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Higgs Mass

Overview of this talk
▸ 4 Measurements out from both experiments (great!) 

▸ 3 fix the Higgs mass, 1 floats the Higgs mass 

▸ What are the stated reasons for fixing or floating?
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1 Introduction

The discovery of a new boson consistent with the standard model (SM) Higgs boson [1–6] was
reported by the ATLAS and CMS Collaborations in 2012 [7, 8]. It has been followed by a com-
prehensive set of studies of the properties of this new boson in decay channels and production
modes that are accessible with the LHC Run 1 dataset. Measurements from both the ATLAS
and CMS collaborations show that the properties of the new boson are consistent with expec-
tations for the SM Higgs boson [9–11] (and references therein).

We present measurements of the inclusive and differential fiducial cross sections for Higgs
boson production in the H ! 4` decay channel (` = e, µ) in proton-proton collisions at center-
of-mass energies of

p
s = 7 TeV and

p
s = 8 TeV. These measurements offer a direct test of

the perturbative QCD calculations in the Higgs sector of the SM. In addition, any deviation
from SM expectations for the total or differential Higgs boson production cross sections could
be an indication of non-SM contributions. The measurement of the Higgs boson production
cross section in the H ! 4` decay channel has already been performed by the ATLAS collab-
oration [12], while similar measurements of the Higgs boson production cross section in the
H! 2g decay channel have been reported by both the ATLAS and CMS collaborations [12, 13].

The inclusive fiducial cross section measurements are performed using 5.1 fb�1of 7 TeV and
19.7 fb�1of 8 TeV proton-proton collision data recorded with the CMS detector at LHC. The
measurement of the ratio of fiducial cross sections at 7 TeV and 8 TeV is also performed. The
differential fiducial cross section measurements are performed using the 8 TeV collision data
only, due to the limited statistics of the 7 TeV dataset. The cross sections are measured in a
fiducial phase space which is defined to closely match the experimental acceptance in terms of
the lepton kinematics, lepton isolation, and topological event selection, and constitutes approx-
imately 42% of the total phase space. This approach is chosen in order to reduce the systematic
uncertainty associated with the underlying model of the Higgs boson production mechanism
and its properties. The remaining dependence of each measurement on the underlying model
assumptions is determined and quoted as a separate systematic effect. The cross section mea-
surements are corrected for the effects related to the detector efficiency and resolution effects
and are unfolded to the particle level. Due to the strong dependence of the s ⇥ BR on the true
Higgs boson mass mH in the region around 125 GeV, and in order to facilitate easier compari-
son of the measurement results with the theory predictions, the measurements are performed
assuming the Higgs boson mass of mH = 125.0 GeV, as measured by the CMS experiment using
the decay channels H ! 4` and H! 2g [10].

The differential fiducial cross section is measured as a function of kinematic properties of the
four-lepton system and the leading jet, as well as a function of the jet multiplicity. The differ-
ential cross sections are reported for several kinematic observables which are sensitive to the
Higgs boson production mechanism: transverse momentum and the rapidity of the four-lepton
system, transverse momentum of the leading jet, as well as separation in rapidity between the
Higgs boson candidate and the leading jet. Additionally, measurements of the inclusive cross
section of Z boson production in the Z ! 4` decay channel and of its ratio to the correspond-
ing H ! 4` fiducial cross section are also performed using the 8 TeV collision data. These
measurements provide tests of the SM expectations, and important validations of our under-
standing of the detector response and methodology used for the H ! 4` fiducial cross section
measurement. The results of all inclusive and differential measurements are compared to the
theoretical calculations based on the SM predictions.

The document is organized as follows. The CMS detector and experimental techniques are
briefly described in Section 2. The datasets and simulated samples used in the analysis are de-
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5.2 Statistical methodology 9

where L f is the “unpenalized” likelihood function, and Nf is the number of free parameters in
f . The full set of µi, denoted by ~µ, is determined by minimizing the likelihood ratio:

L(~µ) = �2 ln
eL(data|~µ, q̂~µ, f̂~µ)
eL(data|~̂µ, q̂~̂µ, f̂~̂µ)

, (4)

where the numerator represents the maximum of eL as a function of ~µ, achieved for the best-fit
values of the nuisance parameters q~µ = q̂~µ, and a particular background function f~µ = f̂~µ. The
denominator corresponds to the global maximum of eL, where ~µ = ~̂µ, q~µ = q̂~̂µ, and f~µ = f̂~̂µ.
In each family, the number of degrees of freedom (number of exponentials, number of terms
in the series, degree of the polynomial, etc.) is increased until no significant improvement
(p value < 0.05 obtained from the F-distribution [58]) occurs in the likelihood between N+1
and N degrees of freedom for the fit to data.

For a given observable, the fit is performed simultaneously over all the bins, and the nuisance
parameters are profiled in the fit. The signal mass is also considered a nuisance parameter
and profiled for each observable. This choice is made to avoid using the same data twice,
first to measure the signal mass, then to measure the kinematic distribution at this mass. As a
consequence the differential cross section for each observable is evaluated at slightly different
best fit values of the signal mass (see appendix A). As an example, Fig. 3 shows the sum of the
fit to the events of the three sm/mgg classes in the fiducial phase space measurement, under the
signal+background hypothesis (S+B), weighted by S/(S+B) separately in each category.
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Figure 3: Sum of the signal+background (S+B) model fits to the events of the three sm/mgg

classes in the fiducial phase space measurement, weighted by S/(S+B) separately in each cate-
gory, together with the data binned as a function of mgg. The 1 and 2 standard deviation bands
of uncertainty (labeled as 1s and 2s) shown for the background component include the uncer-
tainty due to the choice of function and the uncertainty in the fitted parameters. The bottom
panel shows the result after subtracting the background component.

The uncertainty on the expected signal strength (ratio of measured to expected yields) of the
fiducial cross section is sµ̂ = 0.32 for the present analysis, compared with the uncertainty on
the expected signal strength obtained with the reference analysis of sµ̂ = 0.26 using 8 TeV data.
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Figure 1. The diphoton invariant mass spectrum for four bins of jet multiplicity as described in the
legend. The curves show the results of the single simultaneous fit to data for all multiplicity bins,
where the Higgs boson mass is fixed to be mH = 125.4 GeV. The red line is the combined signal
and background probability distribution functions, and the dashed line shows the background-only
probability distribution function. The di↵erence of the two curves is the extracted signal yield. The
bottom inset displays the residuals of the data with respect to the fitted background component.

additional bin when fitting the mjj distribution. The use of all events in each fit helps to

constrain the systematic uncertainties from the photon energy scale and resolution.

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in the

baseline fiducial region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences

are smaller than statistical uncertainties in the fit itself for all the results presented in this

paper. The total number of selected diphoton events in each fiducial region, the extracted

signal yields and the expected yields from simulation are presented in table 1.

The cross section, �i, in a given fiducial region (or bin of a di↵erential distribution) is

– 9 –
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6. Observed differential yields and unfolding

The extraction of the signal yield for the mea-
surement of the fiducial cross section is performed
through a fit to the m4ℓ distribution using shape
templates for the signal and background contribu-
tions [15]. In this fit, the Higgs boson mass is fixed
to 125.4 GeV and the parameter of interest is the
total number of signal events. The extracted num-
ber of observed signal events in the mass window is
23.7+5.9

−5.3(stat.)±0.6(syst.).
In the differential cross-section measurements,

given the low number of signal events expected in
each measured bin i, the signal yields nsig

i are deter-
mined by subtracting the expected number of back-
ground events from the observed number of events.
This is done within the mass window for each bin
of the observable of interest. The total number of
observed events in the mass window is 34 and the
extracted signal yield is 25.1+6.3

−5.4(stat.)
+0.6
−0.4(syst.)

events.
The difference between the number of signal

events extracted with the two methods is mainly
due to fixing the Higgs boson mass to 125.4 GeV
in the fit method. As reported in Ref. [10], the
best fit mass in the H → ZZ∗ → 4ℓ channel alone is
124.5 GeV, causing smaller weights for some events
in the fit.
After subtracting the background, the measured

signal yields are corrected for detector efficiency
and resolution effects. This unfolding is performed
using correction factors derived from simulated SM
signal samples. The correction factor in the i-th bin
is calculated as

ci =
N reco

i

Nfid
i

,

where N reco
i is the number of reconstructed events

in the i-th bin of the observed distribution and
Nfid

i is the number of events in the i-th bin of
the particle-level distribution, within the fiducial
region.
The unfolded signal yield in each bin is then con-

verted into a differential fiducial cross section via

dσfid,i
dxi

=
nsig
i

ci · Lint ·∆xi
,

where ∆xi is the bin width and Lint the integrated
luminosity.
The correction factors used in this analysis are

obtained from simulated samples for all SM Higgs

production modes, using the relative rates as pre-
dicted by the SM. The inclusive correction factor is
c = 0.553 ± 0.002(stat.)± 0.015(syst.). The correc-
tion factors for the different production modes are
0.553 (ggF), 0.572 (VBF), 0.535 (WH), 0.551 (ZH)
and 0.417 (tt̄H). In tt̄H production the Higgs bo-
son is accompanied by light- and heavy-flavour jets
as well as possible additional leptons from the top-
quark decays. Since lepton isolation is applied to
the reconstructed but not the fiducial objects, the
correction factors for tt̄H differ from those for the
other production modes.
For each bin, the number of expected background

events, the number of observed events, the lumi-
nosity, and the correction factors are used to cal-
culate a profile likelihood ratio [64]. The likelihood
includes shape and normalization uncertainties of
backgrounds and correction factors as nuisance pa-
rameters. For each variable all bins are included in
the likelihood and correlations of uncertainties be-
tween the different bins and between backgrounds
and correction factors are taken into account. The
cross sections are extracted for each bin by minimiz-
ing twice the negative logarithm of the profile like-
lihood ratio −2 lnΛ. The uncertainties on the cross
sections are also estimated using −2 lnΛ by evalu-
ating its variation as a function of the parameter of
interest (the cross section value in each bin). Under
the asymptotic assumption [64], −2 lnΛ behaves as
a χ2 distribution with one degree of freedom. For
some of the fitted intervals, due to the low number
of events, the distribution of the profile likelihood
ratio does not follow a χ2 distribution and the un-
certainties are derived using pseudo-experiments.
The compatibility between the measured cross

sections and the theoretical predictions is evaluated
by computing the difference between the value of
−2 lnΛ at the best-fit value and the value obtained
by fixing the cross sections in all bins to the ones
predicted by theory. Under the asymptotic assump-
tion [64], this statistical observable behaves as a
χ2 with the number of degrees of freedom equal to
the number of bins; it is used as a test statistic to
compute the p-values quantifying the compatibility
between the observed distributions and the predic-
tions. For all measured observables the asymptotic
assumption is verified with pseudo-experiments.

7. Systematic uncertainties

Systematic uncertainties are calculated for the es-
timated backgrounds, the correction factors, and

6
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Arguments for fixing the mass: 
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▸ Parameter of interest (Yield) versus Higgs mass 
▸ Plot from ATLAS Higgs mass combination: 

For the combined mass measurement, hypothesized values of mH are tested using the profile likelihood ratio
defined in terms of mH and treating µ��(mH) and µ4`(mH) as independent nuisance parameters, so as to make no
assumptions about the SM Higgs couplings:

⇤(mH) =
L
�
mH , ˆ̂µ��(mH) , ˆ̂µ4`(mH) , ˆ̂✓(mH)

�

L(m̂H , µ̂��, µ̂4`, ✓̂)
. (6)

The leading source of systematic uncertainty on the mass measurement comes from the energy and momentum
scale uncertainties on the main physics objects used in the two analyses, namely photons for the H ! �� and muons
and electrons for the H!ZZ⇤! 4` final state. They are detailed in Secs. 2 and 3. The correlation between the two
measurements stems from common systematic uncertainties and is modeled in the combination by correlating the
corresponding nuisance parameters. For the mass measurement this correlation comes mainly from the uncertainty
on the energy scale calibration with Z ! e+e� events, which a↵ects both the electron and photon energy scale
uncertainties. This source of uncertainty is greatly reduced with respect to the previous publication and has a small
impact on the total mass uncertainty for both channels. For this reason, the correlation between the two measurements
is now almost negligible.

To directly quantify the level of consistency between the measurements of m��H and m4`
H , the profile likelihood used

for the mass combination is parameterized as a function of the di↵erence in measured mass values �mH = m��H �m4`
H ,

with the common mass mH profiled in the fit. Specifically, the observable m4`
H is fit to the parameter mH while the

observable m��H is fit to the parameter mH + �mH . The two measurements are compatible if the fitted value of �mH is
compatible with zero. The original model used to combine the two measurements is recovered by fixing the parameter
�mH to zero.

The signal strengths µ�� and µ4` are treated as independent nuisance parameters in this approach, as is the common
mass mH . The variation of �2 ln⇤(�mH) between its minimum and the �mH = 0 point is used as an estimate of the
compatibility of the two masses, with all other fit parameters profiled to the data. This result relies on the assumption
that the statistical observable �2 ln⇤ behaves as a �2 distribution with one degree of freedom, referred to as the
asymptotic assumption. This result is also cross-checked with Monte Carlo ensemble tests that do not rely on this
assumption. All sources of energy and momentum scale systematic uncertainty are treated assuming Gaussian PDFs.

7. Combined mass measurement

The measured masses from the H ! �� and H!ZZ⇤! 4` channels reported in Secs. 4 and 5 are combined
following the method described in Sec. 6. For the H!ZZ⇤! 4` channel the 2D method discussed in Sec. 5 is used.
The combined mass measurement is:

mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV
= 125.36 ± 0.41 GeV

(7)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The statistical
component is determined by repeating the likelihood scan with all nuisance parameters related to systematic uncer-
tainty fixed to their best fit value. The systematic component is then derived by subtracting in quadrature the statistical
one from the total error. The �2 ln⇤ value as a function of mH for the individual H ! �� and H!ZZ⇤! 4` channels
and their combination is shown in Fig. 8.

With respect to the previously published value [15] of mH = 125.49 ± 0.24 (stat)+0.50
�0.58 (syst) GeV, the observed

statistical error has increased. This is due to the increase of the observed statistical error in the H ! �� channel as
discussed in Sec. 4.7. The systematic uncertainty is significantly reduced thanks to the improvements in the calibration
of the photons and electrons and the reduction in the uncertainty on the muon momentum scale, as detailed in Secs. 2
and 3 respectively.

In order to check that the fitted signal yield is not significantly correlated with the measured mass, the profile
likelihood ratio as a function of both mH and the normalized signal yield S , ⇤(S ,mH) is used. The normalized signal
yield is defined as S = �/�SM(mH=125.36 GeV). It is similar to the signal strength µ = �/�SM(mH), except the mH-
dependence of the expected SM cross-sections and branching ratios that enter into the denominator, principally for
the H!ZZ⇤! 4` channel, is removed by fixing mH to the combined best-fit mass. Asymptotically, the test statistic
�2 ln⇤(S ,mH) is distributed as a �2 distribution with two degrees of freedom. The resulting 68% and 95% CL
contours are shown in Fig. 9. No significant correlation between the two fitted variables is observed, confirming the
model-independence of the mass measurement described in this paper.

As a cross-check, the mass combination was repeated fixing the values of the two signal strengths to the SM expec-
tation µ = 1. The mass measurement only changes by 80 MeV, demonstrating that the combined mass measurement
is quite insensitive to the fitted values of the individual channel signal strengths.

The contributions of the main sources of systematic uncertainty to the combined mass measurement are shown in
Table 4. In the mass measurement fit, the post-fit values of the most relevant nuisance parameters, which are related
to the photon energy scale, do not show significant deviations from their pre-fit input values.
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▸ Mass and Yield fairly uncorrelated. 

▸ If uncorrelated both parameters 
can be extracted independently. 

▸ i.e. change in yield only marginally 
changes mass. 

▸ Main reason why ATLAS coupling 
strength measurements did fix the 
mass at combination values. 
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Toy Study
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▸ When the idea of fixing the mass came up, we did cary out a small toy study 
to see if the coverage of the yield uncertainties indeed is compromises.  

▸ Toy Design: Average of sample Higgs mass with external measurement  

▸ (assuming that both measure the same fundamental parameter and 
no bias between channels exist)July 22, 2014 – 21 : 58 DRAFT 173

i. Poisson pull toys from signal + background PDFs at fixed Higgs mass

ii. Smear ESS/ERS/Bkg auxiliary measurements 

iv. Create new ZZ* measurement (Gaussian constraint around fixed Higgs mass)

iii. Fit Toy with mass floated and determine Higgs mass + Uncertainty

v. Calculate the error weighted average of the Higgs mass from the Toy & ZZ*.

vi. Fit the Toy again with this fixed Mass and determine Yields.

Figure 119: Illustration of the pseudo-experiment generation process

E.3.3 Mass scans in bins of pT��1381

Mass scans were performed in each bin of the pT�� spectrum, and are shown in Figures 124 and 125 for1382

the new calibration.1383

E.4 Fitted mass per bin of each variable1384

Preliminary results of floating the mass mH in each bin of the Njets variable are shown in Table 58. The1385

bin corresponding to Njets = 1 prefers a higher mass to the other bins, and pulls the mass from fitting all1386

bins simultaneously up. Cross-checks are ongoing.1387

Table 58: Fitted mass mH per Njets bin.

mH
Njets = 0 125.9 ± 0.7 GeV
Njets = 1 127.2 ± 0.6 GeV
Njets = 2 125.1 ± 1.0 GeV
Njets � 3 125.6 ± 0.7 GeV
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Toy Study
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▸ Testes pulls from nominal fit error and pulls that adds an additional 
uncertainty on the yield using the difference in yield for ±ΔmH

July 22, 2014 – 21 : 58 DRAFT 174

Inclusive fit – pull on signal yield
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Figure 120: Pull distributions from Pseudo-experiments: (top) nominal pull, (bottom) pull from adding
an additional uncertainty from the external input.
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Figure 120: Pull distributions from Pseudo-experiments: (top) nominal pull, (bottom) pull from adding
an additional uncertainty from the external input.

nominal Error Additional Error from  
shift in yield from ±ΔmH

▸ No sign of under-coverage; adding an additional uncertainty (i.e. treating the mass as an external 
parameter) leads to an over-coverage of the error.

▸ Fit correlation between inclusive yield and Higgs mass in diphoton channel is of the order 0.3%
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Arguments for floating the mass: 
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▸ Don’t use the same data twice  
▸ should not really be a problem if yield and mass are uncorrelated 

▸ More model independent: 
▸ Cross section does not rely on energy scale, i.e. one measures a narrow resonance in a window. 

▸ No potential bias from ill understood systematics from other channels. 

▸ But also: every variable can have a slightly different mass value, 
nightmare for theorist to produce predictions  
▸ There assumptions of having a given mass enter again.
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Updating the Mass in measurements
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▸ What do we do if the knowledge of the Higgs mass 
evolves over time?  

▸ Keep updating our results? (very painful) 

▸ Ignore the impact? 

▸ Provide the impact of ±ΔmH on they yield 

▸ This would allow to easily update new / existing measurements. 

▸ Similar post-measurement updates are being done by for instance HFAG (Heavy Flavour 

Averaging Group), that update branching fractions or other external constraints to keep 

measurements up-to-date.


