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whether precise atomic physics measurements could be sensitive to the 
Higgs forces involving light quarks50; however, this seems challenging51.

Central to all of Higgs physics is the Higgs potential. Recall that the 
Higgs field is non-zero everywhere in the Universe, and so produces 
non-zero masses for fermions and electroweak bosons, because the 
minimum of the Higgs potential, equation (1) and Fig. 1, lies at a non-zero 
value of the Higgs field φ. One of the most important open questions 
in Higgs physics is whether the potential written in that equation is the 
one chosen by nature. We cannot directly explore the potential across 
different values of the Higgs field. However, it turns out that the spe-
cific shape of the potential in the immediate vicinity of the minimum 
determines the probability of an important process—the splitting of a 
Higgs boson into two (or even three) Higgs bosons; this kind of process 
is referred to as a Higgs-boson self-interaction. Accurate observation 
of such a process is widely considered to be the best (but not the only52) 
way of experimentally establishing whether the world we live in is con-
sistent with that simple potential. By the end of the high-luminosity 
LHC’s operation in 15–20 years, the ATLAS and CMS experiments are 
expected to see first indications of the simultaneous production of two 
Higgs bosons. However, gathering conclusive evidence for a contribu-
tion to Higgs-pair production from the splitting of a first Higgs boson 
almost certainly requires a more powerful collider and several options 
are under discussion36,53–56.

These are but some of the questions that are being explored. Other 
important ones that the LHC experiments are starting to be sensitive 
to include the lifetime of the Higgs boson57–60 and the nature of Higgs 
interactions at energies well above the electroweak energy scale61,62.

Higgs and major open questions of particle physics and 
cosmology
Many of the above measurements are of interest not just owing to the 
fundamental nature of the Higgs sector within the Standard Model, 
but because they are also sensitive to scenarios that extend the role of 
the Higgs sector beyond that in the Standard Model. Even though the 
Standard Model has successfully passed all the numerous experimental 
tests so far, it leaves open several major questions. To various degrees, 
the Higgs boson is tied to potential solutions to these puzzles.

We close our discussion with an overview of some of these possi-
ble connections, illustrated in Fig. 4, as they play an important role in 
guiding ongoing experimental and theoretical research directions in 
particle physics. There is a lot of ground to cover, so we will begin with 
and give more emphasis to aspects closely related to the Higgs boson, 
and only briefly mention later some of the more speculative ideas.

One major puzzle is that the weak and Higgs interactions are much 
stronger, by a factor of about 1032, than the gravitational interaction. 
This is especially challenging if one harbours the hope—as do many 
physicists—that all the known interactions might come from a unifying 
and simpler framework. Over the past decades, the desire to explain 
the origin of this large difference, the so-called ‘hierarchy problem’, 
has motivated a range of theoretical proposals.

One possibility is for the Higgs boson not to be an elementary particle,  
but rather a composite object made of other, as yet undiscovered par-
ticles63. Examples of other well studied proposals are new (approxi-
mate) space–time symmetries64–66 and new space dimensions67–70. More 
recently, some more speculative ideas suggested possible connections 
between the weak scale and cosmological evolution71–73 or the amount 
of dark energy in the Universe74,75.

Without one of these proposals, or a new mechanism yet to be 
thought of, the hierarchy between the weak and the gravitational 
interaction can only arise if distinct parameters in some ultimate fun-
damental theory cancel to within 1 part in 1032. This is known as the 
fine-tuning problem of the Higgs sector.

The discovery of the Higgs boson brought such questions unavoid-
ably to the fore. The mere existence of the Higgs boson, and the (still 
approximate) picture of its properties, already exclude many theoreti-
cal ideas. In comparison with the decades before its discovery, we now 
have a much clearer target and sharper questions to answer with our 
theoretical models.

Another important question is why there is more matter than anti-
matter in the Universe. This so-called baryonic asymmetry cannot 
be explained within the Standard Model. Such an asymmetry can be 
generated if a suitable set of conditions is met76. One promising avenue 
that is being explored follows the history of the Universe as it cooled 
down after the Big Bang.

When the Universe was very hot, the minimum of the Higgs potential 
at a non-zero value of the Higgs field was largely irrelevant because 
temperature fluctuations were much larger than the depth of the poten-
tial. As the Universe cooled, the situation changed. Within the Stand-
ard Model that change is smooth. Other promising scenarios, which 
involve new particles interacting with the Higgs boson, would generate 
a sharper transition, which sets the stage for generating the observed 
baryon asymmetry77, although further ingredients are also needed.

These scenarios involve more complex structures for the Higgs 
potential, and at least one new particle at the electroweak energy 
scale, which can be searched for at the LHC either through its direct 
production or through its indirect impact on the Higgs couplings, in 
particular the Higgs self-interaction. A measurement of the latter is 
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More profound questions could be asked
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The Higgs boson mass :  “is not”vs.“is” 

✔︎ The Higgs boson mass is not a prediction of the theory but the Higgs 
boson mass is free input parameter of the theory

 
✔︎ The Higgs boson mass measurement is not a test of the SM but the 
Higgs boson mass is an important1) ingredient in SM predictions of many  
“mH-dependent” SM observables: 


• Higgs boson observables : couplings, branching ratios, width

• Electroweak observables : mass of the W boson, mass of the top quark, effective weak 
mixing angle, …. 
 

4
1) I would argue that is the most important

✔︎ The Higgs boson mass value is connected to the Fermi and the Planck 
scales and ultimately with the vacuum stability
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mH and effects on EWK observables
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100 283.41 35.89 7.23 1.27 28.56 0.64 −1.27 −0.16

200 307.35 35.89 7.23 1.27 30.02 0.35 −2.11 −0.09

300 323.27 35.89 7.23 1.27 31.10 0.23 −2.77 −0.03

600 353.01 35.89 7.23 1.27 32.68 0.05 −4.10 −0.09

1000 376.27 35.89 7.23 1.27 32.36 −0.41 −5.04 −1.04

Table 1: The numerical values (×104) of the different contributions to ∆r specified in
eq. (1) are given for different values of MH and MW = 80.426 GeV (the W and Z masses
have been transformed so as to correspond to the real part of the complex pole). The
other input parameters are listed in eq. (5).

calculation into the mass parameter defined according to the real part of the complex
pole, which corresponds to a Breit–Wigner parametrisation with a constant decay width,
see Ref. [8]. It is understood that MW in this paper always refers to the conventional
definition according to a Breit–Wigner parametrisation with running width. The change
of parametrisations is achieved with the one loop QCD corrected value of the W-boson
width as described in Ref. [8].

Table 1 shows that the two-loop QCD correction, ∆r(ααs), and the fermionic elec-

troweak two-loop correction, ∆r(α
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ferm are of similar size. They both amount to about 10%
of the one-loop contribution, ∆r(α), entering with the same sign. The most important
correction beyond these contributions is the three-loop QCD correction, ∆r(αα
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s ), which

leads to a shift in MW of about −11 MeV. For large values of MH also the contribu-
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), give rise to shifts in MW which are significantly smaller than the

experimental error envisaged for a future Linear Collider, δM exp,LC
W = 7 MeV [16].

Since ∆r is evaluated in Table 1 for a fixed value of MW, the contributions ∆r(ααs)

and ∆r(αα
2
s ) are MH-independent. In the iterative procedure for evaluating MW according

to eq. (3), on the other hand, also these contributions become MH-dependent through the
MH-dependence of the inserted MW value.

The result for MW based on eqs. (3), (4) can be approximated by the following simple
parametrisation (see Ref. [22] for an earlier parametrisation of MW),

MW = M0
W − c1 dH− c2 dH

2 + c3 dH
4 + c4(dh− 1)− c5 dα + c6 dt− c7 dt

2

− c8 dHdt + c9 dh dt− c10 dαs + c11 dZ, (6)

3

Approximated parametrisation for the mass of W boson (mW)  : 


δMW(full result)/ MeV δMW(eqs. (6)–(8))/ MeV

δMH = 100 GeV −41.3 −41.4

δmt = 5.1 GeV 31.0 31.0

δMZ = 2.1 MeV 2.6 2.6

δ
(

∆α(5)
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)

= 0.00036 −6.5 −6.5

δαs(MZ) = 0.0027 −1.7 −1.7

Table 2: Shifts in MW caused by varying MH by 100 GeV and the other input parameters
by 1σ around their experimental central values [14]. The first column shows the full result
for MW, while the second column is based on the simple parametrisation of eqs. (6)–(8).
The shifts δMW are relative to the value MW = 80.3799 GeV which is the result for
MH = 100 GeV and the central values of the other input parameters as specified in
eq. (5).
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and the coefficients M0
W, c1, . . . , c11 take the following values

M0
W = 80.3779 GeV, c1 = 0.05427 GeV, c2 = 0.008931 GeV,

c3 = 0.0000882 GeV, c4 = 0.000161 GeV, c5 = 1.070 GeV,

c6 = 0.5237 GeV, c7 = 0.0679 GeV, c8 = 0.00179 GeV,

c9 = 0.0000664 GeV, c10 = 0.0795 GeV, c11 = 114.9 GeV. (8)

The parametrisation given in eqs. (6)–(8) approximates the full result for MW to better
than 0.5 MeV over the whole range of 10 GeV ≤ MH ≤ 1 TeV if all other experimental
input values vary within their combined 2σ region around their central values given in
eq. (7).

In Table 2 the full result for MW and the parametrisation of eqs. (6)–(8) are com-
pared with each other. The table shows the shifts in MW (relative to the value MW =
80.3799 GeV, which is the result for MH = 100 GeV and the central values of the other
input parameters as specified in eq. (5)) induced by varying MH by 100 GeV and the other
input parameters by 1σ around their experimental central values [14]. In the example of
Table 2, where only one parameter has been varied in each row and all others have been
kept at their central values, the maximum deviation between the full result for MW and
the parametrisation of eqs. (6)–(8) is below 0.1 MeV.

The parametrisation of eqs. (6)–(8) yields a good approximation of the full result for
MW even for values of MH much smaller than the experimental 95% C.L. lower bound
on the Higgs-boson mass, MH = 114.4 GeV [23]. If one restricts to the region MH >
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W = 7 MeV [16].

Since ∆r is evaluated in Table 1 for a fixed value of MW, the contributions ∆r(ααs)

and ∆r(αα
2
s ) are MH-independent. In the iterative procedure for evaluating MW according

to eq. (3), on the other hand, also these contributions become MH-dependent through the
MH-dependence of the inserted MW value.

The result for MW based on eqs. (3), (4) can be approximated by the following simple
parametrisation (see Ref. [22] for an earlier parametrisation of MW),

MW = M0
W − c1 dH− c2 dH

2 + c3 dH
4 + c4(dh− 1)− c5 dα + c6 dt− c7 dt

2

− c8 dHdt + c9 dh dt− c10 dαs + c11 dZ, (6)

3

Approximated parametrisation for the mass of W boson (mW)  : 


δMW(full result)/ MeV δMW(eqs. (6)–(8))/ MeV

δMH = 100 GeV −41.3 −41.4

δmt = 5.1 GeV 31.0 31.0

δMZ = 2.1 MeV 2.6 2.6

δ
(

∆α(5)
had

)

= 0.00036 −6.5 −6.5

δαs(MZ) = 0.0027 −1.7 −1.7

Table 2: Shifts in MW caused by varying MH by 100 GeV and the other input parameters
by 1σ around their experimental central values [14]. The first column shows the full result
for MW, while the second column is based on the simple parametrisation of eqs. (6)–(8).
The shifts δMW are relative to the value MW = 80.3799 GeV which is the result for
MH = 100 GeV and the central values of the other input parameters as specified in
eq. (5).

where

dH = ln

(

MH

100 GeV

)

, dh =

(

MH

100 GeV

)2

, dt =
( mt

174.3 GeV

)2
− 1,

dZ =
MZ

91.1875 GeV
− 1, dα =

∆α

0.05907
− 1, dαs =

αs(MZ)

0.119
− 1, (7)

and the coefficients M0
W, c1, . . . , c11 take the following values

M0
W = 80.3779 GeV, c1 = 0.05427 GeV, c2 = 0.008931 GeV,

c3 = 0.0000882 GeV, c4 = 0.000161 GeV, c5 = 1.070 GeV,

c6 = 0.5237 GeV, c7 = 0.0679 GeV, c8 = 0.00179 GeV,

c9 = 0.0000664 GeV, c10 = 0.0795 GeV, c11 = 114.9 GeV. (8)

The parametrisation given in eqs. (6)–(8) approximates the full result for MW to better
than 0.5 MeV over the whole range of 10 GeV ≤ MH ≤ 1 TeV if all other experimental
input values vary within their combined 2σ region around their central values given in
eq. (7).

In Table 2 the full result for MW and the parametrisation of eqs. (6)–(8) are com-
pared with each other. The table shows the shifts in MW (relative to the value MW =
80.3799 GeV, which is the result for MH = 100 GeV and the central values of the other
input parameters as specified in eq. (5)) induced by varying MH by 100 GeV and the other
input parameters by 1σ around their experimental central values [14]. In the example of
Table 2, where only one parameter has been varied in each row and all others have been
kept at their central values, the maximum deviation between the full result for MW and
the parametrisation of eqs. (6)–(8) is below 0.1 MeV.

The parametrisation of eqs. (6)–(8) yields a good approximation of the full result for
MW even for values of MH much smaller than the experimental 95% C.L. lower bound
on the Higgs-boson mass, MH = 114.4 GeV [23]. If one restricts to the region MH >

4

where
W Mass

Roman Kogler The Global Electroweak Fit10

‣ Agreement within 1σ between prediction and LHC+LEP average 
‣ CDF II measurement disagrees with prediction by 6.8σ

Prediction: MW = 80.354 ± 0.007 GeV
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Significant one loop 
corrections growing like 
the logarithm of mH. 

You will know everything about 
the new results from CMS on 

MW (the most precise at 
LHC!) in David Walter’s talk 

this week

Intermezzo

LHC experimental results before last ATLAS and CMS updates 
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mH a single POI when in the combination 
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 Run2 results, best single channel measurement at LHC !  4ℓ

Expecting to go below 30 MeV at HL-LHC 
Improvements due to:  x20 more luminosity, the new 
tracker with less material, the stability of the HGCal, 
the improvements to the barrel calorimeters, and the 
pileup suppression provided by the new MTD. 

Precision fully driven by statistics.

arXiv:2409.13663 
submitted to PRD

https://arxiv.org/abs/2409.13663
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A crucial parameter for BSM searches, in SM  
c𝞽H = 48 fm, small width ΓH =4.1 MeV

We have long experience with heavy EW bosons 
(W and Z). However, their width is ΓH ∼2 GeV !

The direct measurements it is extremely hard! In addition, the total width is the sum of 
all the partial widths, on the contrary of LEP, at LHC only σxBR can be measured.

ΓH =4.1 MeV

mH =125 GeV
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Indirect measurement 
The fixed-width Breit-Wigner scheme is 
generally good in describe the inclusive 
differential (dσ/dm2) Higgs boson production

… as soon as we restrict to VV decay channel 
there is a large off-shell contribution above 
the VV threshold (high Higgs virtuality), it 
means that two q2 propagators compensate 
and the cross section is enhanced.   


… but …

Idea

LHCP - May 23rd, 2019L. Cadamuro (UF) Higgs couplings and properties

■ The SM Higgs boson 
width is ~4 MeV 
⟹ out of direct 
experimental reach


■ Derive from on-shell 
and off-shell production

□ with model-dependent 

assumptions on 
coupling modifiers

�5

Width measurementPLB 786 (2018) 345 
arXiv:1901.00174 (accepted by PRD)
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: Results of
the SM-like couplings analysis are shown using the data only from 2016 and 2017 (black) or
from the combination of Run 1 and Run 2 (red), which do not include 2015 data. Right plot:
Results of the combined Run 1 and Run 2 data analyses, with 2015 data included in the on-shell
case, for the SM-like couplings or with three unconstrained anomalous coupling parameters,
fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and fL1 cos (fL1) (violet). The dashed horizontal lines
show the 68% and 95% CL regions.

fusion (±0.2 and ±0.4 MeV), the muon efficiency uncertainty (±0.1 and ±0.4 MeV), and the
electron efficiency uncertainty (±0.1 and ±0.3 MeV).

The width constraints could also be reinterpreted as an off-shell signal strength with a change
of parameters. For this interpretation, we perform an SM-like analysis of only the off-shell
events, where the signal strength is modified by the parameter µoff-shell common to all pro-
duction mechanisms in Eqs. (1) and (10), with GH = G0 = GSM

H and the SM expectation corre-
sponding to µoff-shell = 1. In addition, we also perform a fit of the off-shell events with two
unconstrained parameters µoff-shell

F and µoff-shell
V , which express the signal strengths in the gluon

fusion and EW processes, respectively. These constraints are summarized in Table 10.

7 Summary
Studies of on-shell and off-shell H boson production in the four-lepton final state are presented,
using data from the CMS experiment at the LHC that correspond to an integrated luminosity
of 80.2 fb�1 at a center-of-mass energy of 13 TeV. Joint constraints are set on the H boson total
width and parameters that express its anomalous couplings to two electroweak vector bosons.
These results are combined with those obtained from the data collected at center-of-mass ener-
gies of 7 and 8 TeV, corresponding to integrated luminosities of 5.1 and 19.7 fb�1, respectively.
Kinematic information from the decay particles and the associated jets are combined using ma-
trix element techniques to identify the production mechanism and increase sensitivity to the H
boson couplings in both production and decay. The constraints on anomalous HVV couplings
are found to be consistent with the standard model expectation in both on-shell and off-shell
regions, as presented in Tables 6 and 7. Under the assumption of a coupling structure similar
to that in the standard model, the H boson width is constrained to be 3.2+2.8

�2.2 MeV while the
expected constraint based on simulation is 4.1+5.0

�4.0 MeV, as shown in Table 8. The constraints on
the width remain similar with the inclusion of the tested anomalous HVV interactions and are
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Figure 3: Scan of the negative log-likelihood, �2 ln �, for the (a) o�-shell Higgs signal strength, µo�-shell (b) �H/�SM
H

ratio (c) Rgg = 2g,o�-shell/2g,on-shell. The solid lower black (upper blue) line represents the observed (expected) value
including all systematic uncertainties, while the dashed lower black (upper blue) line is for the observed (expected)
value without systematic uncertainties (lower and upper refer here to the position of the lines in the legend). The
double minimum structure of the scan when the parameter of interest approaches zero is the consequence of the
parametrisation as shown in Eqs. (1).
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The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm
2
ZZ

⇠
g

2
ggHg

2
HZZ

(m2
ZZ � m

2
H)

2 + m
2
HG2

H
, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g
2
ggHg

2
HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g

2
ggHg

2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

# < 14.4 MeV (15.2 exp.) @ 95% C.L. 
Run 2, H → ZZ* → 4ℓ + 2ℓ2$

# < 9.16 MeV (13.7 exp.) @ 95% C.L. 
Run1 + Run2, H → ZZ* → 4ℓ Starting to also place 

a lower bound on # !
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Higgs couplings.

After 10 years, five main production channels and
five main decay channels observed and being
used for measurements
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Higgs couplings.

After 10 years, five main production channels and
five main decay channels observed and being
used for measurements
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The main channel to probe Higgs- charm coupling (BR in SM: 2.8%)
VH(cc) : great improvements in the last few years

likelihood ratio modified for upper limits [97], and the
asymptotic approximation [98] is used in the limit setting
procedure. The observed (expected) 95% C.L. upper limit
on μVHðH→cc̄Þ is 14 (7.6þ3.4

−2.3 ), which is equivalent to an
observed (expected) upper limit on σðVHÞBðH → cc̄Þ of
0.94 ð0.50þ0.22

−0.15Þ pb. Contributions from the individual
channels are summarized in Fig. 4. Tabulated results are
provided in the HEPData record for this analysis [101].
The result is interpreted in the κ framework [62,102] by

reparameterizing μVHðH→cc̄Þ in terms of the Higgs-charm
Yukawa coupling modifier κc, assuming only the Higgs
boson decay widths are altered:

μVHðH→cc̄Þ ¼
κ2c

1þ BSMðH → cc̄Þðκ2c − 1Þ
: ð1Þ

The observed 95%C.L. interval is 1.1 < jκcj < 5.5, and the
corresponding expected constraint is jκcj < 3.4.
In summary, a search for the SM Higgs boson decaying

to a pair of charm quarks in the CMS experiment is
presented. Novel jet reconstruction and identification tools,
and analysis techniques are developed for this analysis,
which is validated by measuring the VZðZ → cc̄Þ process.
The observed Z boson signal relative to the SM prediction
is μVZðZ→cc̄Þ ¼ 1.01þ0.23

−0.21 , with an observed (expected)
significance of 5.7 (5.9) standard deviations above the

background-only hypothesis. This is the first observation of
Z → cc̄ at a hadronic collider.
The observed (expected) upper limit on σðVHÞBðH →

cc̄Þ is 0.94 ð0.50þ0.22
−0.15Þ pb, corresponding to 14 (7.6þ3.4

−2.3 )
times the theoretical prediction for an SM Higgs boson
mass of 125.38 GeV. The observed (expected) 95% C.L.
interval on the modifier, κc, for the Yukawa coupling of the
Higgs boson to the charm quark is 1.1 < jκcj < 5.5
(jκcj < 3.4). This is the most stringent constraint on κc
to date.

We congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and at
other CMS institutes for their contributions to the success of
the CMS effort. In addition, we gratefully acknowledge the
computing centers and personnel of the Worldwide LHC
Computing Grid and other centers for delivering so effec-
tively the computing infrastructure essential to our analyses.
Finally, we acknowledge the enduring support for the
construction and operation of the LHC, the CMS detector,
and the supporting computing infrastructure provided by the
following funding agencies: BMBWF and FWF (Austria);
FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ,
FAPERGS, and FAPESP (Brazil); MES and BNSF
(Bulgaria); CERN; CAS, MoST, and NSFC (China);
MINCIENCIAS (Colombia); MSES and CSF (Croatia);
RIF (Cyprus); SENESCYT (Ecuador); MoER, ERC PUT
and ERDF (Estonia); Academy of Finland, MEC, and HIP
(Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG,
and HGF (Germany); GSRI (Greece); NKFIH (Hungary);
DAE and DST (India); IPM (Iran); SFI (Ireland); INFN
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cc̄Þ signal and total background yields. The lower panel shows
data (points) and the fitted VHðH → cc̄Þ (red) and VZðZ → cc̄Þ
(gray) distributions after subtracting all other processes. Error
bars represent presubtraction statistical uncertainties in data,
while the gray hatching indicates the total uncertainty in the
signal and all background processes.
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The observed 95%C.L. interval is 1.1 < jκcj < 5.5, and the
corresponding expected constraint is jκcj < 3.4.
In summary, a search for the SM Higgs boson decaying

to a pair of charm quarks in the CMS experiment is
presented. Novel jet reconstruction and identification tools,
and analysis techniques are developed for this analysis,
which is validated by measuring the VZðZ → cc̄Þ process.
The observed Z boson signal relative to the SM prediction
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cc̄Þ is 0.94 ð0.50þ0.22
−0.15Þ pb, corresponding to 14 (7.6þ3.4

−2.3 )
times the theoretical prediction for an SM Higgs boson
mass of 125.38 GeV. The observed (expected) 95% C.L.
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merged-jet analysis. The fitted mðHcandÞ distribution in each SR
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cc̄Þ signal and total background yields. The lower panel shows
data (points) and the fitted VHðH → cc̄Þ (red) and VZðZ → cc̄Þ
(gray) distributions after subtracting all other processes. Error
bars represent presubtraction statistical uncertainties in data,
while the gray hatching indicates the total uncertainty in the
signal and all background processes.
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The main channel to probe Higgs coupling to c quarks (BR in SM: 2.8%)
Probe yc in the production side with associated production

6

are floated. All systematic uncertainties are included as nuisance parameters in the profile
likelihood ratio.

Invariant mass distribution of selected events all categories weighted by S/(S + B), where S
(B) is the numbers of expected signal (background) events in the smallest mass window con-
taining 68.3% of the expected signal events, is shown in Fig. 4. Curves for the fitted signal +
background and for the fitted background, as well as bands covering the ±1s and ±2s uncer-
tainties of the fitted background, are overlaid. Table 1 shows the number of expected signal
events, resonant background events and fitted continuous background events in the mass win-
dow [122.88, 127.88] GeV around the Higgs boson mass 125.38 GeV for all categories. The size
of the mass window is close to twice the diphoton invariant mass resolution.
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Figure 4: Invariant mass distribution for the selected events in all categories weighted by S/(S +
B), where S (B) is the numbers of expected signal (background) events in the smallest mass win-
dow containing 68.3% of the expected signal events. Curves for the fitted signal + background
(red), for the fitted background (black) and for the fitted continuous background (blue), as well
as bands covering the ±1s and ±2s uncertainties of the fitted background, are overlaid. The
lower panel shows the mgg distribution subtracting the continuous background and overlaying
the curve for the fitted signal (purple).

The observed data are compatible with the background only hypothesis. Using asymptotic
distributions for the test statistics based on the profile likelihood ratio [56, 57], an upper limit
at 95% confidence level on the cH signal strength can be set at 243 times the SM (expected
upper limit is 355 times the SM). Furthermore, constraints are set on the Higgs-charm coupling
modifier, kc. Taking the “flat direction” approach introduced in Ref [30], the modifier of the
other Higgs coupling strengths, kH, is changed according to kc so that the signal strengths of
non-cH Higgs processes in the diphoton decay channel are always unity. The signal strength
of cH process can however be modified by kc, through production cross section, decay partial
width and total width. At 95% confidence level, the observed constraint on kc is |kc| < 38.1
(expected constraint is |kc| < 72.5). This analysis, considered the limited statistical sensitivity,
does not attempt to separate c-H from b-H coupling.

10. Conclusion 7

Signal Resonant bkg. Continuous bkg. S/B
cH ggH ttH VBF VH bH Total (⇥103) (⇥10�5)

Category 0 0.0128 83.8% < 0.1% 5.3% 3.4% 7.5% 2.43 0.50 2.55
Category 1 0.0158 78.7% 0.3% 7.3% 6.3% 7.3% 3.31 1.53 1.03
Category 2 0.0072 72.2% 4.0% 8.3% 9.1% 6.4% 1.77 7.43 0.10
Category 3 0.0034 72.3% 0.1% 16.2% 5.9% 5.6% 1.29 0.17 2.03
Category 4 0.0087 68.0% 1.2% 16.0% 9.9% 4.9% 3.52 0.96 0.90
Category 5 0.0094 53.7% 14.5% 14.7% 13.5% 3.6% 5.11 9.87 0.10
Category 6 0.00029 42.0% 1.9% 42.5% 12.2% 1.5% 0.52 0.02 1.47
Category 7 0.00095 43.1% 13.8% 25.1% 16.8% 1.3% 1.83 0.16 0.59
Category 8 0.00165 35.7% 31.5% 15.0% 16.7% 1.1% 3.32 1.89 0.09

All categories 0.060 61.4% 9.4% 13.9% 10.8% 4.5% 23.1 22.5 0.27
Table 1: Number of expected signal cH (H ! gg) events, resonant background events, and con-
tinuous background events, as well as signal-over-background ratio (S/B), in the mass window
[122.88, 127.88] GeV for all categories. The fraction of different production processes contribut-
ing to the resonant background (ggH, ttH, VBF, and bH) is also reported.

The sensitivity of this analysis is dominated by the statistical uncertainty of data, the flavor
scheme and QCD scale uncertainties of cH production, as well as the heavy flavor modeling
uncertainty of ggH production. Table 2 shows the impacts of several systematic uncertainty
groups divided by the total uncertainty in the signal strength measurement.

Theoretical uncertainties on cH signal 38%
Theoretical uncertainties on resonant background 59%
Experimental uncertainties on yields 27%
Experimental uncertainties on mass shapes negligible
Luminosity uncertainties negligible

Table 2: Impacts of several systematic uncertainty groups divided by the total uncertainty in
the signal strength measurement.

10 Conclusion

To conclude, we present the first search for the associated production of a charm quark and
the Higgs boson. Assuming the mean value of the signal strengths of non-cH Higgs processes
in the diphoton decay channel to be at the SM prediction, the observed (expected) upper limit
at 95% confidence level on the cH signal strength is 243 (355) times the SM prediction. This
search provides additional sensitivity to the Yukawa coupling between the Higgs boson and
the charm quark. In the same assumption, the observed (expected) allowed interval on kc, the
Higgs-charm coupling strength modifier, is |kc| < 38.1 (|kc| < 72.5) at 95% confidence level.
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1 Introduction

The Higgs boson (H) was discovered [1–3] by the ATLAS and CMS experiments in 2012. This
discovery completed the fundamental particle spectrum of the Standard Model (SM) and was a
milestone for particle physics. Since then, several measurements of the Higgs boson properties
(including spin, mass, couplings) [4–11] have been performed to refine our understanding of
the BEH mechanism, which is responsible for the masses of fundamental particles. Any devi-
ation from the SM predictions on the Higgs boson properties would provide essential clues to
new physics beyond the SM.

The couplings between the Higgs boson and all the third-generation fermions (top quark, b
quark, tau lepton) have been observed [12–23]. The couplings to second-generation fermions
are still under intensive investigation. Recently, the CMS Collaboration published the first evi-
dence of Higgs boson decays to muons [24]. An important next milestone is the observation of
the Higgs boson couplings to second-generation quarks. Currently, the most sensitive process
used to probe Higgs boson couplings to the charm quark is the H ! cc̄ decay. The upper limits
on the H ! cc̄ signal strength using full Run 2 data from the ATLAS and CMS experiments
are respectively 26 and 14 times the SM prediction [25, 26]. For the Higgs boson-charm quark
Yukawa coupling modifier, kc, the observed 95% confidence level (CL) interval is |kc| < 8.5 and
1.1 < |kc| < 5.5, respectively. Searches for a Higgs boson decay to a quarkonium and a photon
could provide weaker constraints on the Higgs boson-charm quark coupling [27, 28]. Improv-
ing the experimental sensitivity to this coupling is one of the major goals of the CMS Higgs
physics program in the years to come. An additional possibility is to search for Higgs boson
production in association with a charm quark [29, 30]. The Feynman diagrams of this process
contains Higgs-charm coupling vertex, as shown in Fig. 1.

07-12-24

Hc

g c

cc

g H

c

g H

c

Figure 1: Leading order Feynmann diagrams that contribute to pp ! Hc, red dots correspond
to vertices where the Yukawa coupling yc enters (left and center), while the blue vertex corre-
sponds to the SM-like top loop, integrated out (right).

This note reports for the first time the search for the associated production of a charm quark
and the Higgs boson, focusing on the diphoton decay channel of the Higgs boson. The anal-
ysis results are based on the full LHC Run 2 dataset of proton-proton collisions at a center-
of-mass energy of 13 TeV, collected with the CMS experiment at the LHC during 2016-2018
and corresponding to an integrated luminosity of 138 fb�1 [31–33]. The main backgrounds
are represented by the continuous diphoton production and g + jets process and the resonant
background due to other Higgs boson production mechanisms. The former is not peaking in
diphoton mass and is estimated from data, while the latter is signal like and is estimated from
simulation, assuming the SM hypothesis.

2 CMS Detector

The Compact Muon Solenoid (CMS) [34] is a general-purpose detector at the Large Hadron
Collider (LHC). At CMS, a superconducting solenoid of 6m internal diameter provides a mag-

cH signal Resonant  
background

The observed (expected) 95% CL interval is  
< 38.8 ( < 72.5) 
|kc | |kc |

CMS-PAS-HIG-23-010
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Combining 5 different analyses, differential measurements are obtained in finer bins, and 
with less model-dependence. 
Interpreted in terms of b- and c-quark couplings considering only the pT shape (weaker) 
or also the branching ratios (stronger)

28

B Differential spectra and individual measurements

Figure 11: Measurement of the total differential cross section as a function of pH
T , Njets, pj1

T and
|yH|. The combined spectrum is shown in black points with error bars indicating a 1 standard
deviation uncertainty. The systematic component of the uncertainty is shown in gray. The
spectra for the H ! gg, H ! ZZ(⇤)

! 4`, H ! W+W�(⇤)
! e±µ⌥nlnl, H ! t+t�, and

H ! t+t� boosted are shown in red, blue, purple, green, and pink respectively. The SM
prediction is reported in light gray for MADGRAPH5 aMC@NLO NNLOPS. The rightmost bins
of the distributions are overflow bins, and normalized by the bin width of last but one bin.
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Figure 3: Observed and expected simultaneous fits for kb and kc, assuming a coupling de-
pendence of the branching fractions (left) and with the branching fractions implemented as
nuisance parameters with no dependence on the BR, referred to as “floating branching frac-
tions” in the text (right). The 68% and 95% CL contours are shown in solid and dashed lines
respectively: the black ones are for observed data, the yellow ones for expected. The shading
indicates the expected negative log-likelihood, with the scale shown on the right-hand side of
the plots.

to a symmetry of the parametrization under (kt, cg) ! (-kt, -cg). In both scenarios, the results
are consistent with the SM within 1s. The shapes of the likelihoods are in agreement with the
ones in [10], once scaled for the increase in the data size and decay channels included.

Figure 4: Simultaneous fit for kt and cg, observed and expected, assuming a coupling depen-
dence of the branching fractions (left) and with the branching fractions implemented as nui-
sance parameters with no dependence on the BR, referred to as “floating branching fractions”
in the text (right). The 68% and 95% CL contours are shown in solid and dashed lines respec-
tively: the black ones are for observed data, the yellow ones for expected. The shading indicates
the expected negative log-likelihood, with the scale shown on the right-hand side of the plots.

The observed and expected two-dimensional scans for kt and kb are shown in Figure 5. For
the branching fractions implemented as nuisance parameters with no prior constraint (right),
the parametrization is symmetric under (kt, kb) ! (-kt, -kb), hence the two symmetric sets of
contours. In both scenarios, the results are consistent with the SM within one standard devia-
tion. The shapes of the likelihoods are in agreement with the ones in [10], once scaled for the
increase of statistics and decay channels included.
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tively: the black ones are for observed data, the yellow ones for expected. The shading indicates
the expected negative log-likelihood, with the scale shown on the right-hand side of the plots.

The observed and expected two-dimensional scans for kt and kb are shown in Figure 5. For
the branching fractions implemented as nuisance parameters with no prior constraint (right),
the parametrization is symmetric under (kt, kb) ! (-kt, -kb), hence the two symmetric sets of
contours. In both scenarios, the results are consistent with the SM within one standard devia-
tion. The shapes of the likelihoods are in agreement with the ones in [10], once scaled for the
increase of statistics and decay channels included.

assuming a coupling  
dependence of the BRs 

no dependence on the BRs 


Not only ….

CMS-PAS-HIG-23-013
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Assume that the New Physics that could be observed via a new resonance that will not 
be in the kinematical reach of LHC  (E>ELHC) 
Low-energy effects of New Physics can modify the interactions of the Higgs bosons via 
modifications of the SM processes 

    Andreas B. Meyer                                                                                         Physics Highlights                                                                                     FSP-CMS Meeting 27 Sep 2024, Aachen                             
,   
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SMP-24-003Global EFT combination

42 linear combinations of 
Wilson coefficients from 
differential Higgs, Top, 
Electroweak, QCD varied 
simultaneously 

all consistent with standard model

1. Introduction 1

1 Introduction

The advent of the LHC era has allowed an extensive exploration of the standard model (SM)
across a broad energy range, from the discovery of the Higgs boson at a mass of 125 GeV by
the ATLAS and CMS Collaborations in 2012 [1–3] to searches for the direct production of heavy
new particles at the TeV scale [4–6]. The discovery of new particles would provide unambigu-
ous evidence of physics beyond the SM (BSM). To date, no heavy new particles have been
found, motivating a complementary strategy to look for indirect evidence of BSM physics via
deviations in known SM processes.

The SM effective field theory (SMEFT) provides a framework for such indirect searches. It
characterizes all possible deviations caused by new particles at an energy scale L, assumed to
be much higher than the electroweak scale, without depending on the realization of any specific
BSM model. Such an approach provides sensitivity beyond the maximum energy reach of the
LHC, which is important if BSM particles are too heavy to be produced on-shell. The SM
Lagrangian, LSM, is expanded in powers of 1/L as

LSMEFT = LSM + Â
d,j

c
(d)
j

Ld�4Q
(d)
j

, (1)

where Q
(d)
j

are operators of mass dimension d � 5, and the c
(d)
j

are Wilson coefficients (WCs)
controlling the size of the effect of each SMEFT operator. In this work we focus only on
d = 6 operators. These are the lowest-dimension operators beyond the SM when ignoring
odd-dimensional operators, which violate lepton or baryon number. These dimension-6 op-
erators are generally expected to give the leading BSM contribution, with higher-dimensional
operators suppressed by factors of 1/L4 or more.

There are 2499 d = 6 operators that together form an independent basis [7]. It is currently
not feasible to constrain this many operators simultaneously. However, the imposition of
flavour symmetries can reduce this number significantly. This note adopts the U(3)l ⇥U(3)e ⇥

U(2)q ⇥ U(2)u ⇥ U(2)d (“topU3l”) symmetry of Ref. [8], which treats first and second gen-
eration quarks as one set of fields, and the third generation as another independent set. This
reduces the basis to 182 operators. Of these, 53 have both a CP-conserving and a CP-violating
variant. Only the former are considered here, as the sets of measurements included in this com-
bined interpretation do not make use of variables that can distinguish between CP-conserving
and CP-violating effects. This leaves a total of 129 operators.

Each operator will typically impact multiple processes measured at the LHC, and any process
will be sensitive to multiple operators. Fig. 1 shows examples of SM processes modified by
the operator QW. While constraints can still be determined within a single measurement, these
typically require the assumption that other coefficients are fixed to zero. It is expected that
the presence of BSM physics would manifest itself through modifications of multiple operators
at the same time, which highlights the interest in constraining multiple Wilson coefficients
simultaneously. EFT interpretations of measurements of individual SM processes have already
been performed by both the ATLAS and CMS experiments. A selection of these results can be
found in Refs. [9–20].

The most general EFT interpretation requires simultaneous constraints from a global set of mea-
surements [21]. Such constraints are already set by several fitting collaborations, using publicly
available measurements from experiments at the LHC, and beyond, as input [22–25]. Addi-
tionally, EFT interpretations based on measurements of a range of processes in the top quark

New Physics is parametrised via additional 
effective couplings 
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2D constraints for pairs of CP-even and CP-odd operators  
Limits for each Wilson coefficient interpreted in term of a coupling and an energy scale 
Probe energy scales up to 100 TeV depending on the Wilson coefficient and the assumed 
coupling 
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8.3 Constraints on CP-even and CP-odd pairs of Wilson coefficients

A particularly relevant group of operators is the X2H2, listed in Table 9. The first four operators
conserve CP while the last four violate it. cHG and c̃HG mainly affect the gluon-gluon fusion
production of the Higgs boson, while the others affect VBF and VH production along with the
Higgs boson decay.
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µ
er)

q

q H

e

e
Z

c
(1)

Hq
(H

†
i
 !
D µH)(q̄p�

µ
qr)

q

q H

Z `

`

c
(3)

Hq
(H

†
i
 !
D

I

µ
H)(q̄p⌧

I
�
µ
qr)

q

q H

W `

⌫

cHu (H
†
i
 !
D µH)(ūp�
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Table 9: List of X2H2 operators and corresponding Wilson coefficients. On the rightmost col-
umn, example diagrams of the processes affected by the operators are shown.

In the first set of studies, confidence intervals are obtained for the following pairs:

• cHG-c̃HG

• cHB-c̃HB

• cHW-c̃HW

• cHWB-c̃HWB

When a pair is studied, all the other WCs are set to their SM value. Two-dimensional scans
obtained using the pH

T spectra of all the decay channels are reported in Figure 6. The results
are consistent with the SM within one standard deviation. The same scans were performed
by the ATLAS collaboration in [12], using only the H ! gg decay channel. The contour plots
presented in this note are in agreement with the results obtained by ATLAS, and the constraints
are tighter due to the use of a larger number of decay channels.

The same set of scans is performed using the Dfjj spectra of the H ! gg and H ! ZZ(⇤)
! 4`

decay channels. The results are consistent with the SM within 1s and provide less stringent
constraints than the ones obtained using the pH

T spectra. The results are shown in Figure 15,
Appendix D.

8.4 Constraints on linear combinations of Wilson coefficients

The available data do not contain enough information to constrain all coefficients ci. Many de-
grees of freedom are left unconstrained by data, manifesting as flat directions of the likelihood
in the coefficients phase space. The principal component analysis is a useful tool to study the
sensitivity of the data to the Wilson coefficients. Performing eigenvector decomposition of the
Fisher information matrix provides linear combinations of the original coefficients ci with an

Operators and  relative Wilson  
coefficients that provided larger constrains 
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It requires simultaneous constraints from a global set of measurements. 
H→γγ, tt , ttX, WW, Wγ, Z→νν, and inclusive jet production are used. In addition the electroweak 
precision observables (EWPO) at LEP and SLC are also included


Individual constraints 
on 64 WCs and 
constraints on 42 
linear combinations 
of WCs, are obtained. 
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Figure 11: Constraints on individual WCs, for the hybrid fit including the ttX analysis. The constraints for each Wilson coefficient are
obtained keeping the other coefficients fixed to 0. The lower panel shows the contribution of different input measurements to the total
constraints. Note that the constraints are scaled by powers of 10 to ensure the constraints on all 64 WCs can be visualized on the same
y-axis scale.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/index.html
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Alessandro Tarabini on behalf of the CMS collaboration 
(ETH Zürich, IPA)


2024 LHC Days 
30/09/2024

The new frontier
Inclusive and differential Higgs boson cross sections at   TeVs = 13.6

We have them, they are great … but … you will see later this week 
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We have collected 10%  and 
have analyzed only 5% of the 
expected final LHC + HL-LHC 
integrated luminosity,

yet we have already achieved 
magnificent results
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High  
Luminosity
LHC

Conclusion.
Precision of measured Higgs couplings increased
strongly from discovery to now

? Number of Higgs bosons produced at LHC
increased by a factor of 36 since discovery

? Next step of improvement when combining
ATLAS and CMS results

But: many beyond SM scenarios predict only
%-level deviations from SM

About 20⇥ more Higgs bosons expected from
Run3 and High-Luminosity LHC

? Harsher experimental conditions require
upgrades of our detectors

See the talks in the afternoon for the newest results and
more details!
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This paper
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CMS [Nature 607, 60-68 (2022)]
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Many beyond SM scenarios predict only %-level 
deviations from SM !


 Harsher experimental conditions require 
upgrades of our detectors 
→

hopes & wishes

We have collected 10%  and 
have analyzed only 5% of the 
expected final LHC + HL-LHC 
integrated luminosity,

yet we have already achieved 
magnificent results

Nature 607 (2022) 60

https://www.nature.com/articles/s41586-022-04892-x
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The quest to accomplish these goals and 
the following exploitation of Run3 
produced several experimental milestones 

Advanced event processing, e.g., pileup 
subtraction schemes 

Improved reconstruction algorithms, 
e.g., jet tagging 

… 

Since ~ 2015, these improvements have 
been boosted by the use of Deep 
Learning algorithms 

The result of this process is a much more 
accurate event reconstruction, enabling 
the exploitation of LHC data for 
precision physics 5

Rise in Precision: Better Data

Since Run 1, there have been significant improvements on all fronts, some further enhanced 
by the use of deep learning algorithms. As a result, event reconstruction has become much 
more accurate, enabling improvements wrt past projections.

Used in shown  
analyses

6

Rise in Precision: Better Data
F. Gianotti’s talk at ICHEP 2022

F. Gianotti’s talk at ICHEP 2022 


https://agenda.infn.it/event/28874/contributions/171915/attachments/95072/130540/ICHEP-Higgs-2022-Fabiola.pdf
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We face a period of unprecedented possibilities in particle physics. 

With the Higgs boson discovery new conceptual questions are defined.  
A fundamental scalar? A self-interacting particle? … 


Additionally other major discoveries have occurred at the LHC so far:

• The observation of the Higgs boson Yukawa coupling with the 3rd family of fermions


• The establishment of three as the total number of fermion families.


• The non-observation of SUSY (e.g a model that could solve Hierarchy, Unification, and 
Dark Matter problems in one go)

The future will be all profoundly interesting, whether or not the results 
will be in agreement with SM predictions and Higgs boson physics will 
provide a reach set of results 


