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Introduction
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• Cross section measurements essential for pinning down Higgs properties 

• Simplifed template cross sections

• optimized for reduced theory uncertainties

• per production mode 

• Fiducial and differential cross sections (this talk)

• designed to maximize model independence

• inclusive in production modes

• Full Run-2 measurement  arXiv:2208.12279  JHEP 07 (2023) 091
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Figure 1: Diagram showing the full set of STXS stage-1.2 bins, adapted from Ref. [10], defined
for events with |yH | < 2.5. The solid boxes represent each STXS stage-1.2 bin. The units of pH

T ,
mjj, pHjj

T , and pV
T are in GeV. The shaded regions indicate the STXS bins that are divided at stage

1.2, but are not measured independently in this analysis.

are defined using the number of jets, pH
T , mjj and pHjj

T . The four STXS bins which define the
qqH rest region are not explicitly probed in this analysis. The leptonic VH STXS bins (green)
are split into three separate regions representing the WH, ZH, and ggZH production modes,
which are further divided according to the number of jets and the transverse momentum of
the vector boson (pV

T ) that decays leptonically. The ttH production mode (pink) is split only by
pH

T . Finally, the tH STXS bin includes contributions from both the tHq and tHW production
modes. All references to STXS bins hereafter imply the STXS stage-1.2 bins. Further details
on the exact definitions are contained in Section 6, describing the event categorisation. All the
production mechanisms shown in Fig. 1 are measured independently in this analysis.

3.2 Analysis categorisation

To perform measurements of Higgs boson properties, analysis categories must first be con-
structed where the narrow signal peak is distinguishable from the falling background mgg

spectrum. The categorisation procedure uses properties of the reconstructed diphoton system
and any additional final-state particles to improve the sensitivity of the analysis. As part of
the categorisation, dedicated selection criteria and classifiers are used to select events consis-
tent with the tH, ttH, VH, VBF, and ggH production modes. This both increases the analysis
sensitivity and enables measurements of individual production mode cross sections to be per-
formed.

In order to measure cross sections of STXS bins individually, events deemed to be compatible
with a given production mode are further divided into analysis categories that differentiate
between the various STXS bins. For most production modes, the divisions are made using
the detector-level equivalents of the particle-level quantities used to define the STXS bins; an
example is using pgg

T to construct analysis categories targeting STXS bins defined by pH
T values.

Increasing the total number of analysis categories to target individual STXS bins in this way

arXiv:2103.06956 

https://arxiv.org/abs/2208.12279
https://doi.org/10.1007/JHEP07(2023)091
http://www.arxiv.org/abs/2103.06956


Florian Mausolf, DPG Frühjahrstagung, 4th March 20245

2022 analysis: categorisation

• Aiming to increase sensitivity of analysis while keeping model independence 

• Approach: categorisation based on invariant mass resolution 

➡ Photon resolution depends several conditions: 

 position in detector, pile-up, shower properties, … 

➡ Categorisation can improve overall significance 

➡ Requires reliable estimation 

 of resolution in data

Categorisation

Analysis Strategy
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• Fiducial phase spaces ~ reco. phase spaces

• Inclusive

• Motivated by production modes (ℓ, ETmiss, b …)

• Split into bins (pTγγ, #jets, pTjet, …) 

• Signal yields from fits to mγγ

• Additional categorization → model independent!

• Split only by:

• mγγ resolution

• data-taking year
sketches: Florian Mausolf



Quantile Morphing
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• Energy resolution estimated by “semi-parametric regression”

• As resolution of calorimeters improves with energy 

→            improves with energy

• Produces turn-ons in mγγ spectrum… 

• Solution: decorrelate vs. mγγ by 

 quantile morphing to mγγ = 125 GeV

• aka Smirnov transform

• aka inverse transform sampling
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Chained Quantile Regression
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• Conditional quantile morphing → quantile regression with loss 

• Extension to several correlated variables 

 → chained quantile regression:
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Figure 1. The chained approach for the set of input variables for the quantile BDTs. The input
variables for the BDT for each variable being corrected are given. The variables to be corrected
are used as the target, and the quantile is learned through the learning objective given in eq. (4.1).
Within one group of variables (y1, . . . , yn), with nonnegligible correlations, an order is set. The
quantile BDT for a given variable includes the prior set of variables, within this ordering, as addi-
tional inputs. For simulation (right), the additional input variables are corrected before using them
as inputs for the quantile BDTs.

variables appearing before the one to be corrected are added to the input variables used for
the BDTs on top of the photon pT, η, and φ, and the event ρ. The set of input variables for
the quantile BDTs for the variables within one of the groups introduced above for simulation
and data is illustrated in figure 1. This chained approach allows the correlations within
the groups of variables to be corrected at the same time as their conditional shape. The
order in which the variables are inserted in the chain has been optimized on the correction
performance. The training objective of the quantile BDTs is defined as [50]:

qY (τ) = argmin
u

{
(τ − 1)

∫ u

−∞
(y − u) dFY (y) + τ

∫ ∞

u
(y − u) dFY (y)

}
, (4.1)

where τ corresponds to the CDF value for which the quantile qY is computed.
The training is performed independently in data and simulation using the scikit-

learn package [51] on electrons (reconstructed as photons) from simulated Z → ee events
and data collected using a single-electron trigger. The tag-and-probe method is then ap-
plied to data, while for simulation the reconstructed electrons are matched to their true
generated counterparts before the tag-and-probe method is applied. This gives the unbi-
ased sample of probe electrons needed to derive the conditional CDF shapes.

The largest group of variables are the electromagnetic cluster shapes, for which the
CQR approach introduced above is sufficient. The other groups of variables to be corrected
include the photon and charged isolation sums which are discontinuous, preventing the
immediate use of the CQR algorithm. The discontinuity is caused by detector thresholds
applied to the energy of the constituents of the isolation sums, resulting in a fraction of
events with exactly zero isolation energy. The isolation distributions present a peak at zero

– 8 –
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Figure1.ThechainedapproachforthesetofinputvariablesforthequantileBDTs.Theinput
variablesfortheBDTforeachvariablebeingcorrectedaregiven.Thevariablestobecorrected
areusedasthetarget,andthequantileislearnedthroughthelearningobjectivegivenineq.(4.1).
Withinonegroupofvariables(y1 ,...,yn ),withnonnegligiblecorrelations,anorderisset.The
quantileBDTforagivenvariableincludesthepriorsetofvariables,withinthisordering,asaddi-
tionalinputs.Forsimulation(right),theadditionalinputvariablesarecorrectedbeforeusingthem
asinputsforthequantileBDTs.

variablesappearingbeforetheonetobecorrectedareaddedtotheinputvariablesusedfor
theBDTsontopofthephotonpT ,η,andφ,andtheeventρ.Thesetofinputvariablesfor
thequantileBDTsforthevariableswithinoneofthegroupsintroducedaboveforsimulation
anddataisillustratedinfigure1.Thischainedapproachallowsthecorrelationswithin
thegroupsofvariablestobecorrectedatthesametimeastheirconditionalshape.The
orderinwhichthevariablesareinsertedinthechainhasbeenoptimizedonthecorrection
performance.ThetrainingobjectiveofthequantileBDTsisdefinedas[50]:

qY (τ)=argminu {(τ−1) ∫u−∞ (y−u)dFY (y)+τ ∫∞u (y−u)dFY (y) },(4.1)

whereτcorrespondstotheCDFvalueforwhichthequantileqY iscomputed.
Thetrainingisperformedindependentlyindataandsimulationusingthescikit-

learnpackage[51]onelectrons(reconstructedasphotons)fromsimulatedZ→eeevents
anddatacollectedusingasingle-electrontrigger.Thetag-and-probemethodisthenap-
pliedtodata,whileforsimulationthereconstructedelectronsarematchedtotheirtrue
generatedcounterpartsbeforethetag-and-probemethodisapplied.Thisgivestheunbi-
asedsampleofprobeelectronsneededtoderivetheconditionalCDFshapes.

Thelargestgroupofvariablesaretheelectromagneticclustershapes,forwhichthe
CQRapproachintroducedaboveissufficient.Theothergroupsofvariablestobecorrected
includethephotonandchargedisolationsumswhicharediscontinuous,preventingthe
immediateuseoftheCQRalgorithm.Thediscontinuityiscausedbydetectorthresholds
appliedtotheenergyoftheconstituentsoftheisolationsums,resultinginafractionof
eventswithexactlyzeroisolationenergy.Theisolationdistributionspresentapeakatzero
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Chained Quantile Regression
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• Used to correct modeling of input features to photon identification BDT 

 

 

 

 

 

• CQR tedious: one BDT per quantile and per variable…

• Morphing proposals using deep learning:  2107.08648 (OT)  2309.15912 (CQR w/ NF)  

 2304.14963 (NF for data)  2309.06472 (2-3 NFs)  2403.18582 (1 NF + switch) 
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Selections and Categorisation
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γγ →H Worst Resolution• 3 resolution categories 

 + optimized cut on the 

    photon ID BDT score 

    (with efficiency 

    from 63.5% to 90.4%) 

Reco Level Particle Level
pTγ1 / mγγ > 1/3 > 1/3
pTγ2 / mγγ > 1/4 > 1/4

ID minimum cut on ID BDT score Isoγgen < 10 GeV
|ηγ| < 2.5 and not in [1.4442, 1.566] < 2.5
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• Binned profile likelihood fit to mγγ 

• Signal modeled by up to four Gaussians 

• Backgrounds from exp., power-law, 

 Laurent and Bernstein polynomials 

 included as nuisance parameter 

 via discrete profiling
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±8% =+7.3
�7.2 %(stat)±+3.3

�3.0 %(syst)

J
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(
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0
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3
)
0
9
1

Systematic uncertainty Impact
Per-photon energy resolution 2.0%
Integrated luminosity 1.5%
Photon identification MVA score 1.5%
Photon energy scale and resolution 1.0%
Photon preselection 0.6%
Theoretical uncertainties 0.5%
Vertex assignment 0.1%

Table 4. Breakdown of the systematic uncertainties in the inclusive fiducial cross-section measura-
ment. The impacts on the measured inclusive fiducial H → γγ cross section by varying the nuisance
parameters for the dominating sources of systematic uncertainties by one standard deviation are
given. The distinct contributions for systematic uncertainties that were split by category or year
of data taking are added in quadrature for simplicity. Theoretical uncertainties summarizes the
theoretical systematic uncertainties given above.

Figure 6. The black line shows the scan of q (∆!σ) = −2∆ ln L for the H → γγ cross section
in the fiducial region. The red line shows the theoretical prediction for the SM, obtained with
MadGraph5_amc@nlo. Its uncertainty is shown as the hatched area.

10 Results

In this section, the results of the analysis are presented. The cross section measured for
the fiducial region defined in table 2 is:

σfid = 73.4+5.4
−5.3 (stat)+2.4

−2.2 (syst) fb = 73.4+6.1
−5.9 fb. (10.1)

The nominal theoretical predictions for all results presented in this section have been
extracted from MadGraph5_amc@nlo (version 2.6.5), reweighted to match the nnlops
prediction for gluon fusion and interfaced with pythia 8 (version 8.240) using the CP5 tune.

– 25 –
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Differential Cross Section: Migrations
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• As expected:  small migrations for pTγγ,  stronger migrations for #jets
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Differentials: Diphoton Kinematics
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Differentials: Jets
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Double Differential: #jets vs. pTγγ
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Summary
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• Inclusive and fiducial cross sections with full Run-2 data 

• Model-independent strategy based on expected mγγ resolution & photon ID

• Quantile morphing to improve modeling of these variables 

• Uncertainty on fiducial inclusive cross section:  8%

• 1D and 2D differential cross sections 

• For more CMS Higgs differential measurements:

• Alessandra Cappati’s talk later this morning !


