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The ! boson mass
• "# is a free parameter of the standard model

• It is measured in fully-reconstructed final states involving µ±, %± or &
• ! → (( → 4*;! → &&

• The main principles of the measurement are
• To calibrate precisely the energy/momentum of leptons and photons in data
• To make optimal use of available information
• To minimize the differences between simulation and data that would lead to a biased 
"# value when fitting data with a simulated model

• And… to collect a large sample J
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!" in # → %% → 4'
in ATLAS arXiv:2207.00320
• Improvements

• Full Run 2 sample (139fb-1)
• Improved muon momentum scale calibration
• Event-by-event estimate of the !() resolution
• Discrimination between signal and %%

background using deep neural net

• Event selection
• *+, '-*./0 > 20, 15, 10, 7 (e) or 5 (µ) GeV
• 313 events with !() in [115,130] GeV interval

• Four event categories: 4µ, 2e2µ, 2µ2e, 4e
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Figure 2: The observed and expected (pre-fit) <4✓ distributions for the selected Higgs boson candidates. The predicted
number of events for these distributions is taken from simulation for the signal, //⇤, C-- , and +++ processes, while
it is taken from the data-driven estimate (see Section 6) for the /+jets and CC̄ backgrounds. The total uncertainty in
the prediction is shown by the hatched band, which also includes the theoretical uncertainties of the SM cross-section
for the signal and the //

⇤ background. Higgs boson events in this plot are simulated with <� = 125 GeV.
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Figure 3: The observed and expected (pre-fit) ⇡## distributions for the selected Higgs boson candidates. The
predicted number of events for these distributions is taken from simulation for the signal, //⇤, C-- , and +++

processes, while it is taken from the data-driven estimate (see Section 6) for the /+jets and CC̄ backgrounds. The
total uncertainty in the prediction is shown by the hatched band, which also includes the theoretical uncertainties of
the SM cross-section for the signal and the //

⇤ background. Higgs boson events in this plot are simulated with
<� = 125 GeV.
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• How to get a sharp peak
• Optimize µ and electron momentum scale calibration
• Recover final-state radiation photons
• Make use of kinematic constraint from mass of 

leading !
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Figure 2: The observed and expected (pre-fit) <4✓ distributions for the selected Higgs boson candidates. The predicted
number of events for these distributions is taken from simulation for the signal, //⇤, C-- , and +++ processes, while
it is taken from the data-driven estimate (see Section 6) for the /+jets and CC̄ backgrounds. The total uncertainty in
the prediction is shown by the hatched band, which also includes the theoretical uncertainties of the SM cross-section
for the signal and the //

⇤ background. Higgs boson events in this plot are simulated with <� = 125 GeV.
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predicted number of events for these distributions is taken from simulation for the signal, //⇤, C-- , and +++
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total uncertainty in the prediction is shown by the hatched band, which also includes the theoretical uncertainties of
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Figure 4: The observed and expected (pre-fit) event-level resolution f8 distributions predicted by the QRNN for the
selected Higgs boson candidates. The predicted number of events for these distributions is taken from simulation for
the signal, //⇤, C-- , and +++ processes, while it is taken from the data-driven estimate (see Section 6) for the
/+jets and CC̄ backgrounds. The total uncertainty in the prediction is shown by the hatched band, which also includes
the theoretical uncertainties of the SM cross-section for the signal and the //

⇤ background. Higgs boson events in
this plot are simulated with <� = 125 GeV. The 4` and 2`24 events typically have f8 ⇠ 1.5 GeV, while the 242`
and 44 events typically have f8 ⇠ 2.1 GeV.
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• How to use information optimally
• Discriminate between S and B

• "## computed by neural net using matrix-element based 
$!!/!! decay discriminant and (&', )) of 4-lepton system

• Account for per-event expected mass resolution +,
• Estimated by a quantile regression neural net using lepton 

momenta and resolutions as inputs

• Perform joint fit of three observables (-./, "##, +,)

6 Signal and background model

The Higgs boson <4✓ distribution is the result of the convolution of its theoretical line-shape, a narrow
relativistic Breit–Wigner (BW) distribution of 4.1 MeV width [7] centred on <� , with the detector response
for the four-lepton invariant-mass distribution. The BW width is more than two orders of magnitude smaller
than the <4✓ detector resolution. Therefore, the signal line-shape in <4✓ is completely dominated by the
detector response.

The signal probability density function is modelled as

P(<4✓ ,⇡## ,f8 |<� ) = P(<4✓ |⇡## ,f8 ,<� ) · P(⇡## |f8 ,<� ) · P(f8 |<� )
' P(<4✓ |⇡## ,f8 ,<� ) · P(⇡## |<� ),

where the following approximations are used:

• P(⇡## |f8 ,<� ) ' P(⇡## |<� ) because the neural network discriminant does not directly depend
on the per-event <4✓ resolution,

• P(f8 |<� ) ' P(f8) since the averaged per-event resolution does not depend on <� within the range
of 105 to 160 GeV used in this measurement, and

• P(f8) is omitted from the probability density function because it was observed that it has approx-
imately the same distribution for signal and background events in the Higgs boson peak region.
Dedicated checks of the assumption that P(f8) can be omitted have shown that this has negligible
impact on the measurement.

The probability density function P(<4✓ |⇡## ,f8 ,<� ) in each subchannel is described by a double-sided
Crystal Ball [57] probability density function that consists of a Gaussian core and two power-law tails.

The mean of the Gaussian core is parameterised as a function of <� and ⇡## for each subchannel _ as

0
_ · (<� � 125 GeV) + 1

_(⇡## ),

in order to decorrelate the uncertainties of the shifts in the mean reconstructed <4✓ due to the subchannel
dependence from those due to the ⇡## dependence. The 0

_ parameters are consistent with unity within a
few percent for all final states. The dependence of 1_ on ⇡## is parameterised as a continuous function,
and its values lie in the 124–125 GeV range for the 2`24 and 44 final states, and between 124.6 GeV
and 125 GeV for the 242` and 4` final states. The residual correlations between the <� dependence of
the mean and shape of the reconstructed <4✓ distribution, and the ⇡## dependence of the mean have
been checked with simulation and found to be negligible. The 0

_ parameters and the 1
_ functions are

extracted from an unbinned maximum-likelihood fit to the combined ggF, VBF and +� samples, which
were simulated with di�erent values of <� , as described in Section 3.

The standard deviation of the Gaussian core is expressed as a function of the predicted event-level resolution
f8 and is parameterised as a function of ⇡## to account for a residual correlation between ⇡## and f8 .
The parameters of the left tail of the double-sided Crystal Ball are parameterised as a function of ⇡##

only, while those of the right tail are found to be constant for a given final state.

The parameters of the signal model for each subchannel are derived by a simultaneous maximum-likelihood
fit to signal MC samples for <� values ranging from 123 GeV to 127 GeV. The resulting probability
density function is shown in Figure 5 for the <� = 125 GeV signal sample. The residual bias in the

12
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• Signal model
• Double-sided Crystal-Ball function with Gaussian core 

and two exponential tails
• Dependence of parameters on !"", $% and &'

obtained from fits to samples with different &' values
• One model per category

• Background model
• (( and )** + ,,, shapes modelled from MC 

simulation
• Fake or non-prompt leptons: data-driven
• Smoothing using Gaussian kernel

• Signal and (( background normalizations left 
free

6 Signal and background model

The Higgs boson <4✓ distribution is the result of the convolution of its theoretical line-shape, a narrow
relativistic Breit–Wigner (BW) distribution of 4.1 MeV width [7] centred on <� , with the detector response
for the four-lepton invariant-mass distribution. The BW width is more than two orders of magnitude smaller
than the <4✓ detector resolution. Therefore, the signal line-shape in <4✓ is completely dominated by the
detector response.

The signal probability density function is modelled as

P(<4✓ ,⇡## ,f8 |<� ) = P(<4✓ |⇡## ,f8 ,<� ) · P(⇡## |f8 ,<� ) · P(f8 |<� )
' P(<4✓ |⇡## ,f8 ,<� ) · P(⇡## |<� ),

where the following approximations are used:

• P(⇡## |f8 ,<� ) ' P(⇡## |<� ) because the neural network discriminant does not directly depend
on the per-event <4✓ resolution,

• P(f8 |<� ) ' P(f8) since the averaged per-event resolution does not depend on <� within the range
of 105 to 160 GeV used in this measurement, and

• P(f8) is omitted from the probability density function because it was observed that it has approx-
imately the same distribution for signal and background events in the Higgs boson peak region.
Dedicated checks of the assumption that P(f8) can be omitted have shown that this has negligible
impact on the measurement.

The probability density function P(<4✓ |⇡## ,f8 ,<� ) in each subchannel is described by a double-sided
Crystal Ball [57] probability density function that consists of a Gaussian core and two power-law tails.

The mean of the Gaussian core is parameterised as a function of <� and ⇡## for each subchannel _ as

0
_ · (<� � 125 GeV) + 1

_(⇡## ),

in order to decorrelate the uncertainties of the shifts in the mean reconstructed <4✓ due to the subchannel
dependence from those due to the ⇡## dependence. The 0

_ parameters are consistent with unity within a
few percent for all final states. The dependence of 1_ on ⇡## is parameterised as a continuous function,
and its values lie in the 124–125 GeV range for the 2`24 and 44 final states, and between 124.6 GeV
and 125 GeV for the 242` and 4` final states. The residual correlations between the <� dependence of
the mean and shape of the reconstructed <4✓ distribution, and the ⇡## dependence of the mean have
been checked with simulation and found to be negligible. The 0

_ parameters and the 1
_ functions are

extracted from an unbinned maximum-likelihood fit to the combined ggF, VBF and +� samples, which
were simulated with di�erent values of <� , as described in Section 3.

The standard deviation of the Gaussian core is expressed as a function of the predicted event-level resolution
f8 and is parameterised as a function of ⇡## to account for a residual correlation between ⇡## and f8 .
The parameters of the left tail of the double-sided Crystal Ball are parameterised as a function of ⇡##

only, while those of the right tail are found to be constant for a given final state.

The parameters of the signal model for each subchannel are derived by a simultaneous maximum-likelihood
fit to signal MC samples for <� values ranging from 123 GeV to 127 GeV. The resulting probability
density function is shown in Figure 5 for the <� = 125 GeV signal sample. The residual bias in the
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Table 1: The observed and expected (pre-fit) yields for the di�erent decay final states in the region with <4✓ between
115 and 130 GeV. The predicted number of events is taken from simulation for the signal, //⇤, C-- , and +++

processes, while for /+jets and CC̄ it is taken from the data-driven estimate (see Section 6). The uncertainty in the
prediction includes the theoretical uncertainties of the SM cross-section for the signal and the //

⇤ background.
Higgs boson yields are determined using simulation with <� = 125 GeV.

Final
Higgs

// , Reducible Expected Observed
S/B

state C-- , +++ backgrounds total yield yield

4` 78 ± 5 38.7 ± 2.2 2.84 ± 0.17 120 ± 5 115 1.89
242` 53.4 ± 3.2 26.7 ± 1.4 3.02 ± 0.19 83.1 ± 3.5 94 1.80
2`24 41.2 ± 3.0 17.9 ± 1.3 3.4 ± 0.5 62.5 ± 3.3 59 1.93
44 36.2 ± 2.7 15.7 ± 1.6 2.83 ± 0.35 54.8 ± 3.2 45 1.95

Total 209 ± 13 99 ± 6 12.2 ± 0.9 321 ± 14 313 1.88
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Figure 6: The <4✓ data distribution from all subchannels combined (black points) is shown along with the
signal-plus-background post-fit probability density function (red line).

with the expectation of 0.19 GeV and is dominated by the statistical component. Figure 9 shows the
distribution of the expected uncertainty in <� obtained by fitting a set of pseudo-experiments assuming
<� = 125 GeV.

The result of this measurement is combined with the measurement of <� using the Run 1 dataset in
the same final states, which was <� = 124.51 ± 0.52 [9]. The correlation scheme for the systematic
uncertainties of the two measurements follows the one used in Ref. [11], where only the uncertainties in the
lepton calibration were considered correlated. In this combination, the electron calibration uncertainty is
correlated between the two measurements, while the muon calibration systematic uncertainty is uncorrelated

15
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Results
• Run 2 measurement

• !" = 124.99 ± 0.18 ,-.-. ± 0.04 ,/,-. 012
• Most precise single-channel measurement so far
• Uncertainty value cross-checked with pseudo-experiments

• p-value of observed uncertainty = 0.28
• All four categories yield consistent values

• Statistical uncertainty largely dominates

• Lepton momentum scale is the main source of 
systematic uncertainty
• Small theory uncertainty, driven by FSR modelling

• Combined ATLAS Run 1 + Run 2 measurement 
• !" = 124.94 ± 0.17 ,-.-. ± 0.03 ,/,-. 012
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(d)

Figure 7: The <4✓ data distribution (black points) for (a) 4`, (b) 242`, (c) 2`24, and (d) 44 events is shown along
with the signal-plus-background post-fit probability density function (red line).

Table 2: Largest contributions to the systematic uncertainty of <� .

Systematic Uncertainty Contribution [MeV]

Muon momentum scale ±28
Electron energy scale ±19
Signal-process theory ±14

16
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Results

• Compatibility between channels ~ 0.8  
• Final measured value from Run 2 —> 124.99 ± 0.19 GeV  
• Run 1 measurement in HZZ channel —> 124.51 ± 0.52 GeV 
• Run 1+ 2 combination —> 124.94 ± 0.18 GeV, p-value = 0.4
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!" in # → %% in CMS
2016 data; 35.9fb-1

Physics Letters B 805 (2020) 135425

• % energy calibration
• both scale correction to data, and per-photon 

resolution, are estimated using a regression MVA 
trained on simulation
• inputs: shower shape variables; preshower data; 

pileup-sensitive observables
• further corrections computed using & → ''

events, with ' reconstructed as photon

• Event categories
• VBF category split in 3 based on MVA output

• inputs: VBF tagger, diphoton BDT, diphoton ()*++ !++
• Untagged category split in 4 according to 

diphoton BDT output

11/7/22 Pascal Vanlaer, Higgs2022, 7-11 November 2022 7

The CMS Collaboration / Physics Letters B 805 (2020) 135425 3

Fig. 2. Comparison of the distributions of the invariant mass of the dielectrons in data and simulation in Z ! ee events after application of energy corrections in two 
representative categories. Left: Both electrons are in the EB and satisfy R9 > 0.94. Right: the leading electron has a transverse momentum between 55 and 65 GeV, without 
a requirement on the second electron. The systematic uncertainty in the error band in the plots include only the uncertainties on the derived energy scale corrections.

of the calorimeter, and the effects of pileup. These corrections are 
derived using a multivariate regression technique, trained on sim-
ulated events, which simultaneously estimates the energy of the 
photon and its median uncertainty. The inputs to this regression 
are shower shape variables, the preshower information, and ob-
servables sensitive to pileup [18].

After applying these corrections to the photon energy, some 
residual differences remain between the data and simulation in 
both the photon energy scale and the resolution. A multistep pro-
cedure is used to correct these differences, using Z ! ee decays in 
which the electron showers are reconstructed as photons, so that 
the simulation accurately reproduces the data. In the first step of 
this process, any residual long-term drifts in the energy scale in 
data are corrected for, in approximately 18-hour intervals corre-
sponding to one LHC fill. In the second step, corrections to both 
the energy resolution in the simulation, and the scale correction 
needed for the data are derived simultaneously in bins of |!| and 
R9 for electrons. The energy resolution obtained in simulation is 
matched to the data by adding a Gaussian smearing term, deter-
mined by adjusting the agreement in the Z ! ee invariant mass 
distributions. In the third and final step the energy scale correc-
tions are derived in bins of |!| and pT to account for any nonlinear 
response of the crystals with energy. The corrections obtained from 
this step are shown in Fig. 1 for electrons as a function of pT in the 
three bins of |!| in EB. This additional step in the scale correction 
improves the precision of the measurement of mH, since the en-
ergy spectrum of the electrons from Z boson decay ("pT# $ 45 GeV) 
used to derive the scale corrections, is different from the energy 
spectrum of photons from Higgs boson decay ("pT# $ 60 GeV).

We note that in the second step the number of bins in R9 for 
the scale corrections has been increased by a factor of five over the 
previous analysis [9], resulting in an improvement in the precision 
with which the energy scale is determined. Also, in order to pro-
vide a consistency test of the derivation procedure, the correction 
factors that are obtained in the second and third steps are applied 
a second time to the data and a new set of factors is extracted in 
the same electron categories. Any deviation from unity is an indi-
cation of the nonclosure of the derivation procedure and is applied 
as a systematic uncertainty on scale corrections.

The agreement between data and simulation in the dielectron 
invariant mass, after applying these energy scale corrections and 
the additional smearings, is shown in Fig. 2 for dielectron events 
in the EB with R9 greater than 0.94, and for dielectron events with 
a leading transverse momentum between 55 and 65 GeV, without 
a requirement on the second electron. The former demonstrates 
the performance of the energy corrections on photons with the 
highest event count, optimal resolution, and the highest sensitivity 
to the Higgs boson mass. The latter demonstrates that the energy 
corrections are effective in a kinematic region where the pT of the 
electron has been chosen to be the typical pT of a photon from a 
Higgs boson decay. In both cases data and simulation are in good 
agreement in the core of the distributions.

5.2. Photon preselection and identification

The photons considered in the subsequent steps of this anal-
ysis are required to satisfy certain preselection criteria that are 
similar to, but more stringent than, those imposed by the trigger 
requirements. A detailed description of these preselection criteria, 
as well as the methods employed to evaluate their e!ciencies, can 
be found in Ref. [9]. A dedicated boosted decision tree (BDT) is 
used to classify prompt photons from other photon candidates that 
arise out of misidentified jet fragments, but which satisfy the pres-
election criteria. The full details of the input features of this photon 
identification BDT is also described in Ref. [9]. The score of this 
BDT is used later in the event categorisation, discussed in the next 
section.

5.3. Vertex selection

The identification of the diphoton vertex position along the 
beam axis has a direct impact on the diphoton mass resolution, 
since if the vertex position is known to better than about 1 cm, 
then the invariant mass resolution is dominated by the photon 
energy resolution. The distribution of the position of the inter-
action vertices along the beam axis has an RMS spread of about 
3.4 cm, and, in typical pileup conditions in 2016, there were on 
average around 23 interactions in each bunch crossing. The choice 
of the diphoton vertex is made following the same procedure in 

Good 
agreement
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Fig. 5. Data and signal-plus-background model fit for all categories summed (left) and where the categories are summed weighted by their corresponding sensitivities, given 
by S/(S+B) (right). The one (green) and two (yellow) standard deviation bands include the uncertainties in the background component of the fit. The lower panel in each plot 
shows the residuals after the background subtraction.

Fig. 6. The expected number of signal events per category and the percentage breakdown per production mode. The !eff value (half the width of the narrowest interval 
containing 68.3% of the invariant mass distribution) is also shown as an estimate of the m" " resolution in that category and compared directly to the !HM. The ratio of the 
number of signal events (S) to the number of signal plus background events (S+B) is shown on the right-hand panel.

10. Summary

In this Letter we describe a measurement of the Higgs boson 
mass in the diphoton decay channel with 35.9 fb!1 of data col-
lected in 2016 at 

"
s = 13 TeV at the LHC. New analysis techniques 

have been introduced to improve the precision of the measure-
ment and we have used a refined detector calibration. The tech-
nique that is new with respect to the previous analysis in the 
diphoton decay channel [9] is the introduction of residual energy 
corrections in much finer bins of #, pT and the shower shape 
variable R9 of the electrons from Z # ee decays, in which the 
electron showers are reconstructed as photons. We have also em-
ployed a new method to estimate the systematic uncertainty due 
to changes in the transparency of the crystals in the electromag-
netic calorimeter with radiation damage. The measured value of 

the Higgs boson mass in the diphoton decay channel is found 
to be mH = 125.78 ± 0.26 GeV. This measurement has been com-
bined with a recent measurement by CMS of the same quan-
tity in the H # ZZ # 4$ decay channel [5] to obtain a value of 
mH = 125.46 ± 0.16 GeV. Furthermore, when the Run 2 result with 
the 2016 data set is combined with the same measurement per-
formed in Run 1 at 7 and 8 TeV the value of the Higgs boson mass 
is found to be mH = 125.38 ± 0.14 GeV. This is currently the most 
precise measurement of the mass of the Higgs boson.
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• Signal model: for each category,
• Lineshapes are computed for each production mode 

and for each vertex scenario (right or wrong choice of 
! → ## vertex)

• Summed according to the expected fractions of each 
production mode and of each vertex scenario

• Up to 4 Gaussian components per lineshape; polynomial 
dependence of parameters on $%
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Fig. 3. The signal shape models for the highest resolution analysis category (left), and the sum of all categories combined together after scaling each of them by the 
corresponding S/(S+B) ratio (right) for a simulated H ! ! ! signal sample with mH = 125 GeV. The open squares represent weighted simulated events and the blue line 
represents the corresponding model. Also shown are the "eff value (half the width of the narrowest interval containing 68.3% of the invariant mass distribution) and the full 
width at half maximum (FWHM).

8.1. Uncertainties in the photon energy scale estimated with electrons

The following sources of systematic uncertainties in the photon 
energy scale were first estimated using electrons and propagated 
to the photons.

• Electron energy scale and resolution: The uncertainty in the elec-
tron energy scale and resolution corrections are derived using 
Z ! ee events by varying the distribution of R9, the electron 
selections used in the derivation of the corrections, and the 
transverse energy thresholds on the electron pairs used in the 
derivation of the corrections. This uncertainty is 0.05–0.1% for 
electrons in the EB, and 0.1–0.3% for electrons in the ECAL 
endcaps.

• Residual pT dependence of the energy scale correction: Since the 
corrections for the residual differences between data and sim-
ulation were estimated with Z ! ee events ("pT# $ 45 GeV), 
applying them to photons with "pT# $ 60 GeV introduces an 
additional systematic error. The degree of nonclosure of the 
pT-dependent electron energy scale corrections, as described 
in Section 5.1, is used as the estimate of this source of uncer-
tainty, and is indicated by the band labelled as nonlinearity in 
Fig. 1. For electrons having pT < 80 GeV, corresponding to all 
analysis categories except the Untagged 0 category, this uncer-
tainty is 0.075%. For electrons having pT greater than 80 GeV, 
corresponding to the Untagged 0 category, the uncertainty is 
0.15%. This uncertainty is applied conservatively on the global 
energy scale and is correlated among all photon candidates.

8.2. Uncertainties due to differences between electrons and photons

Additional systematic uncertainties due to the differences be-
tween the response of ECAL to electrons and photons were studied 
and assigned as follows:

• Modelling of the material budget: The uncertainty in the mate-
rial budget between the interaction point and the ECAL, which 
affects electron and photon showers differently, was evaluated 
as described in Ref. [9], and is at most 0.24% of the photon 
energy scale.

• Nonuniformity of the light collection: The shower maximum for 
photons is deeper than that of electrons by approximately one 
radiation length, which is 0.89 cm in lead tungstate. Hence the 

differences in the light collection e!ciency along the length 
of the ECAL crystals will introduce a difference in the ECAL 
response to electrons and photons. To account for this, an 
additional systematic uncertainty is assigned to the photon en-
ergy scale. Due to the increase in the radiation damage to the 
ECAL crystals in Run 2 compared to Run 1, the impact of the 
nonuniformity in light collection e!ciency has become more 
important. Therefore, a special effort has been made to study 
this effect and to better estimate the associated systematic un-
certainty in the photon energy scale. This is estimated using a 
light collection e!ciency model derived from a detailed op-
tical simulation [21] and validated with measurements made 
with irradiated crystals [22]. This model takes into account the 
nonuniformity of the collection of scintillation light due to ra-
diation damage and the crystal geometry. This uncertainty has 
been evaluated as a function of pT, supercluster |#SC |, and 
R9 using the radiation damage conditions experienced in the 
2016 data taking period. The results are summarised in Fig. 4. 
The effect is less than 0.16% in the barrel and less than 0.45% 
in the endcap, and affects photons with R9 > 0.96 the most. 
The uncertainty is assumed to be correlated among the differ-
ent |#| and R9 bins but uncorrelated between the barrel and 
endcap regions due to the difference in the degree of radiation 
damage and crystal size.

• Mis-modelling of the input variables to the energy correction: The 
uncertainty in the photon energy scale due to imperfect mod-
elling of the shower shape in the simulation is found to be 
negligible (less than 10 MeV) as a result of the good agreement 
between data and simulation in the different input variables 
used in the photon energy regression correction.

8.3. Impact of the sources of uncertainty

The contribution of each source of the photon energy scale 
systematic uncertainty to the total uncertainty in the mH mea-
surement was evaluated by performing a likelihood scan removing 
all but that source and subtracting the statistical uncertainty in 
quadrature. The results are summarised in Table 1. The leading 
sources of systematic uncertainty affecting mH are the residual pT
dependence of the photon energy scale, nonuniformity of light col-
lection, and the electron energy scale and resolution correction. 

All 
categories 
S/S+B 
weighted
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Fig. 5. Data and signal-plus-background model fit for all categories summed (left) and where the categories are summed weighted by their corresponding sensitivities, given 
by S/(S+B) (right). The one (green) and two (yellow) standard deviation bands include the uncertainties in the background component of the fit. The lower panel in each plot 
shows the residuals after the background subtraction.

Fig. 6. The expected number of signal events per category and the percentage breakdown per production mode. The !eff value (half the width of the narrowest interval 
containing 68.3% of the invariant mass distribution) is also shown as an estimate of the m" " resolution in that category and compared directly to the !HM. The ratio of the 
number of signal events (S) to the number of signal plus background events (S+B) is shown on the right-hand panel.

10. Summary

In this Letter we describe a measurement of the Higgs boson 
mass in the diphoton decay channel with 35.9 fb!1 of data col-
lected in 2016 at 

"
s = 13 TeV at the LHC. New analysis techniques 

have been introduced to improve the precision of the measure-
ment and we have used a refined detector calibration. The tech-
nique that is new with respect to the previous analysis in the 
diphoton decay channel [9] is the introduction of residual energy 
corrections in much finer bins of #, pT and the shower shape 
variable R9 of the electrons from Z # ee decays, in which the 
electron showers are reconstructed as photons. We have also em-
ployed a new method to estimate the systematic uncertainty due 
to changes in the transparency of the crystals in the electromag-
netic calorimeter with radiation damage. The measured value of 

the Higgs boson mass in the diphoton decay channel is found 
to be mH = 125.78 ± 0.26 GeV. This measurement has been com-
bined with a recent measurement by CMS of the same quan-
tity in the H # ZZ # 4$ decay channel [5] to obtain a value of 
mH = 125.46 ± 0.16 GeV. Furthermore, when the Run 2 result with 
the 2016 data set is combined with the same measurement per-
formed in Run 1 at 7 and 8 TeV the value of the Higgs boson mass 
is found to be mH = 125.38 ± 0.14 GeV. This is currently the most 
precise measurement of the mass of the Higgs boson.
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Perspectives on !" measurement

• The huge effort to calibrate leptons and photons in Run 2 leads to an 
impressive reduction of the systematic uncertainty on !"
• To the extent that the statistical component remains dominant, as in Run 1

• A more precise !" value can be expected
• From using full Run 2 dataset, if not already done
• From combining channels and experiments

• Currently, no prediction requires a more accurate !" measurement
• Precise calibration will be motivated by other physics (search for narrow 

resonances,…)
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The H boson total decay width Γ"
• Once #" is known,	Γ" is predicted
• In the standard model, Γ" = 4.1*+, for #" = 125/+,

• A non-standard Γ" would mean new physics
• Direct searches or global fits: Γ01203/51678 < ~10% at 

95% C.L.
• The extraction of = couplings requires making an 

assumption on Γ"
• E.g. no BSM decays, and Γ" computed as a function of all 

coupling modifiers
• Or, invisible or undetected decays allowed, but >?,@ < 1

• A Γ" measurement adresses both questions directly
• but expected Γ" is much smaller than detector resolution 

(~/+,)
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On-shell = → BB → 4C (35.9fb-1)
Γ" < 1.10/+, @95% C.L.
JHEP11 (2017) 047
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Figure 12. (Left) Observed likelihood scan of mH and !H using the signal range 105 < m4! <
140GeV. (Right) Observed and expected likelihood scan of !H using the signal range 105 < m4! <
140GeV, with mH profiled.

Parameter m4! range Expected Observed

!H (GeV) [105, 140] 0.00+0.75
!0.00 [0.00, 1.60] 0.00+0.41

!0.00 [0.00, 1.10]

Table 7. Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges in
square brackets) intervals on the width !H of the Higgs boson. The expected results are quoted for
the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of mH = 125GeV.
In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

LHC. The signal strength modifier µ, defined as the ratio of the observed Higgs boson rate

in the H ! ZZ ! 4! decay channel to the standard model expectation, is measured to be

µ = 1.05 +0.15
!0.14 (stat)

+0.11
!0.09 (syst) = 1.05+0.19

!0.17 atmH = 125.09GeV, the combined ATLAS and

CMS measurement of the Higgs boson mass. Two signal strength modifiers associated with

the fermion- and vector-boson induced contributions to the expected standard model cross

section are measured to be µggH, ttH = 1.19+0.21
!0.20 and µVBF,VH = 0.00+0.81

!0.00, respectively. The

cross section at
"
s = 13TeV in a fiducial phase space defined to match the experimental

acceptance in terms of the lepton kinematics and event topology, predicted in the standard

model to be 2.76 ± 0.14 fb, is measured to be 2.92 +0.48
!0.44 (stat)

+0.28
!0.24 (syst) fb. Di"erential

cross sections are reported as a function of the transverse momentum of the Higgs boson,

the number of associated jets, and the transverse momentum of the leading associated

jet. The mass is measured to be mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV and the

width is constrained to be !H < 1.10GeV at 95% confidence level. The production and

decay properties of the Higgs boson are consistent, within their uncertainties, with the

expectations for the standard model Higgs boson.

– 29 –



Γ" from off-shell data
• In the standard model, ~10% of s-channel # → %%

cross section is off-shell ('(( > 220,-.)
• The ratio of off-shell to on-shell cross sections is 

sensitive to Γ"
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• The interference with the standard-model %% background is destructive (unitarity)
• We look for a reduction of what the standard model would predict in the absence of a # boson

• Good signal and background modelling across a wide '(( range is needed

44

The off-shell method for the width
Combine with on-shell signal strength measurement to extract ΓH [1]:
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! → ## → 2%2& off-shell analysis NP (2022) 01682

• ! → ## → 2%2& and → 4% bring comparable sensitivity to off-shell production
• While on-shell ! → ## → 2%2& is not visible due to background

• CMS analysis recently published
• 2%2& off-shell 13 TeV data (138fb-1)
• combined with 4% off-shell (78fb-1) and on-shell (140fb-1) 
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• Signal and interfering background
• Modelled at approximate NLO

• POWHEG NLO fixed-pole mass samples reweighted to S, B, 
SBI hypotheses using LO matrix-element computation from 
MELA (details in CMS NOTE-2022/010)

• ((! process:
• NNLO differential k-factor applied as a function of )**
• N3LO normalization
• 10% extra uncertainty on (( → ## background



Event selection
• µµ/ee + !"#$%% final state
• !",' > 25+,-
• .'' ∈ .0 ± 15+,-; !",'' > 55+,-
• Jet categories: 0, 1 and ≥ 2 jets with !",4 > 30+,-
• !"#$%% > 125+,- in 74 = 0,1 and > 140+,- in 74 ≥ 2
• B-jet veto

• Observables (74 = 0,1 categories)
• !"#$%%
• Transverse mass:
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9/18

Kinematic observables

Due to the 2¸2‹ final state in this analysis, we can not reconstruct the invariant mass
of the ZZ system (mZZ), so instead we use ZZ system transverse mass mZZ

T defined as,

mZZ2
T =

!
p¸¸2

T + m2
¸¸

+


pmiss2
T + m2

Z

"2
≠

!
p̨ ¸¸

T + p̨ miss
T

"2
(5)

We use pmiss
T as the other oservable since di�erent backgrounds behave di�erently

along pmiss
T , moreover, The shape of this variable is also sensitive to the presence of

SM or BSM Higgs signal.

In Nj Ø 2, matrix element likelihood ratio discriminants (Dvbf,ai
2jet ) are used to

discriminate VBF production mechanism from ggH:

Dvbf,ai
2jet =

Pai
vbf

Pai
vbf + Psm

QCD H+2jet

(6)

where P is the matrix element probability density computed by mela package [11]
using four momenta of

≠ the two leading-pT jets
≠ Higgs boson by utilizing ÷‹‹ = ÷¸¸ approximation.

Mostafa Mahdavikhorrami Evidence for o�-shell Higgs production, December 22, 2021
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Extended Data Figure 4: Distributions of mZZ

T
in the different Nj categories of the 2`2n signal

region. The postfit distributions of the transverse ZZ invariant mass are displayed in the jet
multiplicity categories of Nj = 0 (left), = 1 (middle), and � 2 (right) with a missing transverse
momentum requirement of p

miss
T > 200 GeV to enrich H boson contributions. The color legend

for the stacked or dot-dashed histograms is given above the plots. The stacked histogram is
split into the following components: gg (light pink) and EW (dark pink) ZZ production, in-
strumental p

miss
T background (purple), nonresonant proceses (gray), the qq ! ZZ (blue) and

qq0 ! WZ (green) processes, and tZ+X production, where X refers to any other particle. Post-
fit refers to individual fits of the data (shown as black points with error bars as uncertainties
at 68% CL) to the combined 2`2n + 4` sample, including the WZ control region, and assuming
either SM H boson parameters (stacked histogram with the hashed band as the total postfit
uncertainty at 68% CL) or no off-shell H boson production (dot-dashed gold line). The middle
panels along the vertical show the ratio of the data or dashed histograms to the stacked his-
togram, and the lower panels show the predicted relative contributions of each process. The
rightmost bins contain the overflow.

Instrumental !"#$%% from & + ()* events
Data-driven using + + ()* events

Non-resonant: * ̅*,./.0
Data-driven using unlike-flavor (eµ) events
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Extended Data Figure 4: Distributions of mZZ

T
in the different Nj categories of the 2`2n signal

region. The postfit distributions of the transverse ZZ invariant mass are displayed in the jet
multiplicity categories of Nj = 0 (left), = 1 (middle), and � 2 (right) with a missing transverse
momentum requirement of p

miss
T > 200 GeV to enrich H boson contributions. The color legend

for the stacked or dot-dashed histograms is given above the plots. The stacked histogram is
split into the following components: gg (light pink) and EW (dark pink) ZZ production, in-
strumental p

miss
T background (purple), nonresonant proceses (gray), the qq ! ZZ (blue) and

qq0 ! WZ (green) processes, and tZ+X production, where X refers to any other particle. Post-
fit refers to individual fits of the data (shown as black points with error bars as uncertainties
at 68% CL) to the combined 2`2n + 4` sample, including the WZ control region, and assuming
either SM H boson parameters (stacked histogram with the hashed band as the total postfit
uncertainty at 68% CL) or no off-shell H boson production (dot-dashed gold line). The middle
panels along the vertical show the ratio of the data or dashed histograms to the stacked his-
togram, and the lower panels show the predicted relative contributions of each process. The
rightmost bins contain the overflow.

Irreducible: !!,#!
From simulations; constrained by joint fit with 3-lepton control region



• Kinematic discriminant !"#$%&'( = *+,-
*+,-.*//012345

computed with MELA

• “Production-side” discriminant; 6 boson momentum approximated assuming 78→:: = 78→;;

• Kinematic discriminant !"#$%
&'(,=> = *+,-

?@

*+,-
?@ .*//012345

AB

• One version for each anomalous coupling CD

Parameters of interest fitted to histograms of two (F#= 0,1) or four (F# ≥ 2) observables:
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5.2 Interpretations

Editors: U. Sarica

The distributions of events shown in Sec. 5.1 are interpreted in several different ways:

• Constraints on the off-shell signal strengths, µoff�shell
F and µoff�shell

V , or µoff�shell.
• Constraints on the H boson total width, GH, with or without the three BSM HVV

coupling cross section fractions f̄a2, f̄a3, and f̄L1.

The summary of observables used in the different event categories for the 2`2n final state are
outlined in Table 29 for each interpretation. In each case, the constraints are obtained using
profile likelihood scans with the construction of the likelihood as described in Sec. 4.4. The
coverage of the confidence intervals is tested using explicit p-value calculations at the reported
95% CL boundaries of GH and at GH = 0 MeV according to the prescription of Feldman-Cousins
confidence intervals [115]. A decent agreement was found between the resultant p-values and
the description of the confidence levels from the profiled likelihood scans.

Table 29: The set of observables used in each interpretation are summarized for the 2`2n final
state. The interpretations are grouped by the parameters constrained. The observables for Nj <

2 are identical in any interpretation scenario, and the BSM DVBF
2jet discriminant in the Nj � 2

category changes based on the anomalous HVV coupling constrained. The BSM discriminant
DVBF,a2

2jet is added to the SM-like HVV coupling scenarios as well in order to gain equivalent
signal separation strength. Only two bins in pmiss

T , < and � 200 GeV, are considered for Nj � 2
as outlined in Table 27.

Interpretation parameters Nj < 2 Nj � 2
µoff�shell

F , µoff�shell
V , µoff�shell mZZ

T , pmiss
T mZZ

T , pmiss
T , DVBF

2jet , DVBF,a2
2jet

GH ( fai = 0) mZZ
T , pmiss

T mZZ
T , pmiss

T , DVBF
2jet , DVBF,a2

2jet

GH, f̄a2 mZZ
T , pmiss

T mZZ
T , pmiss

T , DVBF
2jet , DVBF,a2

2jet

GH, f̄a3 mZZ
T , pmiss

T mZZ
T , pmiss

T , DVBF
2jet , DVBF,a3

2jet

GH, f̄L1 mZZ
T , pmiss

T mZZ
T , pmiss

T , DVBF
2jet , DVBF,L1

2jet

We can interpret the results in terms of off-shell signal strengths, µoff�shell
F for the gg pro-

cess, and µoff�shell
V for the EW process. The interpretations for µoff�shell

F and µoff�shell
V are con-

sidered with the other parameter kept unconstrained. This basis can be reparametrized for
an overall off-shell signal strength parameter µoff�shell as µoff�shell

F ! µoff�shell, µoff�shell
V !

µoff�shell ⇥ Roff�shell
V,F , where Roff�shell

V,F is a ratio parameter that can be either set to unity (i.e.,
µoff�shell

V = µoff�shell
F ) or left unconstrained. This reparametrization is preferable over defining

µoff�shell strictly as an off-shell signal strength because with different H boson decay modes
considered, the size and proportion of the gg and EW production mechanisms changes. The
on-shell signal strength µV is left unconstrained in all cases. These constraints are summarized
in Table 30 for the combination of 2`2n and high-mass 4` events, or using 2`2n events alone,
and Fig. 201 shows the corresponding observed and expected likelihood scans in these param-
eters. The two-parameter likelihood scan over µoff�shell

F and µoff�shell
V is also presented in this

figure. The expected value of �2D ln L at µoff�shell = 0 exceeds the 95% CL threshold in both of
the scenarios considered with events from the 2`2n final state used alone, or when the events
from the two final states are combined. The scenario with µoff�shell = 0 is excluded with more
than 99.7% confidence in the observed result.

VBF-sensitive observables
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Results

Γ" = 3.2'(.)*+.,-./
µ122'34566 = 0 excluded at 3.68

Good sensitivity to off-shell VBF production

Leading systematic uncertainties on µ122'34566
• NLO electroweak corrections on 99 background
• ::; + 2=.> modelling
• :: → 99 background k-factor



Perspectives on Γ" measurement

• There is still plenty of room for new physics in Γ"
• Off-shell data brings a constraint with a precision that becomes 

relevant
• Systematic uncertainties can still improve e.g. on ## background
• Statistical uncertainties on off-shell yields are still large, e.g. in the 

VBF channel
• These will for sure improve
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See also new ATLAS result 

in Michiel Jan Veen’s 

highlight talk (Wednesday)



backup
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!" in # → %% in CMS
2016 data; 35.9fb-1

Physics Letters B 805 (2020) 135425

• % energy calibration
• both scale correction to data, and per-photon 

resolution, are estimated using a regression MVA 
trained on simulation
• inputs: shower shape variables; preshower data; 

pileup-sensitive observables
• further corrections computed using & → ''

events, with ' reconstructed as photon
• smearing correction to simulation, as a fct of ( and 

shower shape variable ()*)
• scale correction to data, as a fct of ( and )*
• scale correction to data, in bins of pT and ( to cover 

difference in +, range bw. & → '' and # → %%
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fibres complements the coverage provided by the barrel and end-
cap detectors. The first level of the CMS trigger system [7] uses 
information from the calorimeters and muon detectors to select 
the most interesting events in a fixed time interval of less than 
4 µs. The high-level trigger processor farm further decreases the 
event rate from around 100 kHz to around 1 kHz before data stor-
age. A more detailed description of the CMS detector, together with 
a definition of the coordinate system and the relevant kinematic 
variables, can be found in Ref. [8].

3. Analysis strategy

The general strategy followed in this analysis is the same as 
that adopted in an earlier analysis by the CMS Collaboration of the 
Higgs boson properties in the diphoton channel [9]. Since that pub-
lication, refinements were made to increase the precision of the 
measurement of mH through a better understanding of the sys-
tematic uncertainties of the measurement, and a more accurate 
detector calibration was performed. We have also improved the 
method, first introduced in Ref. [10], to measure and correct for 
nonlinear discrepancies in the energy scale with transverse mo-
mentum (pT), of electrons from Z boson decay, between data and 
simulation by increasing the granularity of the correction. In ad-
dition, we have developed a method to evaluate the systematic 
uncertainty of the photon energy scale due to radiation damage of 
the ECAL crystals, and a simplified event categorisation, described 
in Section 6, is followed in the analysis.

With the new calibration, the detector response is more stable 
with time, leading to a reduction of the uncertainties in the cor-
rections to the photon energy due to the material upstream of the 
ECAL and of the uncertainties associated with variables which de-
scribe the electromagnetic shower.

4. Data and simulation

The events used in this analysis were collected in 2016 with 
an integrated luminosity of 35.9 fb!1. They were selected with a 
diphoton trigger that had asymmetric pT thresholds of 30 and 
18 GeV. Full details of the trigger selection and the measurement of 
the trigger e!ciency can be found in Ref. [9]. To model the signal 
and background processes, events are generated with Monte Carlo 
techniques. The detailed response of the CMS detector is simulated 
using the Geant4 package [11].

Signal events are simulated with the MadGraph5_amc@nlo
v2.2.2 matrix-element generator [12] at next-to-leading order and 
interfaced with pythia 8.205 [13] for parton showering and hadro-
nisation. The pythia underlying event tune CUETP8M1 [14] was 
used. The irreducible prompt diphoton background and the re-
ducible backgrounds of ! + jet and multijet events, where the 
jets are misidentified as isolated photons, are the dominant back-
grounds to the H " ! ! decay process. The diphoton background 
is modelled with the sherpa v.2.2.1 [15] generator, which includes 
the Born processes with up to 3 additional jets at leading or-
der (LO) accuracy, as well as the LO box processes. The ! +jets 
and multijet backgrounds are modelled with pythia at LO. These 
samples are used for the training of the multivariate discrimi-
nants used in this analysis, as well as for the optimisation of the 
event categorisation. The Drell–Yan samples used to derive the 
electron and photon energy scale corrections and their system-
atic uncertainties, are simulated with MadGraph [16] and Mad-
Graph5_amc@nlo generators and merged together in order to im-
prove the statistical precision of the scale corrections. Before merg-
ing these samples, the compatibility of the mee lineshapes between 
the two generators in the categories used to derive the electron 
and photon energy scale corrections was confirmed.

Fig. 1. Energy scale corrections as a function of the pT of the photon. The horizontal 
bars in the plot represent the variable bin width. The systematic uncertainty associ-
ated with this correction is approximately the maximum deviation observed in the 
pT range between 45 and 65 GeV for electrons in the EB region.

The simulation includes multiple proton-proton interactions 
taking place within a bunch crossing, known as ‘pileup’. Pileup can 
occur not only in the same bunch crossing (in-time pileup), but 
also in the crossing of previous and subsequent bunches (out-of-
time pileup), both of which are accounted for by the simulation. 
The simulated events are scaled to reproduce the distribution of 
the number of pileup interactions in data.

5. Photon reconstruction and identification

Photon candidates are reconstructed as energy deposits in a 
collection of crystals in the ECAL. A cluster is formed by first iden-
tifying a ‘seed’ crystal with an energy above a given threshold, then 
the cluster is built by finding the crystals that share an edge with 
the seed crystal and have an energy above another, lower thresh-
old. This second threshold is set to be approximately 80 MeV in 
the barrel and ranging from 80 to 300 MeV in the endcaps, de-
pending on |"|. These clusters, once formed, are combined to form 
a ‘supercluster’, aiming to fully contain the shower of the photon. 
This procedure accounts for variations in geometry as a function of 
|"|, and optimises the robustness of the energy resolution against 
pileup.

5.1. Photon energy calibration

A critical component of the measurement of mH is the energy 
calibration of the response of the ECAL to photons. The energy of 
a photon is calculated by summing the calibrated and corrected 
energy [17] of all crystals in the associated supercluster, and the 
energy deposited in the preshower in the region 1.65 < |"| < 2.6
covered by this detector. For each supercluster, a shower shape 
variable R9 is defined, which is used to select photons undergo-
ing a conversion in the material between the interaction point 
and the front face of the ECAL. The variable R9 is defined for a 
candidate electromagnetic cluster as the ratio of the sum of en-
ergy deposited in a 3#3 crystal array, centred on the crystal with 
the highest energy, to the sum of the energy in the supercluster. 
The energy deposition of photons that convert before reaching the 
calorimeter tends to have wider transverse profiles and thus lower 
values of R9 than those of unconverted photons. To further opti-
mise the energy resolution, the energy is corrected for the lack of 
complete containment of the electromagnetic showers in the clus-
tered crystals, the energy lost by photons that convert upstream 
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Fig. 2. Comparison of the distributions of the invariant mass of the dielectrons in data and simulation in Z ! ee events after application of energy corrections in two 
representative categories. Left: Both electrons are in the EB and satisfy R9 > 0.94. Right: the leading electron has a transverse momentum between 55 and 65 GeV, without 
a requirement on the second electron. The systematic uncertainty in the error band in the plots include only the uncertainties on the derived energy scale corrections.

of the calorimeter, and the effects of pileup. These corrections are 
derived using a multivariate regression technique, trained on sim-
ulated events, which simultaneously estimates the energy of the 
photon and its median uncertainty. The inputs to this regression 
are shower shape variables, the preshower information, and ob-
servables sensitive to pileup [18].

After applying these corrections to the photon energy, some 
residual differences remain between the data and simulation in 
both the photon energy scale and the resolution. A multistep pro-
cedure is used to correct these differences, using Z ! ee decays in 
which the electron showers are reconstructed as photons, so that 
the simulation accurately reproduces the data. In the first step of 
this process, any residual long-term drifts in the energy scale in 
data are corrected for, in approximately 18-hour intervals corre-
sponding to one LHC fill. In the second step, corrections to both 
the energy resolution in the simulation, and the scale correction 
needed for the data are derived simultaneously in bins of |!| and 
R9 for electrons. The energy resolution obtained in simulation is 
matched to the data by adding a Gaussian smearing term, deter-
mined by adjusting the agreement in the Z ! ee invariant mass 
distributions. In the third and final step the energy scale correc-
tions are derived in bins of |!| and pT to account for any nonlinear 
response of the crystals with energy. The corrections obtained from 
this step are shown in Fig. 1 for electrons as a function of pT in the 
three bins of |!| in EB. This additional step in the scale correction 
improves the precision of the measurement of mH, since the en-
ergy spectrum of the electrons from Z boson decay ("pT# $ 45 GeV) 
used to derive the scale corrections, is different from the energy 
spectrum of photons from Higgs boson decay ("pT# $ 60 GeV).

We note that in the second step the number of bins in R9 for 
the scale corrections has been increased by a factor of five over the 
previous analysis [9], resulting in an improvement in the precision 
with which the energy scale is determined. Also, in order to pro-
vide a consistency test of the derivation procedure, the correction 
factors that are obtained in the second and third steps are applied 
a second time to the data and a new set of factors is extracted in 
the same electron categories. Any deviation from unity is an indi-
cation of the nonclosure of the derivation procedure and is applied 
as a systematic uncertainty on scale corrections.

The agreement between data and simulation in the dielectron 
invariant mass, after applying these energy scale corrections and 
the additional smearings, is shown in Fig. 2 for dielectron events 
in the EB with R9 greater than 0.94, and for dielectron events with 
a leading transverse momentum between 55 and 65 GeV, without 
a requirement on the second electron. The former demonstrates 
the performance of the energy corrections on photons with the 
highest event count, optimal resolution, and the highest sensitivity 
to the Higgs boson mass. The latter demonstrates that the energy 
corrections are effective in a kinematic region where the pT of the 
electron has been chosen to be the typical pT of a photon from a 
Higgs boson decay. In both cases data and simulation are in good 
agreement in the core of the distributions.

5.2. Photon preselection and identification

The photons considered in the subsequent steps of this anal-
ysis are required to satisfy certain preselection criteria that are 
similar to, but more stringent than, those imposed by the trigger 
requirements. A detailed description of these preselection criteria, 
as well as the methods employed to evaluate their e!ciencies, can 
be found in Ref. [9]. A dedicated boosted decision tree (BDT) is 
used to classify prompt photons from other photon candidates that 
arise out of misidentified jet fragments, but which satisfy the pres-
election criteria. The full details of the input features of this photon 
identification BDT is also described in Ref. [9]. The score of this 
BDT is used later in the event categorisation, discussed in the next 
section.

5.3. Vertex selection

The identification of the diphoton vertex position along the 
beam axis has a direct impact on the diphoton mass resolution, 
since if the vertex position is known to better than about 1 cm, 
then the invariant mass resolution is dominated by the photon 
energy resolution. The distribution of the position of the inter-
action vertices along the beam axis has an RMS spread of about 
3.4 cm, and, in typical pileup conditions in 2016, there were on 
average around 23 interactions in each bunch crossing. The choice 
of the diphoton vertex is made following the same procedure in 

Good 
agreement
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2016 dataset measurement
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11/7/22 Pascal Vanlaer, Higgs2022, 7-11 November 2022 22

The CMS Collaboration / Physics Letters B 805 (2020) 135425 7

Fig. 5. Data and signal-plus-background model fit for all categories summed (left) and where the categories are summed weighted by their corresponding sensitivities, given 
by S/(S+B) (right). The one (green) and two (yellow) standard deviation bands include the uncertainties in the background component of the fit. The lower panel in each plot 
shows the residuals after the background subtraction.

Fig. 6. The expected number of signal events per category and the percentage breakdown per production mode. The !eff value (half the width of the narrowest interval 
containing 68.3% of the invariant mass distribution) is also shown as an estimate of the m" " resolution in that category and compared directly to the !HM. The ratio of the 
number of signal events (S) to the number of signal plus background events (S+B) is shown on the right-hand panel.

10. Summary

In this Letter we describe a measurement of the Higgs boson 
mass in the diphoton decay channel with 35.9 fb!1 of data col-
lected in 2016 at 

"
s = 13 TeV at the LHC. New analysis techniques 

have been introduced to improve the precision of the measure-
ment and we have used a refined detector calibration. The tech-
nique that is new with respect to the previous analysis in the 
diphoton decay channel [9] is the introduction of residual energy 
corrections in much finer bins of #, pT and the shower shape 
variable R9 of the electrons from Z # ee decays, in which the 
electron showers are reconstructed as photons. We have also em-
ployed a new method to estimate the systematic uncertainty due 
to changes in the transparency of the crystals in the electromag-
netic calorimeter with radiation damage. The measured value of 

the Higgs boson mass in the diphoton decay channel is found 
to be mH = 125.78 ± 0.26 GeV. This measurement has been com-
bined with a recent measurement by CMS of the same quan-
tity in the H # ZZ # 4$ decay channel [5] to obtain a value of 
mH = 125.46 ± 0.16 GeV. Furthermore, when the Run 2 result with 
the 2016 data set is combined with the same measurement per-
formed in Run 1 at 7 and 8 TeV the value of the Higgs boson mass 
is found to be mH = 125.38 ± 0.14 GeV. This is currently the most 
precise measurement of the mass of the Higgs boson.
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Table 1
The observed impact of the different uncertainties on the measurement of mH.

Source Contribution (GeV)

Electron energy scale and resolution corrections 0.10
Residual pT dependence of the photon energy scale 0.11
Modelling of the material budget 0.03
Nonuniformity of the light collection 0.11
Total systematic uncertainty 0.18

Statistical uncertainty 0.18
Total uncertainty 0.26

Fig. 4. The systematic uncertainty due to the difference between the electron and 
photon energy scales from the radiation damage induced nonuniformity of light 
collection in ECAL crystals in different supercluster |!SC | and R9 categories. The 
method used to evaluate this uncertainty is described in Section 8.2.

The impact of all other sources of systematic uncertainty were 
found to be negligible.

9. Results

To extract the measured value of mH and its uncertainty, a 
binned maximum likelihood fit is performed simultaneously to 
the m" " distributions of the seven analysis categories described 
in Sec. 6, in the range 100 < m" " < 180 GeV. We use binned fits 
to reduce computation time and a bin size of 0.125 GeV, which is 
small compared to the diphoton mass resolution. The data and the 
signal-plus-background model fit for the sum of all analysis cate-
gories is shown in Fig. 5.

The expected number of signal events for each category is sum-
marised in Fig. 6, where the contribution of each production mode 
to each analysis category is shown. The #eff and #HM are also 
listed; the latter is the FWHM, divided by 2.35.

In the likelihood scan of mH, other parameters of the signal and 
background models are allowed to vary. Systematic uncertainties 
are included in the form of nuisance parameters, and the results 
are obtained using an asymptotic approach [23] with a test statis-
tic based on the profile likelihood ratio [24]. In the fit to extract 
mH, two independent signal strengths for the (ggH, ttH) ! " " and 
(VBF, VH) ! " " processes are free to vary. The best-fit mass of mH
is observed to be mH = 125.78 ± 0.18 (stat) ± 0.18 (syst) GeV, while 
it was expected to have a statistical uncertainty of ±0.21 GeV and a 
systematic uncertainty of ±0.18 GeV. The signal strengths obtained 
were found to be compatible with the same from previous analy-
sis in the diphoton decay channel [9]. The expected uncertainties 
in the measurement were obtained by generating an Asimov data 
set [24] from the expected signal from the standard model plus 
best-fit background model. The difference between the measured 

values of mH in the H ! " " channel in the two LHC run periods, 
Run 1 [10] and 2016, is $mH = 1.12 ± 0.43 GeV. The compatibility 
of these two results is at the level of 2.6 standard deviations. A de-
tailed set of cross-checks was performed to ensure that this shift 
is statistical.

9.1. Combination with the H ! ZZ ! 4% mass measurement in the 
2016 and Run 1 data sets

The results of this mass measurement were combined with a 
measurement of the same quantity in the H ! ZZ ! 4% decay 
channel with the 2016 data set reported by CMS in Ref. [5] using 
the same data set with a preliminary set of detector conditions.

In the combination a possible correlation may exist between 
electron and photon energy scales. In the H ! " " decay chan-
nel, the largest contribution to the uncertainty on the photon en-
ergy scale is due to the difference in the calorimeter response to 
electrons and photons, which is only applied to the H ! " " de-
cay channel. Other differences between the two decay channels in 
the derivation of the energy scale corrections are the much finer 
binning in R9 and their pT-dependence in the H ! " " decay 
channel. Additionally the average energy of the electrons in the 
H ! ZZ ! 4% decay channel is much lower than the most prob-
able photon energy in the H ! " " decay channel. Thus we treat 
the uncertainties, residual to the electron-photon difference, in the 
electron and photon energy scales to be uncorrelated between the 
two channels.

The combined value of mH measured from the 2016 data 
set is observed to be mH = 125.46 ± 0.13 (stat) ± 0.10 (syst) GeV
with an expected statistical uncertainty of ±0.16 GeV and an ex-
pected systematic uncertainty of ±0.10 GeV. Three independent 
signal strengths for the (ggH, ttH) ! " " , (VBF, VH) ! " " and 
pp ! H ! ZZ ! 4% processes are free to vary in the fit to ex-
tract mH, so that we are not completely dependent on the stan-
dard model for the production and decay ratios. This result is in 
good agreement with the ATLAS+CMS Run 1 measurement [4], 
mH = 125.09 ± 0.24 GeV. A scan of the value of twice the nega-
tive logarithm of the likelihood ("2$ ln L) as a function of mH for 
the two individual decay channels, as well as their combination is 
shown in Fig. 7.

The same procedure was used to combine this result from 
the 2016 data set with the same measurement (H ! " " and 
H ! ZZ ! 4%) obtained from the Run 1 data [25]. The result of 
combining the measurements from both data taking periods is 
mH = 125.38 ± 0.11 (stat) ± 0.08 (syst) GeV with an expected sta-
tistical uncertainty of ±0.13 GeV and an expected systematic un-
certainty of ±0.08 GeV. Fig. 8 shows the likelihood scans of the 
combined Higgs boson mass in the H ! " " and H ! ZZ ! 4% de-
cay channels with the Run 1 and 2016 data sets individually and 
the same combining the two data sets. A summary of the individ-
ual and combined measurements with the Run 1 and 2016 data 
sets is shown in Fig. 9.



!" and Γ" from on-shell $ → && → 4( in CMS 
2016 data, 35.9fb-1

• Mass measurement
• Lepton momentum corrections 

from & → (( and )/+ → (( events
• FSR photon recovery
• 3 lepton combinations 4e, 4µ, 2e2µ
• 7 categories targeting different 

production modes (ggF, VBF, VH, 
ttH)
• Use of per-event m4l uncertainty 
,-.//
• Computed by propagating lepton 

momentum uncertainties and 
corrected for using & → (( samples

• Kinematic constraint from mass of 
leading &
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• Background discrimination using 
matrix-element based decay 
discriminant ,012134

• Double-sided Crystal Ball signal 
shape
• 3D fit to (!67, ,-.//, ,012134 )

• Onshell width measurement
• Events grouped into 2 categories: 

VBF 2-jet and others
• 1D fit to !67 with !" and Γ" left 

free



J
H
E
P
1
1
(
2
0
1
7
)
0
4
7

 (GeV)
l4m

70 80 90 100 110 120 130 140 150 160 170

E
ve

n
ts

 /
 2

 G
e

V

0

10

20

30

40

50

60
 Data

 H(125)
*!ZZ, Z"q q
*!ZZ, Z" gg

 Z+X

untagged category

 (13 TeV)-135.9 fbCMS

 (GeV)
l4m

70 80 90 100 110 120 130 140 150 160 170

E
ve

n
ts

 /
 4

 G
e

V

0

2

4

6

8

10

12

14

16

18

20

 Data

 H(125), VBF
 H(125), other

*!ZZ, Z"q q
*!ZZ, Z" gg

 Z+X

VBF-1jet-tagged category

 (13 TeV)-135.9 fbCMS

 (GeV)
l4m

70 80 90 100 110 120 130 140 150 160 170

E
ve

n
ts

 /
 4

 G
e

V

0

1

2

3

4

5

6

7  Data

 H(125), VBF
 H(125), other

*!ZZ, Z"q q
*!ZZ, Z" gg

 Z+X

VBF-2jet-tagged category

 (13 TeV)-135.9 fbCMS

 (GeV)
l4m

70 80 90 100 110 120 130 140 150 160 170

E
ve

n
ts

 /
 4

 G
e

V

0

1

2

3

4

5

6

7

8  Data

 H(125), VH
 H(125), other

*!ZZ, Z"q q
*!ZZ, Z" gg

 Z+X

VH-hadronic-tagged category

 (13 TeV)-135.9 fbCMS

 (GeV)
l4m

70 80 90 100 110 120 130 140 150 160 170

E
ve

n
ts

 /
 4

 G
e

V

0

1

2

3

4

5  Data

 H(125), VH
 H(125), other

*!ZZ, Z"q q
*!ZZ, Z" gg

 Z+X

VH-leptonic-tagged category

 (13 TeV)-135.9 fbCMS

 (GeV)
l4m

70 80 90 100 110 120 130 140 150 160 170

E
ve

n
ts

 /
 4

 G
e

V

0

0.5

1

1.5

2

2.5

3

3.5
 Data

 H(125), VH
 H(125), other

*!ZZ, Z"q q
*!ZZ, Z" gg

 Z+X

-tagged category
miss
TVH-E

 (13 TeV)-135.9 fbCMS

 (GeV)
l4m

70 80 90 100 110 120 130 140 150 160 170

E
ve

n
ts

 /
 4

 G
e

V

0

0.5

1

1.5

2

2.5

3

3.5
 Data

Ht H(125), t
 H(125), other

*!ZZ, Z"q q
*!ZZ, Z" gg

 Z+X

H-tagged categorytt

 (13 TeV)-135.9 fbCMS

Figure 4. Distribution of the reconstructed four-lepton invariant mass in the seven event categories
for the low-mass range. (Top left) untagged category. (Top right) VBF-1jet-tagged category.
(Center left) VBF-2jet-tagged category. (Center right) VH-hadronic-tagged category. (Bottom
left) VH-leptonic-tagged category. (Bottom middle) VH-Emiss

T -tagged category. (Bottom right)
ttH-tagged category. Points with error bars represent the data and stacked histograms represent
expected signal and background distributions. The SM Higgs boson signal with mH = 125GeV,
denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation, whilst the Z+X
background is normalized to the estimation from data. For the categories other than the untagged
category, the SM Higgs boson signal is separated into two components: the production mode that
is targeted by the specific category, and other production modes, where the gluon fusion dominates.
The order in perturbation theory used for the normalization of the irreducible backgrounds is
described in section 7.1.
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Figure 5. Distribution of the Z1 (left) and Z2 (middle) reconstructed invariant masses and two-
dimensional distribution of these two variables (right) in the mass region 118 < m4! < 130GeV. The
stacked histograms and the gray scale represent the expected signal and background distributions,
and points represent the data. The SM Higgs boson signal with mH = 125GeV, denoted as H(125),
and the ZZ backgrounds are normalized to the SM expectation, whilst the Z+X background is
normalized to the estimation from data. The order in perturbation theory used for the normalization
of the irreducible backgrounds is described in section 7.1.

The reconstructed dilepton invariant masses for the selected Z1 and Z2 candidates are

shown in figure 5 for 118 < m4! < 130GeV, along with their correlation. Figure 6 shows the

correlation between the kinematic discriminant Dkin
bkg with the four-lepton invariant mass,

the two variables used in the likelihood fit to extract the results (see section 10.1). The gray

scale represents the expected combined relative density of the ZZ background and the Higgs

boson signal. The points show the data and the measured four-lepton mass uncertainties

Dmass as horizontal bars. Di!erent marker colors and styles are used to denote the final

state and the categorization of the events, respectively. This distribution shows that the

two observed events around 125GeV in the VH-Emiss
T -tagged and ttH-tagged categories

(empty star and square markers) have low values of Dkin
bkg, implying that these events are

more compatible with the background than the signal hypothesis. The distribution of the

discriminants used for event categorization and the corresponding working point values are

shown in figure 7.

10.1 Signal strength modifiers

To extract the signal strength modifier we perform a multi-dimensional fit that relies on

two variables: the four-lepton invariant mass m4! and the Dkin
bkg discriminant. We define

the two-dimensional likelihood function as:

L2D(m4!,Dkin
bkg) = L(m4!)L(Dkin

bkg|m4!). (10.1)

The mass dimension is unbinned and uses the model described in section 8. The conditional

term is implemented by creating a two-dimensional template of m4! vs. Dkin
bkg normalized

to 1 for each bin of m4!. Based on the seven event categories and the three final states (4e,

4µ, 2e2µ), the (m4!,Dkin
bkg) unbinned distributions are split into 21 categories.

A simultaneous fit to all categories is performed to extract the signal strength modifier.

The relative fraction of 4e, 4µ, and 2e2µ signal events is fixed to the SM prediction.
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Examples of !"# distributions in four categories

$% and $& mass distributions
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! → ## → 4% off-shell 

• 3 categories: VBF-tagged; VH-tagged; untagged
• On the basis of kinematic discriminants

• 3 observables
• &'(
• )*+,-./0123 or )*+,-40123 or )*+,+56 likelihood ratio computed against main 

background for each category

• )*75-./0123 or )*75-40123 or )*75,,,123 complementing the above with interference 
information, e.g. 

)9:2;-./,-4 = =-./,-4
=-./,-4 + =,,/09:2;

)*75,,,123 =
=,,4

2 =,,4. =,,AA *BC
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Off-shell event distributions


