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Introduction
• Importance of mH in several aspects of our understanding of fundamental physics.

‣ Understanding the perturbative expansion of its 
potential (λv2h2). 

‣ Precise higher order corrections to the theory 
predictions of the Higgs interactions depend on the 
value of mH.

‣ Input to the precision global fit of the Standard 
Model.

‣ Free parameter to be determined by the experiment.

‣ A gauge of our detector understanding  
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Figure 2: a) Potential V (S) as a function of the average value of the field S.
b) Higgs potential as a function of the Higgs field average value H for µ2 =
�(90 GeV)2, � = 0.13, c0 = µ4/(4�) (solid red line). Experiments probe the
minimum of the potential and its curvature at the minimum (dashed blue line).

the Big Bang from a high temperature phase with the symmetric vacuum (zero
average Higgs field) to a low temperature phase6 when it fell into one of the
two minima, e.g. Hvac = v/

p
2 > 0, which became our current vacuum. This

phase transition, known as the electroweak phase transition, will be discussed
in Section 6.

The Higgs particle (Higgs boson or Higgs in short) is the quantum of the
Higgs field. Its mass is defined by the Higgs potential but while the mass of the
S particle is clearly visible in Eq.2 as the positive coe�cient of the S2 term,
the same is not true for the Higgs since the coe�cient µ2 of the H2 term has
the wrong sign, it is negative. In order to expose the mass of the corresponding
Higgs, we have to separate the field H into two parts: a part h corresponding
to the Higgs particle, which fluctuates about Hvac = v/

p
2, and the constant

part v/
p
2 itself,

H = (h+ v)/
p
2. (4)

Plugging the separated field H into Eq.3, we get for c0 = µ4/(4�)

V (h) =
1

4
�h4 + �vh3 + �v2h2 (5)

We will focus on the last term, �v2h2, which has the form of a mass term,
M2

h h2/2, with the correct sign. It corresponds to the Higgs boson with the
mass

M2
h = 2�v2 = �2µ2 (6)

The most important fact that the Higgs field must be nonzero in the vacuum
(including the value of v) has been known for decades, but we had to wait for

6
The temperature of the current Universe is e↵ectively zero.

5

Power law expansion of the potential 

2.2 Results 11

140 150 160 170 180 190
 [GeV]tm

80.25

80.3

80.35

80.4

80.45

80.5 [G
eV

]
W

M

68% and 95% CL contours
 measurementst and mWFit w/o M

 measurementsH and M
t

, mWFit w/o M
 measurementst and mWDirect M

σ 1± comb. WM
 0.013 GeV± = 80.379 WM

σ 1± comb. tm
 = 172.47 GeVtm

 = 0.46 GeVσ
 GeV theo 0.50⊕ = 0.46 σ

 = 125 GeV

HM = 50 GeV

HM  = 300 GeV

HM  = 600 GeV

HM

Figure 5: Contours at 68% and 95% CL obtained from scans of MW versus mt for the fit including (blue)
and excluding the MH measurement (grey), as compared to the direct measurements (green vertical and
horizontal 1� bands, and two-dimensional 1� and 2� ellipses). The direct measurements of MW and mt are
excluded from the fits.

When evaluating sin2✓`
e↵

through the parametric formula from Ref. [69], an upward shift of 2 ·10�5

with respect to the fit result is observed, mostly due to the inclusion of MW in the fit. Using
the parametric formula the total uncertainty is larger by 0.6 · 10�5, as the global fit exploits the
additional constraint from MW . The fit also constrains the nuisance parameter associated with the
theoretical uncertainty in the calculation of sin2✓`

e↵
, resulting in a reduced theoretical uncertainty

of 4.0 · 10�5 compared to the 4.7 · 10�5 input uncertainty.

The mass of the top quark is indirectly determined to be

mt = 176.4± 2.1 GeV , (4)

with a theoretical uncertainty of 0.6 GeV induced by the theoretical uncertainty on the prediction of
MW . The largest potential to improve the precision of the indirect determination of mt is through
a more precise measurement of MW . Perfect knowledge of MW would result in an uncertainty on
mt of 0.9 GeV.

The strong coupling strength at the Z-boson mass scale is determined to be

↵S(M
2

Z) = 0.1194± 0.0029 , (5)

which corresponds to a determination at full next-to-next-to leading order (NNLO) for electroweak
and strong contributions, and partial strong next-to-NNLO (NNNLO) corrections. The theory
uncertainty of this result is 0.0009, which is shared in equal parts between missing higher orders
in the calculations of the radiator functions and the partial widths of the Z boson. The most
important constraints on ↵S(M2

Z
) come from the measurements of R0

`
, �Z and �

0

had
, also shown in

Fig. 6. The values of ↵S(M2

Z
) obtained from the individual measurements are 0.1237±0.0043 (R0

`
),

Global Electroweak fits from the Gfitter Collaboration 

http://project-gfitter.web.cern.ch/p
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5. Photon reconstruction and identification 5
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Figure 1: Comparison of the dielectron invariant mass distribution in data and simulation for
Z ! ee events after applying only the electron energy corrections. Both electrons are required
to have ET > 50 GeV and to be reconstructed in the ECAL barrel region. The error bands
account for the statistical uncertainty and the systematic uncertainty associated with the energy
scale corrections.

separately for the three electronics gain ranges used to read out the seed crystal of the super-
cluster, to account for any difference due to differing response as a function of electronic gain.
Finally, although the energy scale and smearing corrections are extracted simultaneously at
each step, the smearing corrections and corresponding systematic uncertainties are estimated
in large ET bins. Compared to the measurement in [8], the energy smearing corrections are
ET-dependent, and derived in bins of R9 and h.

This fine-grained ET-dependent energy scale correction improves the precision of the Higgs
boson mass, since the mean energy of the electrons in Z boson decays (⇡ 45 GeV) used to derive
the scale corrections is lower than the mean energy of photons in Higgs decays (⇡ 60 GeV)
where these corrections are applied.

After applying these energy scale corrections and the additional energy smearings, the com-
parison between data and simulation in the dielectron invariant mass can be seen in the event
distribution shown in Fig. 1. This figure demonstrates the performance of the energy scale cor-
rections in the kinematic region where the transverse energy (ET) of the two electrons lies in
the same range as that of photons from Higgs boson decays.

In the second stage, an additional correction factor, the ‘uniformity’ correction, is introduced
to account for the radiation damage sustained by the ECAL crystals during data-taking, which
affects the uniformity of light collection and consequently the energy scale. In the CMS ECAL,
the energy of an electromagnetic object is reconstructed from the scintillation light produced
by the electromagnetic shower in the crystals. Radiation-induced transparency losses are cor-
rected using a laser monitoring system [20]. However, residual differences between photons
and electrons may arise because radiation damage mainly affects the crystal front face, alter-
ing the light-collection uniformity, as electromagnetic showers initiated by photons develop
approximately 0.8 radiation lengths (⇡ 7 mm) deeper in the crystal than showers initiated by
electrons. The uniformity correction takes into account the increase in the radiation damage to
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Figure 3: Comparison of the three-body invariant mass distribution in data and simulation for
Z ! µµg events in the ECAL barrel region (|hg| < 1.44) with ET,g > 50 GeV. The left panel
shows the distribution after the first two calibration stages, without the final photon energy
scale correction derived from FSR photons. The right panel shows the same distribution after
applying the final photon energy scale corrections.

5.2 Photon preselection and identification

The photons used in the subsequent steps of this analysis are required to satisfy preselection
criteria that are similar to, but more stringent than, those imposed by the trigger. A detailed
description of these criteria and the methods used to evaluate their efficiencies can be found in
Ref. [32]. A boosted decision tree (BDT) classifier is then used to distinguish prompt photons
from candidates arising from misidentified hadronic jets that satisfy the preselection criteria.
Details of the BDT and its input features are also provided in Ref. [32].

5.3 Vertex Selection

The event-by-event uncertainty on the reconstructed diphoton invariant mass depends on the
uncertainties in the photon energies and their opening angle. When the selected diphoton ver-
tex is within 10 mm of the true vertex, the contribution from the angular term is subdominant
compared to that from the photon energy resolution. The diphoton vertex is chosen follow-
ing the procedure described in Ref. [32]. A BDT, using observables related to tracks recoiling
against the diphoton system, identifies the most likely vertex, while a second BDT estimates
the probability that this vertex is correct. The algorithm is validated using Z ! µµ events with
the muon tracks removed to mimic diphoton production. In simulated H ! gg events, the
efficiency of assigning the event to a vertex within 10 mm of the true vertex depends on the
diphoton p

gg
T and is found to be 79% on average.

6 Event classification
The event selection procedure is similar to that in Ref. [8]. The pT values of the two leading
photons (p

g1
T , p

g2
T ) are required to satisfy p

g1
T > mgg/3 and p

g2
T > mgg/4, where the photon pT

requirement is applied after the vertex assignment and mgg is the invariant mass of the selected
diphoton pair. The mgg scaled pT thresholds are used to reduce a distortion at the lower end
of the invariant mass spectrum. Additionally, mgg is required to be between 100 and 180 GeV,
and the superclusters of both photons are required to have a pseudorapidity |h| < 2.10, and to
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Figure 3: Comparison of the three-body invariant mass distribution in data and simulation for
Z ! µµg events in the ECAL barrel region (|hg| < 1.44) with ET,g > 50 GeV. The left panel
shows the distribution after the first two calibration stages, without the final photon energy
scale correction derived from FSR photons. The right panel shows the same distribution after
applying the final photon energy scale corrections.

5.2 Photon preselection and identification

The photons used in the subsequent steps of this analysis are required to satisfy preselection
criteria that are similar to, but more stringent than, those imposed by the trigger. A detailed
description of these criteria and the methods used to evaluate their efficiencies can be found in
Ref. [32]. A boosted decision tree (BDT) classifier is then used to distinguish prompt photons
from candidates arising from misidentified hadronic jets that satisfy the preselection criteria.
Details of the BDT and its input features are also provided in Ref. [32].

5.3 Vertex Selection

The event-by-event uncertainty on the reconstructed diphoton invariant mass depends on the
uncertainties in the photon energies and their opening angle. When the selected diphoton ver-
tex is within 10 mm of the true vertex, the contribution from the angular term is subdominant
compared to that from the photon energy resolution. The diphoton vertex is chosen follow-
ing the procedure described in Ref. [32]. A BDT, using observables related to tracks recoiling
against the diphoton system, identifies the most likely vertex, while a second BDT estimates
the probability that this vertex is correct. The algorithm is validated using Z ! µµ events with
the muon tracks removed to mimic diphoton production. In simulated H ! gg events, the
efficiency of assigning the event to a vertex within 10 mm of the true vertex depends on the
diphoton p

gg
T and is found to be 79% on average.

6 Event classification
The event selection procedure is similar to that in Ref. [8]. The pT values of the two leading
photons (p

g1
T , p

g2
T ) are required to satisfy p

g1
T > mgg/3 and p

g2
T > mgg/4, where the photon pT

requirement is applied after the vertex assignment and mgg is the invariant mass of the selected
diphoton pair. The mgg scaled pT thresholds are used to reduce a distortion at the lower end
of the invariant mass spectrum. Additionally, mgg is required to be between 100 and 180 GeV,
and the superclusters of both photons are required to have a pseudorapidity |h| < 2.10, and to

Precision calibration 
• New calibration for : three-stage corrections: 

1) Likelihood-based for scale and MC smearing from Z→ee.
2) Uniformity correction on R9 > 0.96 
3)  events (data and simulation) to correct residual electron–photon scale differences.

✦ Using full Run-2 

✦ In 20 bins: five |η| bins, two R9 bins (low/high), and two ET bins (30 < ET < 45 GeV and ET > 45 GeV).

✦ Corrections range up to 0.9%.

ET(γ)

Z → μμγ

3

1) 2) 3)
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8. Systematic uncertainties 11
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Figure 5: Uncertainties in the energy scale as a function of ET in the barrel region, derived from
Z ! µµg events. The shaded bands indicate the statistical and total uncertainties, while the
dashed lines show the individual contributions from the electromagnetic shower modelling,
muon momentum scale and non-linearity.

region with high-ET photons, preventing the determination of reliable energy scale
corrections in fine |h| bins. Instead, the ET-dependent uncertainty due to the non-
linearity of the photon energy response is estimated by fitting the residual energy
scale as a function of ET separately in the barrel and the endcaps. The magnitude of
the fit uncertainty evaluated above 80 GeV in ET is assigned as a systematic uncer-
tainty. This results in a 0.15% uncertainty assigned to photons in the barrel and in
a 0.25% uncertainty assigned to photons in the endcaps. For photons with energies
less than 80 GeV the uncertainty is set to zero.

• Electromagnetic shower: this uncertainty accounts for possible bias in the energy scale
corrections arising from the photon identification requirement, relying on electro-
magnetic shower shape variables, that is tighter than the one used for the derivation
of photon energy scale corrections. The ‘electromagnetic shower’ uncertainty is ob-
tained from Z ! ee events due to their larger statistical precision and validated
with Z ! µµg events. The photon identification score requirement is varied from
its nominal value (-0.9) to 0.85 and the difference in the energy scale correction is
taken as systematic uncertainty. We also consider additional subdominant sources
of uncertainty described in Sec. 8.1, namely the ‘window size’ and the ‘acceptance’,
which affect the energy scale. They are added in quadrature to the electromagnetic
shower uncertainty. The resulting combined uncertainty is below 0.05% in the cen-
tral barrel, and between 0.1 and 0.3% in the outer barrel and endcap regions.

The contribution of each of these sources of uncertainty is shown in Fig. 5 for photons in the
barrel region.

8.3 Impact of the sources of uncertainty

To quantify the impact of individual sources of uncertainty on the Higgs boson mass, nuisance
parameters are grouped into disjoint sets. The parameters in each set are then fixed to their
post-fit values, and the resulting reduction in the uncertainty is used to determine the con-
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Figure 4: Signal model for the analysis category with the best mass resolution (left), and for all
categories combined after scaling by their corresponding S/(S+B) ratios (right), for a simulated
H ! gg signal sample with mH = 125 GeV. All Higgs boson production modes are summed.

fit function for each category is obtained by summing the functions for all production modes
normalised to the expected signal yields in that category. Figure 4 shows the signal model
corresponding to mH = 125 GeV for the events with the highest diphoton BDT score, which
populate the category with the best expected mass resolution. The open squares represent the
weighted simulated events and the blue line the corresponding signal model. In addition, the
effective standard deviation, seff, defined as half of the smallest interval containing 68.3% of
the invariant mass distribution, is given. Also shown in the same figure is the signal model
for the sum of all categories, with each category weighted by the corresponding S/(S+B) ratio,
where S is the number of signal events, and B is the number of background events in a window
around the mH peak.

7.2 Background model

The model used to describe the background for each of the analysis categories is obtained from
data using the discrete profiling method that is described in Ref. [39]. In this method, a large
set of candidate function families are considered, including exponential functions, Bernstein
polynomials, Laurent series, and power law functions. These functions are fitted to the mgg

distribution in the mass range of 100 to 180 GeV, excluding the signal region between 115 and
135 GeV. For each family of functions, an F-test [40] is performed to determine the maximum
order to be used in the fit, while the minimum order is determined by requiring a reasonable
fit to the data through a c2-test. The choice of the background function is treated as a discrete
nuisance parameter in the likelihood [7] used to extract the best-fit value of the Higgs boson
mass, which accounts for the uncertainty associated with the arbitrary choice of the function.

8 Systematic uncertainties
The systematic uncertainties are implemented as nuisance parameters in the likelihood func-
tion used to extract the best-fit value of the Higgs boson mass. They are treated differently
depending on their effect on the signal model in the different analysis categories. The sys-

6

|��|

Z ! µµ�
ET,� < 45 GeV
ET,� > 45 GeV

Figure 2: Photon energy scale corrections as a function of |hg| in two ET bins, using Z ! µµg
events, after applying the electron energy scale and uniformity corrections. The shaded bands
indicate the statistical uncertainties from the simulation, while the error bars show the total
statistical uncertainties.

the crystals, and any radiation-induced change in the response of the photodetectors, avalanche
photodiodes and vacuum phototriodes. It is computed as the ratio of the electron and photon
responses in the ECAL, where the response is defined as the convolution of the shower profile,
simulated with GEANT4, and the light collection efficiency. A FLUKA [34] simulation is used
to estimate the radiation damage and S-Litrani [35] is used as a ray-tracing simulation to esti-
mate the non-uniformity of light collection. This correction is applied only to high-R9 photons
(R9 > 0.96), because a low-R9 photon (R9 < 0.96) has a shower profile that is closer to the
electron one.

Finally, in the third stage the photon energy scale is further corrected using the FSR-photon
from Z ! µµg events. The method developed for the electron energy scale calibration [22],
based on the dielectron invariant mass distribution, is adapted to derive the final photon en-
ergy scale corrections. In this case, a new observable sensitive to residual photon energy mis-
calibration is defined and used instead of the dielectron invariant mass, and the analytical
likelihood method is adapted accordingly. Events are selected by requiring the photon to have
ET > 30 GeV, to pass a loose cut on the photon identification classifier, and to be separated
from the nearest muon by DR(µ, g) > 0.01, where DR(µ, g) =

q
(hµ � hg)2 + (fµ � fg)2 and

f is the azimuthal angle. Due to the small number of Z ! µµg events in data compared to
Z ! ee, the full Run 2 integrated luminosity is used to derive a correction common to the three
data-taking periods. The photon energy scale corrections are determined in 20 bins: five bins in
|h|, two bins in R9 (low and high), and two bins in ET. No statistically significant dependence
on R9 is observed when deriving the corrections in two R9 intervals. The low ET bin is defined
as 30 < ET < 45 GeV, while the high-ET bin is defined as ET > 45 GeV. The photon energy
scale corrections are shown in Fig. 2, where the corrections range from zero to 0.9%.

The effect of the final corrections is illustrated in Fig. 3, which compares the three-body invari-
ant mass distribution in data and simulation before and after their application. After applying
the final corrections, the data and simulation are consistent within statistical and systematic
uncertainties.

CMS PAS HIG-24-007

• New calibration for : three-stage corrections: 

1) Likelihood-based for scale and MC smearing from Z→ee.
2) Uniformity correction on R9 > 0.96 
3)  events (data and simulation) to correct residual 

electron–photon scale differences.
✦ Using full Run-2 

✦ In 20 bins: five |η| bins, two R9 bins (low/high), and two ET 
bins (30 < ET < 45 GeV and ET > 45 GeV).

✦ Corrections range up to 0.9%.

ET(γ)

Z → μμγ
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H→γγ 
• H→γγ updated result at Run II with 138 fb-1. 
‣ Analytical mγγ background functions in kinematic and detector-related categories.  

‣ Reduction of uncertainty through categorisation of events as a function of: 

‣ resolution and signal significance.

‣ Systematic uncertainties. 

5

Mass measurement

• Expected statistical uncertainty of 0.10 GeV  and 0.11 GeV systematic uncertainty

mH = 125.14 ± 0.10 (stat) ± 0.11 (syst) GeV

CMS PAS HIG-24-007

mH = 125.07 ± 0.09 (stat) ± 0.10 (syst) GeV

• Combined with Run1

12

tribution of that set to the total uncertainty in mH. The expected uncertainties are evaluated
using an Asimov dataset [42] generated from the expected SM signal with the best-fit back-
ground model. The observed impact of individual sources of uncertainty is summarised in
Table 1. The leading systematic uncertainty arises from the limited number of events in the
data and simulated Z ! µµg samples used to derive residual corrections to the photon energy
scale. The next largest contribution comes from the uncertainty in the extraction of the energy
scale corrections for photons with ET > 80 GeV in the Z ! µµg sample. The systematic un-
certainty associated with the interference between the gluon-fusion-induced H ! gg signal
process and the continuum diphoton background is estimated from the difference between fits
using the standard signal simulation and a signal simulation that includes interference, and is
found to be 27 MeV. Finally, the 13 MeV contribution labelled ‘other sources’ accounts for un-
certainties related to the luminosity measurement, simulation-to-data corrections applied to the
signal, and theoretical uncertainties in the signal prediction, including the branching fraction,
the strong coupling constant aS, the renormalization and factorization scales, and the choice of
parton distribution functions.

Table 1: Observed impact of the different sources of systematic uncer-
tainty in the measurement of mH

Source Contribution (MeV)
Photon energy scale

Statistical uncertainty of muon sample 75
Residual non-linearity 64
Muon momentum 38
Electromagnetic shower 23

Photon energy resolution 7
Interference between ggH signal and background 27
Other sources 13
Statistical uncertainty 100
Total uncertainty 150

9 Results
To extract the measured value of mH and its uncertainty, a simultaneous binned maximum
likelihood fit is performed to the mgg distributions of all analysis categories in the range 100 <
mgg < 180 GeV, using a bin size of 125 MeV, which is small compared to the mass resolution.
The results are obtained with an asymptotic approach [43, 44], using a test statistic based on
the profile likelihood ratio [42]. In the fit, the signal strength, µ = s/sSM, is allowed to vary,
while GH is fixed to 4 MeV. The data and the combined signal-plus-background model for all
categories, both unweighted and weighted by their S/(S+B) ratios, are shown in Fig. 6.

The best-fit value of the Higgs boson mass is found to be:

mH = 125.14 ± 0.10 (stat) ± 0.11 (syst) GeV. (1)

For comparison, the expected uncertainties are ±0.10 (stat) ± 0.11 (syst) GeV. A scan of twice
the negative logarithm of the likelihood as a function of mH is shown in Fig. 7. To val-
idate our signal model, based on Voigtian functions with an additional parameter GH, we
also measure the signal strength µH!gg using the full Run 2 dataset, obtaining µH!gg =

10. Summary 13
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Figure 6: Data and combined signal and background model fit for all analysis categories, un-
weighted (left) and weighted by their sensitivity (right). The one (green) and two (yellow)
standard deviation bands include the uncertainties in the background component of the fit.
The lower panel shows the residuals after the background is subtracted.

0.95 ± 0.06 (stat) ± 0.07 (syst). This result is in agreement with the dedicated measurement of
Higgs boson properties in the diphoton channel with the same dataset [26] and with the Stan-
dard Model prediction, µ = 1. This mass measurement, obtained with CMS Run 2 data, is
combined with the previous CMS Run 1 measurement in the same channel, as shown in Fig. 7.
The combination gives:

mH = 125.07 ± 0.09 (stat) ± 0.10 (syst) GeV. (2)

A summary of the ATLAS and CMS Higgs boson mass measurements using the diphoton and
the four-lepton final states, combing Run 1 and Run 2 results, is shown in Fig. 8.

10 Summary
A new measurement of the Higgs boson mass has been conducted in the diphoton decay chan-
nel, utilising the complete dataset collected by CMS between 2016 and 2018 during Run 2 atp

s = 13 TeV at the CERN LHC. New analysis techniques, enabled by the increased integrated
luminosity, were used to improve the measurement precision, refine the detector calibration,
and derive corrections accounting for differences between photons and electrons.

The main improvements with respect to the previous analysis [8] include the derivation of
granular ET-dependent energy smearing corrections, a new simulation-based method to cor-
rect for differences between the photon and electron energy scales due to radiation damage
in the ECAL crystals, and a calibration procedure using Z ! µµg events to correct residual
energy scale differences between electrons and photons. In addition, a signal-to-background
classifier based on gradient boosting was employed, with backgrounds containing at least one
jet misidentified as a photon estimated using a data-driven technique. To further enhance the

https://teams.live.com/l/message/19:uni01_uscfbycajs6zjdvdtz2j53jx6kojtl5336x5qrbnbqejmnmqflya@thread.v2/1773995939470?context=%7B%22contextType%22:%22chat%22%7D
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H→γγ 

6

Mass measurement
• Impressive agreement between  and  and ATLAS and CMS

• Reflective of the level of understanding of our detectors 

4ℓ γγ CMS PAS HIG-24-007
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Figure 7: Likelihood scans of the Higgs boson mass measured in the H ! gg decay channel
for the Run 1 and Run 2 datasets, and their combination. Solid lines show the full likelihood
scan including systematic uncertainties, while dashed lines correspond to the statistical-only
case.
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Figure 8: Summary of the ATLAS and CMS Higgs boson mass measurements using the dipho-
ton and the four-lepton final states, combing Run 1 and Run 2 results. The black point rep-
resents the best fit value of each measurement. The yellow and grey bands show the statisti-
cal and systematic uncertainties in each measurement, respectively. The horizontal black bars
show the total uncertainties. The value of each measurement is given, along with the total
uncertainties, splitting statistical only and systematic only uncertainties in parentheses.
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Inclusive combination
• Final Run-2 picture from both experiments, with a combination of all major channels.

‣ Precision reaching the level of modelling uncertainties, projected to be a bottleneck at Run-4

7

22

Figure 5: The measured per decay channel signal strength modifiers, µ f . In the upper plot, the
thick (thin) black lines indicate the 68% (95%) CL intervals, with the theoretical systematic, ex-
perimental systematic, and statistical components of the 68% intervals indicated by the purple,
orange, and blue bands, respectively. The grey band shows the 68% CL interval on the inclusive
signal strength modifier. A separate axis is provided for the µZγ parameter because of its larger
uncertainty and high best fit value. The correlations between the 7 parameters considered in
this fit are shown in the lower plot. The size of the correlations is indicated by the colour scale.

• Inclusive CMS rate

New

Signal strengths
● Measure rate relative to SM prediction: 

Jonathon LangfordCERN EP-LHC seminar

c.f. equation on slide 30

LHC HWG Report 25
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• Exploring the  production in  decays. 

• Low s/b challenge due to three ( ) or 
four neutrinos ( ) in the final state   

Employ neural networks for s/b separation  

• Background estimation from data for fake estimates  
‣ Use normalisations for each fake (background) contribution
‣ Events with multiple fake objects are scaled by the product of the associated normalisation 

factors
‣ -fake NFs are correlated across both channels

tH H → ττ
2ℓ + 1τhad

1ℓ + 2τhad

→

τ

Towards a  measurement tH

8

ATLAS DRAFT

1 Introduction25

The Yukawa coupling of the Higgs boson to the top quark (𝐿t) has a value close to unity, which implies that26

it plays an important role in radiative corrections to the Higgs potential [1, 2], influencing the shape of the27

potential and, consequently, the stability of the electroweak vacuum [3]. The ATLAS Collaboration recently28

published a search for the associated production of a Higgs boson with a single top quark (tH) using29

channels with either two or three charged light leptons (e or 𝑀) and no hadronically-decaying 𝑁-leptons30

(𝑁had), or selection criteria targeting H → bb [4]. The analyses presented there used the full Run 2 dataset31

of proton–proton (pp) collisions at a centre-of-mass energy of 13 TeV recorded by the ATLAS detector at32

the LHC. The measured signal strength is 𝑀tH = 8.2 ± 2.5 (stat.) ± 2.1 (sys.) times the Standard Model33

(SM) expectation, with an observed (expected) upper limit at the 95% confidence level (CL) of 14.6 (6.3)34

times the SM prediction. In addition, the ATLAS Collaboration published a search for tH production in35

the H → 𝑂𝑂 decay mode [5], where the measured signal strength is 𝑀tH = 3 +4
↑3 times the SM expectation.36

This publication uses the same dataset and complements the previous publications, by selecting events37

containing either two charged light leptons and one 𝑁had (2𝑃 + 1𝑁had) or one charged light lepton and two38

𝑁had (1𝑃 + 2𝑁had) in the final state. These measurements are combined with the previous publications of the39

ATLAS Collaboration [4, 5] to improve the sensitivity to the tH production process.40

Example Feynman graphs of the tH production process at leading order (LO) are shown in Figure 1.41

Figures 1(a) and 1(b) show the dominant 𝑄-channel production mode (tHq), while Figure 1(c) shows the42

tWH channel, where the Higgs boson couples to the top quark. The third electroweak (EW) production43

mode, namely the 𝑅-channel process, is expected to have a negligible cross-section at the LHC and is44

neglected. The graphs shown correspond to the four-flavour scheme (4FS), where the b-quark in the initial45

state comes from gluon splitting and the b-quark is not included in the parton distribution function (PDF)46

of the proton. The tHq event topology is characterised by two heavy objects, the top quark and the Higgs47

boson, plus an energetic light-flavour quark (dominantly a d- or a u-quark), referred to as the spectator48

quark, and an extra soft 𝑆-quark from gluon splitting. The tWH event topology is characterised by three49

heavy objects, the top quark, the Higgs boson and a W boson and an extra soft b-quark from gluon splitting.50

This topology is very similar to that of ttH production; hence while the signal is defined as tHq+tWH, the51

analysis is geared more towards separating tHq production from the backgrounds.52
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Figure 1: Representative Feynman diagrams for (a) and (b) tHq and (c) tWH production at LO, in the 4FS.

Similar searches have been published by the CMS Collaboration, where the most recent publications [6, 7]53

target the production of a Higgs boson in association with either one or two top quarks. In the multi-lepton54

final state, the measured signal strength is 𝑀tHq+tWH = 5.7 ± 2.7 (stat.) ± 3.0 (syst.). In the bb final state,55

the observed upper limit relative to the SM prediction is 14.6 at the 95% CL. In the recent combined56

measurement of Higgs production from the CMS Collaboration [8], 𝑀tH is measured to be 5.9 +2.4
↑2.2 .57
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Towards a  measurement tH

• Combination of  measurement with  and : 

‣ Observed (expected) upper limit: 8.5 (3.9) on signal rate of  production 

ττ H → γγ bb
tH

9
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Couplings

10

8.2 Stage 1.2 measurements 35

Figure 10: The measured STXS stage 1.2 cross sections and branching fraction ratios. Theoreti-
cal uncertainties that affect the normalizations of the measured parameters are not included in
the fit. In the upper panel, the points indicate the best fit values while the coloured lines indi-
cate the 68% CL intervals. The wider boxes show the systematic uncertainty components of the
68% CL intervals. Each measured quantity is compared to the SM prediction in red, where the
grey bands indicate the theoretical uncertainty for the respective parameter. The lower panel
plots the ratio of the measured σiBZZ with respect to the SM predictions. The best fit values for
the ggH 450 < p

H
T < 650 GeV and tH STXS bins lie outside of the range of the ratio panel, and

are thus represented by arrows. Arrows are also used to indicate 68% CL intervals that extend
beyond the plotted range.

provided, along with the expected 68% CL intervals, in Table 8. This result represents the most
granular measurement of the Higgs boson ever performed by the CMS Collaboration. The
correlations between the measured parameters are provided as supplementary material to the
paper [34].

The p-value for the compatibility with the SM follows the same trend as the other signal yield
parametrizations, showing some tension with the SM hypothesis. Sizeable deviations are ob-
served for a number of kinematic regions including the high p

V
T WH leptonic STXS bins for

ATLAS-CONF-2025-006 

• Simplified Template Cross Section Framework standard candle for characterising Higgs couplings at 
production

‣ For the run we agreed on Stage 1.2, and further splitting (Stage 1.3) for CP sensitivity for Run-3

CERN-EP-2026-009, Submitted to  Reports on Progress in Physics

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-018/index.html
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Differential measurements

• Fiducial cross-section definition 
‣ including detector efficiency (C) , detector acceptance (A) and branching ℬ

‣ Cuts mimicking reconstruction selection:

(i) Model independent result. 
(ii) No extrapolation beyond measurable phase-space

11

(a) (b)

Figure 5: Template fit of SM Higgs boson signal and background to the data for the (a) first and (b) last bins of the
distribution of the transverse momentum of the four leptons pT,4`. The error bars on the data points indicate the
statistical uncertainty. The SM Higgs boson predictions are normalized to the cross sections discussed in Section 3,
while the backgrounds are normalized to the estimates described in Section 6. The uncertainty in the prediction is
shown by the dashed band. The dotted green line illustrates the best fit.

samples described in Section 3 assuming a Higgs boson mass of 125 GeV. Most of the background shapes
are also obtained from the simulated samples described in Section 3, while some of the backgrounds in
the ``ee channel are derived from control regions in data, as discussed in Section 6. The normalization
of the backgrounds is fixed in this fit. Figures 4 and 5 show the data, templates and best fits for the m4`
distributions in the four decay channels for the extraction of the inclusive fiducial cross section, and two
bins of the transverse momentum of the four leptons. For the di↵erential distributions, no split into decay
channels is performed, and the SM ZZ⇤ ! 4` decay fractions are assumed.

The fiducial cross section �i,fid for a given final state or bin of the di↵erential distribution is defined as:

�i,fid = �i ⇥ Ai ⇥ B =
Ni,fit

L ⇥Ci
, Ci =

Ni,reco

Ni,part
, (1)

where Ai is the acceptance in the fiducial phase space, B is the branching ratio and �i is the total cross
section in bin i. The term Ni,fit is the number of extracted signal events in data, L is the integrated
luminosity and Ci is the bin-by-bin correction factor for detector ine�ciency and resolution. The term
Ni,reco is the number of reconstructed signal events and Ni,part is the number of events at the particle level
in the fiducial phase-space. The correction factor is calculated from simulated Higgs boson samples,
assuming SM production mode fractions and ZZ⇤ ! 4` decay fractions as discussed in Section 3. The
systematic uncertainties in this assumption are described in Section 9. The correction factors for the
di↵erent Higgs boson production modes agree within 15%, except for the tt̄H mode, which di↵ers by

13

• In standard candles channels, a resonant peak over a 
smooth background

‣ Good resolution on final-state 
particles, in particular in H→4ℓ, γγ
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Figure 1: Response matrices, derived using simulation, for (a) the transverse momentum of the four-lepton system
?

4✓
T , (b) the number of jets #jets, (c) the transverse momentum of the leading jet ?lead. jet

T , and (d) the mass of the
leading versus subleading lepton pair <12 vs. <34. Only reconstructed events that were matched to generator-level
(‘truth’) events are included. Bins below 0.005 are omitted for clarity.
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Differential measurements
• Model-independent fiducial cross-sections measurements 

‣ Move to more challenging topologies and more complex final states, WW, ττ, bb, . .

12

20

Figure 5: Measured fiducial cross section of the VBF and ggH production processes. Colored
markers represent the extracted cross section values from data, with error bars showing the
combined statistical and systematic uncertainties: red for VBF, light blue for ggH, and violet
for the sum of VBF + ggH. The gray bands indicate the statistical uncertainties. The colored
histogram corresponds to the expected SM prediction, simulated with POWHEG + JHUGEN
+ PYTHIA generators. The lower panel displays the ratio of the measured values to the SM
expectation.

from the unfolding procedure, and variations in acceptance and selection efficiencies. This bias
is then used to quantify the model dependence of the measured cross section, by evaluating
its impact on the expected cross section. For each ∆Φjj bin, the largest contribution among
those derived from the different BSM hypotheses in the mixed SM-BSM scenario is taken as
the model dependence of the result. In the case of the overall Higgs boson production cross
section in the two-jet phase space, the model dependence ranges from 20–40% of the expected
cross section, depending on the ∆Φjj bin. For the VBF cross section, when measured simulta-
neously with the ggH one, it varies between 20–70%, while for the ggH cross section, it falls
within 10–20%. Finally, when the VBF cross section is measured alone, the model dependence
varies between 10 and 40% of the expected cross section. The ADNN approach reduces the
model dependence by 30–70%, depending on the ∆Φjj bin, compared to a deep neural network
without an adversarial component. The remaining model dependence is typically smaller than
the total uncertainty and it primarily arises from acceptance effects that are not corrected by
the ADNN approach.

Following the measurement of the differential cross sections, additional insight into the ∆Φjj
observable can be gained by studying its asymmetry. While the measured cross sections pro-
vide a detailed picture of Higgs boson production as a function of ∆Φjj, the asymmetry offers
a complementary probe of potential CP-violating effects. Indeed, a nonzero asymmetry value
in the ∆Φjj distribution, in either VBF or ggH events, would indicate CP violation in the Higgs
sector of the SM. The ∆Φjj asymmetry is defined as the difference between the number of events
with 0 < ∆Φjj → π and those with ↑π < ∆Φjj → 0, normalized to the total number of events:

arXiv:2509.07959

‣ Constrain VBF topologies in 2-jet regions with differential measurements 
‣ Challenge in employing ML methods while maintaining model-independence, 
‣ Complementary methods adopted by ATLAS & CMS 

✦ Such as adversarial NN (CMS) or Multidimensional bootstrapped BDTs (ATLAS) 

✦ Correlations (including uncertainty constraints) also provided via bootstrap among measured observables 
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Figure 11: The measured di!erential fiducial cross-sections for (a) 𝐿𝐿T and (b) 𝐿𝑀𝑀T , in comparison with the theoretical
predictions from the parton shower generators P!"#$%+P&’#() 8, P!"#$%+H$*"(% 7, MG5+H$*"(% 7, and
VBFNLO@LO+P&’#() 8 at particle level and from the parton-level generator VBFNLO@NLO. The inner boxes on
the data points show the statistical uncertainties, while the total uncertainties are indicated by the outer boxes. The
error bars on the expected cross-sections indicate the PDF and scale systematic uncertainties, calculated as described
in Section 3. The bottom panels show the ratios of di!erent predictions to the data and the bands represent the total
uncertainties of the measurement.

inadequacy of fixed-order LO calculations with no parton shower to describe the data with this kinematic
selection. Similarly to the integrated cross-section, the uncertainties on the theoretical predictions are
smaller than those on the experimental distributions. The presented calculations predict di!erential
cross-sections that are numerically close and with the available statistics in data it is di"cult to discriminate
between them in a conclusive way. Overall, there is good agreement between measured cross-sections and
P!"#$%+P&’#() 8 prediction. Some discrepancies are visible in the jet 𝐿T distribution and in the first bin
of the 𝑀 𝑁 𝑁 distribution. The di!erential cross-sections predicted by P!"#$%+H$*"(% 7 are 5% → 10%
lower than those predicted by P!"#$%+P&’#() 8 in all regions of the phase space, showing a small impact
of the parton shower model. The cross-sections predicted by MG5+H$*"(% 7 are close to those predicted
by P!"#$%+P&’#() 8 and typically about by 15% → 20% larger than those by P!"#$%+H$*"(% 7. The
cross-sections predicted by VBFNLO@NLO are 5%→ 10% greater than those by P!"#$%+P&’#() 8 in all
regions of phase space and beyond their estimated uncertainties, which range from 5% to 20%. In several
kinematic regions, VBFNLO@NLO overestimates the measured cross-sections beyond the experimental
uncertainties, with discrepancies that range between one and two standard deviations. The prediction by
VBFNLO@LO+P&’#() 8 is close to those by the other MC generators that implement parton showering,
despite the LO approximation in the matrix elements, showing the importance of the parton shower for a
good description of the data.

Finally, correlations between cross-sections and background normalization parameters in pairs of di!erential
cross-section measurements are calculated using a bootstrap procedure [121]. Such correlations will allow
pairs of di!erential cross-section measurements to be used simultaneously in future re-interpretations
of the experimental results, for example in combined fits to place limits on new-physics models. The
bootstrap method uses a set of pseudo-experiments (also known as replicas) of the nominal data sample,
derived by introducing statistical fluctuations by Poisson perturbations and a randomization of the nuisance
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parameters associated with the systematic uncertainties. The random numbers for the pseudo-experiments
are simulated using unique seeds and each replica is then analysed in the same way as the nominal data
sample to arrive at a set of replica measurements. The correlations are then extracted from these replica
measurements after a full fit is performed on each replica. Figure 14 summarizes the correlations between
cross-section bins in pairs of measured distributions. The correlation values together with the results of
the fits used to extract the integrated and di!erential cross-sections are made available in the HepData
repository [122]. Such a technique is also used to assess if the fit results are compatible across the measured
di!erential cross-sections. Pulls between pairs of measured quantities, performed by using the ensembles
from the bootstrapped tests, showed a good pairwise agreement for all di!erential measurements with a
mean global 𝐿2

/ndf of about 1.3.
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Figure 14: Summary of correlations between the measured di!erential cross-sections using a bootstrap technique.
The binning of the distributions corresponds to the binning used in the di!erential cross-section measurements
presented in Figures 11-13.

9 Constraints on anomalous interactions

The measurements of the di!erential fiducial cross-sections are used to constrain extensions to the SM
that introduce anomalous interactions of the Higgs boson to SM particles using an EFT approach. In this
approach, which exploits the exclusive kinematical region of the VBF Higgs boson production and the
𝑀→𝑁𝑁

↑
→ 𝑂𝑃𝑄𝑃 decay phase space, the anomalous interactions are introduced in an EFT Lagrangian,

LEFT, via additional higher-dimensional operators O
(𝐿)

𝑀
of mass dimension 𝑅 that supplement the SM

Lagrangian LSM as follows:
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Differential measurements
• Exploring high-energy dynamics differentially  

13

‣ Boosted  with Run-2 and Run-3 data, exploring the high  region

‣ Merged jet reconstruction tagging with improved taggers (GN2X)
‣ Mass regression with a new algorithm (bJR)

bb pH
T

New

CERN-EP-2026-082

https://cds.cern.ch/record/2866601
https://cds.cern.ch/record/2905688
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-01/
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Differential measurements
• Exploring high-energy dynamics differentially

14

‣ Boosted  with Run-2 and Run-3 data,  exploring the high  region

‣ Evidence with   for , 

‣ with   of 

‣ Improvement of a factor of 10 with respect to previous Run-2 result

bb pH
T

3.8 σ pH
T > 450 GeV

μ 1.53 ± 0.27 (stat.) +0.33
−0.27 (syst.) ± 0.17 (theo.)

New

CERN-EP-2026-082

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-01/
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Conclusions
• Couplings, properties, and spectral extractions are the core of the LHC Higgs program

‣ Run-1 discovery, first properties measurements 

‣ (Run+1) Run-2 first precision measurements ( ), differential measurements, precision inclusive couplings 

‣ (Run-2)+Run-3 ATLAS & CMS explore complex final states (double differential, multiple jet topologies), 
and channels with lower s/b for both BSM probes, and they challenge the most-precise (N3LO) SM 
precision models. 

‣ Presented only a selection of the most recent results showing the evolution of our understanding of Higgs 
couplings. 

mH
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Interpretations: 𝜿-framework
● Interpretations:

● 𝜿-framework: introduce LO coupling modifiers to SM particles 

Jonathon LangfordCERN EP-LHC seminar

● Resolved configuration: resolve loops into SM contributions

24/2/26
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Differential measurements
• In parallel, analysis of Run-3 datasets at 13.6 TeV is progressing from both experiments 

‣ Evolving detector performance due to aging and pile-up conditions imposes new reconstruction 
and calibration methods for standard candle analyses. 

‣ Maturity of measurements reflected in double-differential measurements, EFT-interpretations,
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Differential measurements
• In parallel, analysis of Run-3 datasets at 13.6 TeV is progressing from both experiments 

‣ Evolving detector performance due to aging and pile-up conditions imposes new reconstruction 
and calibration methods for standard candle analyses. 

‣ Maturity of measurements reflected in double-differential measurements, EFT-interpretations,

‣ VBF-dedicated model-independent measurements with 4ℓ

18

See. Martina Mannoni’s Talk New

See. Lailin Xu’s Talk
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Introduction
• The study of H boson properties, including those involving two or three H bosons, is a top priority for the 

(HL-)LHC physics program  

• Understanding the H boson’s couplings, including the self-interaction, 
and the Yukawa sector is crucial 

‣ for probing the shape of the Higgs potential, linked to the EW phase 
transition 

‣ for the program of search for indirect and direct BSM physics 

19

1 Introduction

The discovery of a new scalar resonance with mass around 125 GeV at the Large Hadron
Collider (LHC)[1, 2] opened a new era in high-energy particle physics. The study of the
properties of this particle provides strong evidence that it is the Higgs boson of the Standard
Model (SM), i.e., a scalar CP-even state whose couplings to the other known particles have
a SM-like structure and strengths proportional to their masses. In particular, ATLAS and
CMS performed both independent [3, 4] and combined [5] studies on the Higgs couplings
in the so-called -framework [6, 7], where the predicted SM Higgs strengths ci are rescaled
by overall factors i. In the combined analysis based on 7 and 8 TeV data sets [5] the
couplings with the vector bosons have been found to be compatible with those expected
from the SM, i.e., V = 1 (V = W,Z), within a ⇠ 10% uncertainty, while in the case of
the heaviest SM fermions (the top, the bottom quarks and the ⌧ lepton) the uncertainty
is of order ⇠ 15 � 20%. However, at this stage, additional relations among the different
i that improve the sensitivity of experimental analyses are often assumed, yet lead to a
loss of generality. The precision of the current measurements therefore still leaves room for
Beyond-the-Standard-Model (BSM) scenarios involving modifications of the Higgs boson
couplings to the vector bosons and fermions.

Besides the direct search of new particles, one of the main tasks of the second run of
the LHC at

p
s = 13 TeV centre-of-mass energy will be the precise determination of the

properties and the interactions of the SM particles, in particular those of the Higgs boson,
in order to constrain effects from New Physics (NP). The increase of the production cross
sections together with a larger integrated luminosity, which is expected to reach 300 fb�1

per experiment at the end of the Run II and up to 3000 fb�1 in the case of the following
High Luminosity (HL) option, will allow to probe the couplings of the Higgs boson with
the other SM particles with much higher accuracy. In particular, present estimates [8, 9],
suggest that at the end of Run II the Higgs boson couplings to the vector bosons are
expected to reach a ⇠ 5% precision with 300 fb�1 luminosity, while the couplings to the
heavy fermions could reach ⇠ 10� 15% precision. Similar estimates for the end of the HL
option indicate a reduction of these numbers by at least a factor ⇠ 2.

The study of the trilinear (�3) and quartic (�4) Higgs self couplings in the scalar
potential

V (H) =
m

2
H

2
H

2 + �3vH
3 + �4H

4

is in a completely different situation. In the SM, the potential is fully determined by only
two parameters, v = (

p
2Gµ)�1/2 and the coefficient of the (�†�)2 interaction �, where

� is the Higgs doublet field. Thus, the mass and the self couplings of the Higgs boson
depend only on � and v (m2

H
= 2�v2,�SM

3
= �,�

SM
4

= �/4). On the contrary, in the case
of extended scalar sectors or in presence of new dynamics at higher scales the trilinear and
quartic couplings, �3 and �4, typically depend on additional parameters and their values
can depart from the SM predictions [10, 11].

At the Leading Order (LO) the Higgs decay widths and the cross sections of the
main single Higgs production processes, i.e., gluon–gluon fusion (ggF), vector-boson fu-

2
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Couplings
• Simplified Template Cross Section Framework standard candle for characterising Higgs couplings at 

production

‣ For the run we agreed on Stage 1.2, and further splitting (Stage 1.3) for CP sensitivity for Run-3

20

32

Figure 9: A diagram showing the set of 32 STXS regions that are considered. The filled boxes
represent the measured STXS regions, while the dashed lines indicate the nominal STXS stage
1.2 bin boundaries that are merged in the measurement. The units of p

H
T , mjj, p

Hjj
T , and p

V
T are

in GeV.

measurement, these uncertainties are instead attributed to the SM predictions. The STXS theo-
retical uncertainty scheme, discussed in Section 6, includes NPs that account for the migration
of events across the STXS bins. These NPs are removed from the fit unless they account for a
migration of events across a kinematic boundary that is merged in the measurement, indicated
by the dashed lines in Fig. 9. The theoretical uncertainties that affect the signal acceptance in
each analysis region are still included in the fit.

The best fit values and 68% CL intervals for the fitted parameters are shown in Fig. 10. The ob-
served cross section values shown in the upper panel are obtained by multiplying µi,ZZ by the
SM prediction at the highest available order. The SM predictions and their associated uncer-
tainties are shown by the red lines and grey bands, respectively. The corresponding numerical
values, along with the expected 68% CL intervals, are provided in Table 7. The total uncertain-
ties are decomposed into their systematic and statistical parts, highlighting that the statistical
uncertainty dominates for all parameters at this level of kinematic splitting.

The results show reasonable sensitivity to many different regions of the Higgs boson produc-
tion phase space. The 68% CL intervals range from approximately ±14% of the SM σiBZZ

prediction for the ggH 0J, 10 < p
H
T < 200 GeV STXS bin, to approximately ±250% for the ggH

p
H
T > 650 GeV STXS bin. For a number of measurements, e.g. ggH 200 < p

H
T < 300 GeV, the

precision is comparable to the theoretical uncertainty in the SM prediction, meaning the possi-
bility of constraining theoretical inputs using experimental measurements of the Higgs boson
is approaching.

There are several noticeable deviations from the SM in these results. Of particular interest are
the WH leptonic p

V
T > 250 GeV and ZH leptonic p

V
T > 250 GeV regions, which are measured to

be 2.2 and 2.1 standard deviations above the SM predictions, respectively. These regions of the
VH production phase space at high p

V
T are particularly sensitive to BSM physics, as shown by

the SMEFT parametrization discussed in Section 11. Small tensions with the SM are also ob-


