) colliders

where the last approximate equality assumes a cancellation of new physics effects, which holds, for instance, in the k-framework.
This method is limited by the relatively poor statistical precision of the H ! ZZ BR measurement. More in general, even in
scenarios where such a cancellation does not hold, e.g. in an EFT, a global fit can be performed to extract information on the
width, using other decays (particularly the bb and WW decays) and channels (e+e� ! Hnn̄). This method is used for CEPC.
For FCC-ee and CLIC the k-formalism is used to extract the width, similar to what is done in this report for Table 5. For ILC,
the width reported here was extracted using an EFT formalism that does not assume that there is only one operator that governs
the interactions between the Higgs boson and the Z boson (as is done implicitly in the k-framework). In this determination of
GH , angular distributions and polarisation asymmetries are used to constrain the free parameters that result from relaxing this
assumption [18], in addition to the parameters used by the k-formalism for the other lepton colliders. This fit is different from
the EFT fits performed in Section 3.4.

Table 17 summarizes the expected relative precision that can be reached on the Higgs width at future lepton colliders,
comparing the estimates of the standalone estimates of the future lepton colliders to the results of the kappa-3 scenario fits
performed in this article (with HL-LHC data included). It is seen that the result obtained in the kappa-3 fit is generally more
constraining than the results quoted in the references, primarily as this result also includes the constraint from the HL-LHC
data, and, in some cases, uses a different approach to modelling changes to the total width. In both cases, the best precision is
obtained for the ILC500 and FCC-ee365 scenarios.

Table 17. Overview of expected precision of Higgs boson width measurements for future accelerator scenarios. The result
given in the second column refers to the width extraction as performed by the future lepton colliders using the stated technique,
and as provided in the references given. The last column of the table lists the width extracted from the kappa-3 scenario fit. It
also includes the HL-LHC measurements (but excludes the constraint kV < 1 that is used in HL-LHC-only fits).

Collider dGH [%] Extraction technique standalone result dGH [%]
from Ref. kappa-3 fit

ILC250 2.3 EFT fit [3, 4] 2.2
ILC500 1.6 EFT fit [3, 4, 14] 1.1
ILC1000 1.4 EFT fit [4] 1.0
CLIC380 4.7 k-framework [98] 2.5
CLIC1500 2.6 k-framework [98] 1.7
CLIC3000 2.5 k-framework [98] 1.6

CEPC 2.8 k-framework [103, 104] 1.7
FCC-ee240 2.7 k-framework [1] 1.8
FCC-ee365 1.3 k-framework [1] 1.1

8 Future studies of the Higgs sector, post-European Strategy
8.1 Higgs prospects at the muon collider
Electron-positron colliders offer a well-defined value of the collision energy of the hard-scattering process and a relatively clean
event, as opposed to hadron collisions where the underlying event and the high-level of event pileup challenge the reconstruction
of the hard scattering event and its measurement.

The main limitation to the collision energy of circular electron-positron colliders is due to the low mass of the elec-
trons/positrons which leads to large fraction of their energy emitted as synchrotron radiation. The solutions pursued so far to
reach high lepton collision energies are based on limiting the energy loss by synchrotron radiation by reducing the curvature
either by increasing the radius of the circular colliders or by employing linear colliders. However, the beam acceleration does
require a number of RF cavities imposing a machine of large dimensions.

With a mass of about two hundred times that of electrons, muons do not suffer significant energy losses due to synchrotron
radiation (the loss goes as the inverse of the fourth power of the mass) and therefore could be accelerated up to multi-TeV
collision energies. For example, if the LHC ring were used, with the proposed HE-LHC dipoles (Nb3Sn, 16 T), muons would
collide at an energy close to

p
s= 14 TeV, compared to the 0.2 to 0.4 TeV of an electron-positron collider.

Alternatively, a collider with
p

s = 125 GeV could be a very compact (diameter ⇠ 60 m) Higgs factory using s-channel
production of Higgs bosons [105]. However, it should be noted that the expected rate of produced Higgs bosons by s-channel is
small, given the instantaneous luminosity possible at this machine [106], and the limited production cross section (taking into
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De kans om een deeltje met energie 
E aan te treffen: Breit-Wigner

E0-Γ/2   E0 E0-Γ/2 

Pmax

Pmax/2

Resonantie-structuur zegt iets over: 
- Levensduur
- Aantal vervalsmogelijkeden

�� + p ! ⇥0 + n

⇡+ + ⇡�

f (E)* f (E) =Ψ0
*Ψ0

1

(E −E0 )
2 +
1
4
Γ2

A refresher: What is the width of a particle?

Ψ(E)*Ψ(E) = Ψ*0 Ψ0
1

(E − E0)2 + 1
4 Γ2

• Fourier transform to energy domain

Ψ(E) = Ψ0
i

(E − E0) + i
2 Γ

• Take a wave function, add an exponentially decaying term

• The width, , is defined as the decay rateΓ Γ =
1
τ

ψ(t) = ψ0e−iEte− 1
2 Γtψ(t) = ψ0e−iEt

• Now ask, what is the probability to measure 
the particle with energy E?

Width of the peak is intrinsically connected to the decay rate
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The  channel for width measurementsH → WW

W bosons decay into leptons and neutrinos

 signatureH → ZZ

WW bosons decay to neutrino’s 
which cannot be detected 
 Results in “missing energy” 

which is hard to reconstruct!
→

 signatureH → WW
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The  channel for width measurementsH → WW

 channel has missing energy caused by the final state neutrinosH → WW
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Yield as a function of POI
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Multi-POI
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All analysis signal regions
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Neyman Construction for creating confidence intervals
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