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Why is 4b awesome?
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Why is 4b HHard?

3

1 Backgrounds are BIG
Large multi-jet (QCD) backgrounds 
in hadronic final states

Fom ATLAS
bb𝛾𝛾 HDBS-2018-34,
bb𝜏𝜏 HDBS-2018-40, and 
4b HDBS-2019-29 
analyses.

2 Hard to simulate
● Multijet events modelled at leading order
● Often lack of statistics

Needs a data-driven 
background prediction!

Orders of magnitude 
higher bkg for 4b

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


The 4b analysis landscape
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Non-ResonantResonant
X➞HH / X➞SH 

✔ HH: Phys. Rev. D 105 (2022) 092002
✔ HH: JHEP08(2018)152 (36 fb-1)

Resolved

Boosted
✔ HH: Phys. Rev. D 105 (2022) 092002
✔ HH: CMS-PAS-B2G-20-004
✔ HY: PhysLetB.2022.137392

✔ ggF/VBF: Phys. Rev. D 108 (2023) 052003
✔ ggF/VBF: PhysRevLett.129.081802

✔ ggF/VBF: PhysRevLett.131.041803

ggF VBF

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://arxiv.org/abs/1806.03548
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://cds.cern.ch/record/2777083
https://arxiv.org/abs/2204.12413
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://arxiv.org/abs/2202.09617
https://arxiv.org/abs/2205.06667


Transfer function method
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How to estimate 
the uncertainty

Where to 
derive it?

Transfer
Function

constant

polynomials
BDT

NN



Resolved Analyses
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Small-R jet b-tagging

Pair jets into Higgs Candidates

Also the two main handles for 
estimating the backgrounds

2

1

mH1

mH2

Higgs 1

Higgs 2



Resolved analyses
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Need a multi-dim background!

HH resonant HH non-res HH non-res

Fit variable(s):

Graphic with ATLAS HH4b non-res ABCD regions, 
same idea applies for other resolved analyses.

B D

C

Higgs mass 
away from mH

Higgs Cand 
close to mH

Low # 
b-tags

Four 
b-tags

A

Train Apply

Signal Region

Control Region

  p4b(x) = w(x)･p2b(x),

w(x) can be NN (ATLAS) or BDT (CMS)

Trick: Classifiers are likelihood 
ratios, e.g, w(x) = p4b(x) / p2b(x)CR                   CR

mHH BDTmHH,ΔηHH,XHH

Generalized ABCD method



Train NN* in Control Region

8* Or BDT for the CMS model

Note: here mHH was not used to in the reweighting features 
x (above plots), x ∈ ℝ12 : including some jet pTs, angular variables, and jet multiplicity

How to quantify 
an error on this 

bkg pred?

Phys. Rev. D 108 
(2023) 0520032b CR

It works! 🥳

4b CR

NN 
reweighting

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


Background uncertainties
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1612.01474 + fig modified 
from 1912.02757

Phys. Rev. D 108 
(2023) 052003

https://arxiv.org/abs/1612.01474
https://arxiv.org/abs/1912.02757
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


Background unc: comparisons
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HH resonant HH non-res HH non-res

Training 
regions

➔ CR shape
➔ NN retraining
➔ Stat unc (2b)
➔ 3b1f non-closure unc

➔ CR shape
➔ NN retraining
➔ Stat unc (2b)

➔ Stat unc (3b) (dominant)

➔ Norm uncertainty 4b / 3b
➔ Validation non-closure
➔ Validation stats
➔ CR shape

2b ➞ 4b 2b ➞ 4b 3b ➞ 4b Source 
region

Uncertainties

Validation is key

m
H
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G
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]

mH1 [GeV]
m

H
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G
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Systematics
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Phys. Rev. D 108 
(2023) 052003

 NN retraining

HH non-res

mHH, ΔηHH, XHH

Different NN trained for each of the three years

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


Impact of systematics: ATLAS HH NR 
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Uncertainty Δ 𝝁ggF /  𝝁ggF

Theoretical

Uncertainty on 
signal rate 9.0%

All other theory 
uncertainties 1.4%

Background 
modelling

Control Region 
Interpolation 7.5%

NN retraining (100x) 
+ bootstrapped dataset

7.1%

3b non-closure 2.0%
All other experimental systematic uncertainties < %-level impact

Phys. Rev. D 108 
(2023) 052003

Background model drives the sensitivity for 4b analyses!

Phys. Lett. B 843 
(2023) 137745

Recall from Marco Valente’s talk : ATLAS 4b upper limit 
on HH signal strength: 5.4 (8.1) obs (exp).*

* CMS 4b resolved: 3.9 (7.8) for obs (exp) upper limit HH signal strength

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://indico.ihep.ac.cn/event/18025/contributions/133685/


Boosted analyses
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Boosted analyses

Higgs 1
Higgs 2

tt̄ becomes more prominent

Less multijet background at high energy  1

2



Boosted analyses
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HH NR

Fit variable(s): mHH(HY),mH(Y)

In-situ transfer function measurement

HH/HY       HH

mHH (VBF), mH (ggF)mHH

D

C1 Xbb 
tags

Measure & apply
transfer function

Signal 
Region

Similar methods as 
resolved analyses

TF in this case is 
called “pass-to-fail” 

ratio: RP/F

2 Xbb 
tags



In-situ Transfer Function measurement
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X =

If transfer function (or RP/F) is difficult to model…

(1) Do an initial 
estimate 

RP/F

MJ [GeV]

CMS resonant HY4b search 
(PhysLetB.2022.137392)

RP/F
true

MJ [GeV]

M
JJ

 [G
eV

]

Y

R
R

atio

RP/F
init

RRatio

● In simulation (CMS-PAS-B2G-20-004)
● In CR (PhysLetB.2022.137392)

Y

Initial R
P

/F  x R
R

atio (x10
2)
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M
JJ

 [G
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]

(2) Fit the residual difference 

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html
https://cds.cern.ch/record/2777083
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html


Background uncertainties
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Figures from

CMS resonant HY4b search 
(PhysLetB.2022.137392)

MJ [GeV]
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Uncertainty on RRatio 
parametersUncertainty on initial RP/F

Data stat. uncertainties 
in low-tag regions

MJ [GeV]

RP/F

Y

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html


Impact of background uncertainties
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HH resonant

Postfit signal 
regions 
(one of)

PhysLetB.2022.137392Phys. Rev. D 105 (2022) 092002
HY resonant

PhysRevLett.131.041803
HH NR

➔ Choice of CR
➔ CR stat. uncertainty
➔ Transfer factor unc.

Statistical uncertainty dominates

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html


Does it work?
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Confirm the method by fitting in the 
validation regions

CMS resonant HY4b search 
(PhysLetB.2022.137392)

Generate toy datasets and run 
bias and signal injection tests

Goodness-of-fit p-value > 0.05

https://cms-results.web.cern.ch/cms-results/public-results/superseded/B2G-21-003/index.html


Transfer function method
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How tos:
1. Background-rich source region

● Invert a cut that doesn’t distort the shape of the fitted 
distribution

● Usually b-tagging requirement(s)

2. Transfer function: fit in

3. Apply TF to source region for a background estimate in the signal region

4. Determine the estimation uncertainty?

5. Validate the method in a signal-depleted region in data

direct fit to the data

Ingredients:Background-rich region Transfer function

control region
TFD

C

Signal RegionD

C

Signal RegionA

B

Mass CR

TF uncertainty CR selection 
Source shape uncertainty

non-closure



What about tt̄ background?
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Similar shape as QCD
➔ Jointly fit using TF method

Different shape from QCD 
➔ Model separately using 

simulation

High pT regime suppresses QCD so tt̄  
becomes significant in the signal regions

CMS resonant HY4b search 
(PhysLetB.2022.137392)

https://arxiv.org/abs/2204.12413


Correcting tt̄ simulation

21

1 b-tagged jet and a lepton allow us to select 
a clean set of hadronically decaying top jets

2 Use them to extract 
data-to-simulation correction 
factors

CMS resonant HY4b search 
(PhysLetB.2022.137392)

3 Apply correction factors to 
simulation in the SR

https://arxiv.org/abs/2204.12413
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In summary Data-driven methods crucial for HH4b analyses

Transfer functions (low → high tag) mostly used 

Error estimation and validation 
is the name-of-the-game

R
el

at
iv

e 
E

rr
or

mHH [GeV]

High purity cat: 
XHH < 0.95, |ΔηHH| < 0.5

Exciting for Run 3 and bbbbeyond

tt̄ relevant in boosted 



ATLAS : Comparison of the NR channels
Comparison between the signal and 
backgrounds for ATLAS’s three most 
sensitive HH channels: 

● bb𝛾𝛾 (HDBS-2018-34) 
● bb𝜏𝜏 (HDBS-2018-40) 
● 4b (HDBS-2019-29)

For this heuristic comparison, a loose 
cut on the bb𝜏𝜏 MVA discriminants was 
used to mimic the bb𝛾𝛾 BDT categories.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


ATLAS / CMS comparison
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Slide from Rafael’s



It works
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Post fit plot for ATLAS HH4b non-res in analysis categories

Phys. Rev. D 108 
(2023) 052003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


Input variables used for the resolved analyses 
reweighting
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Same variables for non-res ggF and resonant resolved analyses.

ATLAS: NN 2b ➜ 4b CMS: BDT 3b ➜ 4b 

Colored graphic from J. 
Conway’s 2018 SSI lecture

https://indico.cern.ch/event/701949/contributions/3008126/attachments/1698127/2733779/Conway-SSI18.pdf


Likelihood ratio trick
Suppose that we train a classifier, D(x) ∈ (0,1), to classify between 2 classes, 

● 0: 2b class
● 1: 4b class

Train with binary cross entropy (maximize the probability of the correct class, or minimize negative log likelihood = loss)

If D(x) is p4b, then 1-D(x) is p2b, because there are only 2 classes and the prob need to sum to 1

ℒ = - 𝔼x~p4b [log D(x)] - 𝔼x~p2b [ log( 1 - D(x) ) ]

The minimum of this loss  is: D*(x) = 

Rearrange for the weight: w(x) = p4b(x) / p2b(x) = 

27

Sanity check:
● If p4b is high and p2b  is ~ 0, D*(x) = 1 
● As p2b is high and p4b → 0 D*(x) = 0 as expected1 + p2b(x) / p4b(x)

1

D*(x)

1
- 1

This classifier D*(x) gives us the 
likelihood ratio p4b(x) / p2b(x) 🙂



Background reweighting
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Loss function ATLAS 4b resolved actually uses… iteration on a classical theme.
classifier



Choice of Control Region
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Systematics

30

Phys. Rev. D 108 
(2023) 052003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


Background validation
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Phys. Rev. D 108 
(2023) 052003

SR:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


Background Validation

32

Phys. Rev. D 108 
(2023) 052003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


Background Validation: rev ΔηHH
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Phys. Rev. D 108 
(2023) 052003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


4b boosted ATLAS 
(resonant)
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4b resonant
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Still a multidimensional reweighting (Low tag -> high tag)

Dedicated categories for number of 
b-tagged track jets: 4b, 3b and 2b-split.

QCD fit in CR with 
● Shape: iterative spline reweighting
● Norm: combined fit with tt̄ to mH1 shape



Details of the background estimate
Still a multidimensional reweighting (Low tagged jet -> high tagged jet)
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In this region, the stat unc is 
so high, that the 2b-2f 

shape is taken directly as is 
(no transfer function).

Iterative spline 
reweighting

(transfer function)

Derive TF 

Error bar for TF 

Apply



Iterative spline reweighting

“j” are the kinematic reweighting variables:

● pT of the “tagged” large-R jet
● pT and η of the b-tagged VR track jet
● ΔR(lead trk jet, subl trk jet) [when applicable]
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After 10 iterations, the fit has converged.

This shape reweighting happens directly on 
data inclusively for QCD and tt̄.

Alex Emerman’s thesis
For each “iteration”, sequentially correct a set 
of reweighting variables 

Spline fit to ratio of tagged / 
untagged 1d histograms

https://academiccommons.columbia.edu/doi/10.7916/d8-vt62-4w03


Normalizations
Combined fit for the QCD and tt̄ normalizations with the mH1 shape.

● QCD yield from the low-tagged region
● tt̄ taken from MC
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Fit separately for each of the three SRs (4b, 3b and 2b split), 6 norm factors

Phys. Rev. D 105 (2022) 092002

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/


ATLAS resonant combination
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Phys. Rev. D 105 (2022) 092002 ATLAS-CONF-2021-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/


More Backup slides
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Definition of boosted control regions (1)
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HH resonant
PhysLetB.2022.137392Phys. Rev. D 105 (2022) 092002

HY resonant

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/


Definition of boosted control regions (2)
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PhysRevLett.131.041803
HH NR ggF

PhysRevLett.131.041803
HH NR VBF

CR

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html


The background model
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Phys. Rev. D 108 
(2023) 052003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/


CMS HH(4b) NR resolved

44



CMS HH(4b) NR boosted: VBF
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PhysRevLett.131.0
41803

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html


Parametric function bkg. modelling
● Directly model the shape with a function
● Can be used when searching for a resonance 

on a smoothly falling background
○ Turn-on effects may be problematic
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● Resonant HH→4b search, 2016 data 
(JHEP08(2018)152)
○ Functional forms chosen in studies performed 

before unblinding, using control regions
■ Signal-free regions with kinematic 

properties similar to events in signal 
regions


