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Previous Presentations

• LHCHWG meeting March 6, 2026

• Will be talking about the following 3 processes:

• 𝑞ത𝑞 → 4ℓ (background and Higgs production)

• 𝑔𝑔 production

• There is fully fleshed out documentation internal to 
CMS; will flash screenshots sometimes
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1. The 𝑞ത𝑞 → 4ℓ non-Higgs process
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Previous Efforts

• This is the dominant background above the 2𝑚𝑍 threshold, and a major background 
above the 𝑚𝑍 threshold in 4ℓ.

• For analyses in higher mass regions, the uncertainty stemming from this k-factor was 
the dominant theoretical uncertainty in the measurement, for example:

• VBS, Γ𝐻 measurements in 4ℓ

• Higgs high-mass analyses
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Setup

5Mohit Srivastav - Johns Hopkins University

PDF: NNPDF31_nnlo_as_0118_mc_hessian_pdfas
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Establishing a Baseline

• There are 2 k-factors applied to this process: 
QCD and EW, starting from the NLO QCD 
simulation using either Madgraph or 
POWHEG. 

• Since the CMS cross-sections are taken 
from POWHEG, we use that as a reference

𝐾 =
𝜎𝑁𝐿𝑂
𝐸𝑊 × 𝜎𝑁𝑁𝐿𝑂

𝑄𝐶𝐷

𝜎𝑁𝐿𝑂
𝑄𝐶𝐷

• We then matched the cross-section in that 
region at NLO in QCD to the POWHEG 
cross-section from monte-carlo
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Picking Observables
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• The old k-factor was a
function of 𝑚4ℓ and
an approximation of
t-channel momentum transfer

• We utilize MATRIX to simply take a k-factor for 
𝑚4ℓ and cos 𝜃∗  in 2-dimensions, since the 
approximation is dependent on cos 𝜃∗

• Considered other variables, but they did not add 
anything non-negligible compared to these 2 
variables

ArXiv:1001.3396

https://arxiv.org/pdf/1001.3396


Picking Observables
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• Then we make sure we are doing the right thing!

ArXiv:1208.4018

https://arxiv.org/pdf/1208.4018


Dealing with EW Photon Emission

• This was by far our hardest problem to deal with

• MATRIX emits an extra photon as either FSR or ISR, but does not distinguish the 2 
for EW corrections

• Photons are merged back into the leptons around a Δ𝑅 cone, but are otherwise lost to 
the user

• These FSR/ISR effects warp the 𝑚4ℓ distribution!

• If we could differentiate FSR from ISR, we would not have this problem. Sadly, 
MATRIX does not allow for that.
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Dealing with EW Photon Emission

• Large deviations seen on the left side of the Z-peak and 2𝑚𝑍 threshold due to 
EW photon emission.

• Peak gets shifted to the right due to missing energy from unmerged FSR for the 
EW correction, and things look weird!

• We decided to check what we do in experiment…
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Dealing with EW Photon Emission

• You can see similar behavior in reconstructed Monte-carlo for qq4l!

• Nominally flat
in off-shell region,
but makes a large
difference at the
Z and 2𝑚𝑍 thresholds

• MATRIX not exactly
the same, since
GEN-level distribution
looks different
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Note: all events 

pass reconstruction 

here, true GEN-

level not available 

for sample



Dealing with EW Photon Emission

• The normal on-shell analysis region is also relatively 
flat in reconstructed MC

• NOT the case in GEN (necessarily)
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Note: all events 

pass reconstruction 

here, true GEN-

level not available 

for sample



Dealing with EW Photon Emission

• We have the original distributions for 
Δ𝑅 = 0.1

• Talked to MATRIX authors and 
changed the code such that the photon 
is always added into the mass 
distribution (FSR or ISR)

• Distribution gets shifted the other 
way!
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Dealing with EW Photon Emission

14Mohit Srivastav - Johns Hopkins University



Dealing with EW Photon Emission
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Dealing with EW Photon Emission

• Including every photon from ISR/FSR is probably the wrong thing to do

• Δ𝑅 = 0.005 is too small, probably too much missing energy and/or unable to 
pass cuts without photon

• In our analysis, the value for Δ𝑅 = 0.5, so that is what we will do moving 
forward

• Feedback from the LHCHWG affirmed that a Δ𝑅 of 0.5 is fine as a choice.
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How to Proceed?

• Previous k-factors for this process assumed the EW k-factor to be 1 below the 
2𝑚𝑍 threshold, thus being QCD only.

• Since the EW k-factor is being convolved with effects from shape distortion 
due to the photon emission, we ignore the EW k-factor below 200 GeV, since 
that is about where shape effects from the threshold go away

• Otherwise, we would be “double counting” the shape distortions, since photon 
merging is done at reconstruction anyways

• Afterwards, utilize both the QCD and EW k-factors together.

• For the off-shell region, this means that the QCD and EW k-factors work 
together
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The actual K-Factor

• 2-d k-factor

• cos 𝜃∗  is spline into 8 uniform bins between -1 and 1

• 𝑚4ℓ is as follows:
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The K-factor in 1-D

• Take the k-factor for 
𝑚4ℓ only first, since 
we know that is the 
primary observable
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The K-factor in 1-D

• The “final” plot also showcases the 
old k-factor used

• The QCD x EW uncertainty kicks 
in when that k-factor is used

• The old k-factor used the muF and 
muR variations of the native 
sample, which are more 
conservative anyways

• We also show the equivalent of the 
green uncertainty bands for the old 
k-factor in fuchsia
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The K-factor in 1-D

• The “final” plot also showcases 
the old k-factor used

• The QCD x EW uncertainty 
kicks in when that k-factor is 
used
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The raw K-Factor

• We know from GEN-level studies that 
cos 𝜃∗  is fully symmetric around 0

• Slight asymmetries fixed by averaging 
around 0 in cos 𝜃∗

• Yield inaccuracies per mass slice 
introduced by the introduction of the 
second dimensions mitigated 

• matching mass-slice yields in 2-d to the 
more precise 1-d calculation
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The raw K-Factor
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The raw K-Factor
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Smoothing Procedure

• These k-factors were then smoothed 
using LOWESS and smoothing splines

(Cleveland, W.S. (1979) “Robust Locally Weighted Regression and Smoothing 
Scatterplots”. Journal of the American Statistical Association 74 (368): 829-836.)

• We ensure that the z peak is maintained 
by excluding that bin from the 
smoothing procedure
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Smoothing Procedure
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Smoothing Procedure
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Uncertainties
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• MATRIX natively handles 𝜇𝐹,𝑅 in a 7 point variation
• (shaded regions in plots above)

• The “smoothing uncertainty,” which is the difference between the raw and smoothed values, is its 
own uncertainty

• PDF and 𝛼𝑆 uncertainties should come from the native samples
• PDF hypotheses would require an inordinate amount of compute

• 𝛼𝑆 would require a re-run of all MATRIX processes twice (up and down)
• While possible, this would take ~1 month to do

• Due to factorization assumption, the difference between additive and multiplicative is itself an 
uncertainty
• We need to decide the procedure here.

• “use the comparison to the additive prescription to estimate higher-order uncertainties. but taking the full 
difference will likely be too conservative” – last LHCHWG meeting



Final Value
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• As stated earlier, we will take the QCD value below 200 GeV

• Shown again in slices of cos(𝜃∗). Would be evaluated as:

1. Find appropriate bin of cos 𝜃∗

2. Evaluate appropriate spline as a function of 𝑚4ℓ



Final Value
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Final Value
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Final Value
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Final Value
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2. The 𝑞ത𝑞 → 4ℓ Higgs process
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Use Case

• This k-factor exists for light-Yukawa studies of the Higgs boson at or above 125 GeV

• Never produced before!

• Most recently used for studies on CMS of light-yukawa production

• Done with SusHi for each quark flavor solely as a function of 𝑚4ℓ

• LO cross-section agrees with Madgraph
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K-Factor
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K-Factor
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3. The 𝑔𝑔 → 4ℓ process
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Previous Efforts

• Analyses since Run-1 have utilized the same k-factors for gluon-fusion Higgs 
production, diboson production, and their interference, coming off the 
recommendations in YR4

• This is a major background in just about any 4-lepton analysis like the 𝑞ത𝑞 → 4ℓ 
process earlier

• Any analysis utilizing gluon-fusion production to VV utilizes this process 
(2ℓ2𝜈, 2ℓ2𝑞, 4ℓ, etc.) since the k-factor is QCD production only

• An understanding of these k-factors is paramount to knowing what goes in the gluon-
fusion produced measurements made in HIG, for example
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https://arxiv.org/pdf/1610.07922


Inputs
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• Using HNNLO with the NWA for every 
mass point

• NLO pdf set used in the old k-factor 
does not match the PDF used in our 
NLO ggH simulation, so that needed to 
change anyways
• This changes the cross-section of NLO 

production, as seen later

• Since we are calculating NLO to NNLO 
anyways, we get the LO → NLO k-
factor for free.
• We might as well compute it!



Systematics
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K-Factor
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• Since the NLO values won’t be used in 
analysis, the PDF uncertainties (the 
most expensive computationally) were 
not calculated for them

• The change from NLO PDF set to an 
NNLO one changes the NLO cross-
section by essentially a uniform factor

• Should they be required, we will 
calculate them, but for now we will not

• Calculated up to 6 TeV – just showing 
the values up to 1 TeV here for clarity



K-Factor
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K-Factor
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Continuing Efforts

• Even if new calculations arise separating Higgs, diboson, and interference with 
different k-factors, those calculations only go up to NLO

• The common NNLO k-factor would still be needed in that case.

• There are efforts to use MATRIX and POWHEG to do the NLO calculation ongoing 
on CMS

• A presentation on MATRIX comes after this one

• POWHEG NLO monte-carlo is being simulated for CMS analyses, and this is another source to 
compare LO and NLO production for the 3 modes split up. 

• Our understanding is that both ATLAS and CMS were having trouble generating gridpacks for this.
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Conclusion

• 3 different k-factors were shown here today

• 2 of them are extremely important to the CMS physics program, and the 
off-shell physics program in general, given the impacts these 
uncertainties have in analyses

• Work targeted for inclusion into the Report 5 efforts from CMS
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BACKUP
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Angular “Usefulness”
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Angular “Usefulness”
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The raw K-Factor (Run3)
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The raw K-Factor (Run3)
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Smoothing Procedure (Run-3)
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Smoothing Procedure (Run-3)
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