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I am an assistant professor in the CMS group 
at Peking University (starting this month) 

I was working in the ATLAS group at University 
of Wisconsin from 2016 to Sep 2021 

In this seminar, I shall highlight several results 
which I recently contributed to 
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The Higgs boson
• The Higgs boson was 

discovered by the ATLAS and 
CMS experiments at the Large 
Hadron Collider (LHC) in 2012 

• a major milestone for particle 
physics  

• It opened a new way to refine our 
understanding of the electroweak 
symmetry breaking 

• many Higgs property studies 
(mass, width, spin, parity, 
couplings, cross sections, etc.) 
have been performed  

• deviation from the Standard Model 
(SM) predictions on Higgs boson 
properties would provide clue for 
new physics
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Higgs boson production and decay modes
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Figures from https://msneubauer.github.io with modifications 
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• In the Standard Model, the Higgs boson couples to massive 
bosons and fermions 

• These couplings determine the Higgs boson production and 
decay modes:

https://msneubauer.github.io/projects/4_project/
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Double Higgs production

5

• Double Higgs production is the way to directly probe Higgs 
self-couplings at the LHC 

• Extremely low cross-section in the SM (one double-Higgs 
event every 1000 single-Higgs events) 

• Non-SM self-coupling strength κλ can change cross-section 
and kinematics of double Higgs production 
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ATLAS Detector

• Collect collision data 
at the LHC 

• Run 1 (2010-2012): 
proton-proton 
collisions at 7-8 TeV 

• Run 2 (2015-2018): 
proton-proton 
collisions at 13 TeV 

• Three sub-detectors: 
• Inner tracker 
• Calorimeter 
• Muon spectrometers
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η = - ln tan(θ/2) 
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ATLAS Object Reconstruction

• ATLAS reconstructs photons, electrons, muons, jets, etc. 
• Jets from b-quarks or taus can be tagged 
• Missing transverse momentum (MET): negative vector sum 

of transverse momenta of all reconstructed objects
7
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Contents of this talk

• Part 1: ATLAS Higgs coupling measurements using the 
H→γγ decay 

• Part 2: ATLAS H→µµ search (probing Higgs couplings to 
second generation fermions) 

• Part 3: ATLAS Higgs coupling measurements with the 
combination of various channels 

• Part 4: Application of quantum machine learning to LHC 
Higgs physics analyses
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Part 1: ATLAS Higgs coupling 
measurements using the H→γγ decay 

(ATLAS Run 2, 139 fb-1) 
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Higgs coupling property measurements

‣ ATLAS and CMS performed measurements of Higgs boson 
coupling properties: 
- provide stringent test of the Standard Model   

‣ Simplified template cross section (STXS) is the common 
framework for the LHC Higgs coupling property 
measurements in Run 2 
- Split production mode cross-sections into various phase-space 

regions, which are chosen according to sensitivity to beyond 
Standard Model effects, avoidance of large theory uncertainties, 
matching to experimental selections 

- STXS measurements can be used to probe coupling modifiers 
(“kappa”) and effective field theories (EFT) 

- Various stages; stage 0 is basically production mode cross-sections
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Stage 1.2 STXS
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H→γγ analysis strategy

Small BR, but good S/B and resolution 
Select events with two photons (at both trigger and offline 
levels) 
➔Separate events to many categories  

• target different STXS regions  

➔Fit diphoton mass over all categories  
• Signature: a narrow resonance with a width consistent with detector 

resolution above a smooth background in the diphoton invariant 
mass distribution  

➔Measure production mode cross sections, simplified template 
cross sections, etc.

12

W, t, b

W, t, b

W, t, b



Chen Zhou (Peking U)

Event categorization
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Designed to maximize the global 
sensitivity to all STXS regions 
‣ Step 1: A multi-class boosted decision 

tree (BDT) is trained to separate 
signal events from different STXS 
regions.   
- Then, the output discriminant 

values are used to assign events 
into different classes. 

‣ Step 2: Each class of events is further 
divided into multiple categories based 
on a binary BDT classifier.  
- This binary BDT is trained to 

separate signal from continuum 
background in each class. 

Finally, 88 event categories in total 
‣ S/(S+B) ranges from 3% to 83%

H→γγ
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Signal and background modeling

• For each event category, need to model diphoton mass 
distributions of signal and backgrounds 

• Model of Higgs signal     
‣ Expected yields of Higgs production modes: estimated 

from simulation 
‣ Mass shapes: parametrized from simulation with double-

sided crystal ball functions  
• Model of continuum background (QCD γγ, etc.):  

‣ Analytical functions fitted on data 
‣ Using dedicated background-only samples 

❖ studied functional forms and associated uncertainties

14

H→γγ
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• Diphoton mass spectrum peaks at the Higgs mass around 
125 GeV 

• ~6,900 H→γγ events fitted over 88 categories (~1.2 million 
data events are selected)

15

Diphoton mass: all categories

ATLAS-CONF-2020-026

H→γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
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Production mode cross sections  
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• ggF cross section is measured 
with 11% precision 

• The observed (expected) 
significance of other modes: 
• VBF: 7.5σ (6.1σ), WH: 5.6σ (2.8σ), 

ZH: 0σ (1.7σ), tt̄H+tH: 4.7σ (5.0σ)  

• An upper limit of 8 times the SM 
prediction is set for tH production 
• the most stringent single-channel 

constraint on tH 

• The compatibility with SM 
prediction corresponds to a p-
value of 3%  
• Difference is mainly due to the larger 

than expected yield for WH, and 
smaller than expected yield for ZH

ATLAS-CONF-2020-026

H→γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
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Simplified template cross sections
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• Higgs production measured 
granularly 

- 27 merged STXS regions are 
measured 

- Uncertainties range from 20% to 
more than 100%, mostly 
statistically dominated 

• tt̄H production measured 
differentially in Higgs pT (two 
years after its observation)  

- sensitive to self-couplings of the 
Higgs 

• Good compatibility with the 
SM prediction (p-value of 
60%)

ATLAS-CONF-2020-026

ggF

EW 
qqH

VH

ttH 
&tH

H→γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
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Part 1*: ATLAS Higgs self-coupling  
study using HH→bbγγ 

(ATLAS Run 2, 139 fb-1) 



Chen Zhou (Peking U)

HH→bbγγ analysis strategy
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• General strategy similar with 
single Higgs→γγ analyses 

• Event categorization with 
diphoton and b-jet variables 

- 4 categories based on 4-body 
mass and BDT 

• Using diphoton mass, compare 
observed data with single 
Higgs + continuum background ATLAS-CONF-2021-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
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HH→bbγγ analysis result
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• Observed (expected) limit of 
double Higgs cross section: 
4.1 (5.5) times SM prediction 

• Observed (expected) constrain 
on self-coupling strength: 
-1.5<κλ<6.7 (-2.4<κλ<7.7) 

• Sensitivity significantly 
improved mainly due to better 
categorization  ATLAS-CONF-2021-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
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Part 2: H→µµ search  
(probing Higgs boson couplings to second 
generation fermions) 

(ATLAS Run 2, 139 fb-1) 

21
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H→µµ decay mode
• The couplings between the Higgs 

boson and the third-generation 
fermions (top quark, bottom quark, 
𝜏 lepton) have already been 
observed 

- The Higgs couplings with fermions 
of the other generations have not 
been established  

• The Higgs decay to two muons 
offers the best opportunity to 
observe the Higgs couplings with 
the second-generation fermions at 
the LHC 

- Small branching ratio in SM 
(2x10-4), physics beyond the SM 
could modify it

22



Chen Zhou (Peking U)

 H→µµ analysis general strategy
• Select events with two opposite-

sign muons  
• The main challenge is a very 

small signal over background 
ratio (~0.2% in 120-130 GeV) 
‣ the dominant background is 

Drell-Yan process (Z/γ*→µµ) 
• Analysis strategy is somewhat 

similar to H→γγ analysis, but 
‣ categories are defined to target 

major Higgs production modes 
(instead of STXS regions) 

‣ more sophisticated background 
modeling is adopted

23

Phys. Lett. B 812 (2021) 135980

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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Dimuon mass: all categories

• Dimuon mass spectrum: small excess at the Higgs mass 
around 125 GeV 

• ~1,000 H→µµ events fitted over 20 categories

24

H→µµ

Phys. Lett. B 812 (2021) 135980

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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Results: H→µµ significance
• The observed H→µµ significance is 2.0σ (expected 1.7σ) in 

ATLAS full Run 2 results 
• Large improvement in expected sensitivity compared with 

the previous ATLAS publication, due to 
‣ Larger dataset (a factor of 2) 
‣ Advanced analysis techniques (~25%): mainly from 

categorization and background modeling 

• The observed H→µµ significance is 3.0σ (expected 2.5σ) in 
CMS full Run 2 results 

• These results on the H→µµ decay provide first evidence 
for the Higgs couplings to second generation fermions 

25

H→µµ
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Results: H→µµ signal strength

• The measured H→µµ signal strength at 13 TeV is                           
1.2 +/- 0.6 (stat.) +0.2-0.1 (syst.) 
‣ Dominated by statistical uncertainties 
‣ In agreement with the SM prediction

26

H→µµ

Phys. Lett. B 812 (2021) 135980

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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CERN press release on August 3, 2020

27

https://home.cern/news/press-release/physics/cern-experiments-announce-first-indications-rare-higgs-boson-process
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Part 3: ATLAS Higgs coupling 
measurements with combination of 
various channels 

(ATLAS Run 2, up to 139 fb-1) 
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Signal strength & production 
cross-section measurements 

29

✔: channel included in the combination

ggF VBF VH ttH+tH

H→γγ ✔ (139 fb-1)    ✔ (139 fb-1)     ✔ (139 fb-1)   ✔ (139 fb-1)    

H→ZZ ✔ (139 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   

✔ (36-139 fb-1)     H→WW ✔ (139 fb-1)    ✔ (139 fb-1)    

H→ττ ✔ (139 fb-1)        ✔ (139 fb-1)   ✔ (139 fb-1)    

H→bb ✔ (126 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   

H→μμ ✔ (139 fb-1)  ✔ (139 fb-1)  ✔ (139 fb-1)     ✔ (139 fb-1)     

H→Zγ ✔ (139 fb-1)   ✔ (139 fb-1)   ✔ (139 fb-1)   ✔ (139 fb-1)   



Chen Zhou (Peking U)

Inclusive signal strength

30

• This measurement is systematically limited
μ = 1.06+0.06

−0.06 = 1.06 ± 0.03(stat.)+0.03
−0.03(exp.)+0.04

−0.04(sig. th.)+0.02
−0.02(bkg. th.)

• Inclusive signal strength, defined as the measured Higgs boson 
signal yield normalized to its SM prediction, is determined to be

ATLAS-CONF-2021-053

Higgs 
combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Production mode cross sections (assuming the SM decays)
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• ggF cross section is now measured with 7% precision 
• Precision of N3LO cross section prediction: 5% 

• All major production modes (ggF, VBF, WH, ZH, ttH) are observed 
• Measurements consistent with SM predictions

ATLAS-CONF-2021-053

Higgs 
combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Simplified template cross 
section (STXS) measurements 

32

✔: channel included in the combination

ggF VBF VH ttH+tH

H→γγ ✔ (139 fb-1)    ✔ (139 fb-1)     ✔ (139 fb-1)   ✔ (139 fb-1)    

H→ZZ ✔ (139 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   

✔ (36-139 fb-1)     H→WW ✔ (139 fb-1)    ✔ (139 fb-1)    

H→ττ ✔ (139 fb-1)        ✔ (139 fb-1)   ✔ (139 fb-1)    

H→bb ✔ (126 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   
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STXS results (w/o assuming the SM decays)
• STXS are measured granularly 

in this combination: 41 regions 
are probed 

• VBF, ggF+2jets: more 
granular in mass(jj) 

• VH: reach high pT(V) 
• ttH: reach high pT(H) 

• The upper limit on the tH cross 
section is 9.3 times the SM 
prediction   

• All regions are statistically 
limited; in some regions (e.g. 
ggF 0-jet) systematics are not 
negligible 

• Good compatibility with the SM 
prediction

33
ATLAS-CONF-2021-053

Higgs 
combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Coupling modifier 
(“kappa”) interpretation  

34

✔: channel included in the combination

Analysis of H→invisible (139 fb-1) is also included in relevant studies

ggF VBF VH ttH+tH

H→γγ ✔ (139 fb-1)    ✔ (139 fb-1)     ✔ (139 fb-1)   ✔ (139 fb-1)    

H→ZZ ✔ (139 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   

✔ (36-139 fb-1)     H→WW ✔ (139 fb-1)    ✔ (139 fb-1)    

H→ττ ✔ (139 fb-1)        ✔ (139 fb-1)   ✔ (139 fb-1)    

H→bb ✔ (126 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   

H→μμ ✔ (139 fb-1)  ✔ (139 fb-1)  ✔ (139 fb-1)     ✔ (139 fb-1)     

H→Zγ ✔ (139 fb-1)   ✔ (139 fb-1)   ✔ (139 fb-1)   ✔ (139 fb-1)   
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Coupling modifier vs. particle mass

35

• “Kappa” framework: assign 
coupling modifier to each 
interaction vertex (e.g. κW, 
κt…) 

• Here assume no BSM 
contribution in loop-induced 
processes (ggF, H→γγ etc.) 
or total width 
‣ κt  is related to part 1 of 

this talk, κµ is related to 
part 2 of this talk   

• Good agreement with the 
SM across 3 orders of 
magnitude of particle mass! ATLAS-CONF-2021-053

Higgs 
combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Interpretation of STXS measurements 
with Effective Field Theory (EFT) 
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✔: channel included in the combination

ggF VBF VH ttH+tH

H→γγ ✔ (139 fb-1)    ✔ (139 fb-1)     ✔ (139 fb-1)   ✔ (139 fb-1)    

H→ZZ ✔ (139 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   

✔ (36-139 fb-1)     H→WW ✔ (139 fb-1)    ✔ (139 fb-1)    

H→ττ ✔ (139 fb-1)        ✔ (139 fb-1)   ✔ (139 fb-1)    

H→bb ✔ (126 fb-1)     ✔ (139 fb-1)     ✔ (139 fb-1)   
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Interpretation of STXS with EFT

37

• Parameterize the signal strengths, (XS*BR)meas/(XS*BR)SM, 
directly with Wilson coefficients of d=6 SMEFT operators  

• Rotate the SMEFT basis cj to eigenvector cj’ and fit 13 
sensitive eigenvectors simultaneously  

ATLAS-CONF-2021-053

Higgs 
combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Interpretation of STXS with EFT

38

• All measured parameters 
are consistent with the SM 
expectation within their 
uncertainties  

• Where the sensitivity to the 3 
better constraint parameters 
are coming from: 
- cHG,uG,uH[1] → mainly the EFT 

modifications to ggH 
- cHW,HB,HWB,HDD,uW,uB,W[1] → comes 

from H→γγ  
- cHq[3] → well constrained from 

VH when splitting in different 
pTV bins (better measured in 
H→bb)

ATLAS-CONF-2021-053

From a simultaneous fit

Higgs 
combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Part 3*: ATLAS Higgs self-coupling 
study with combination of 
HH→bbγγ and HH→bbττ 

(ATLAS Run 2, up to 139 fb-1) 
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HH combination analysis result

40

• Observed (expected) limit of 
double Higgs cross section: 3.1 
(3.1) times SM prediction 

• Observed (expected) constrain 
on self-coupling strength: 
-1.0<κλ<6.6 (-1.2<κλ<7.2) 

• Both are currently the world’s 
best constraints 

• Towards establishing Higgs 
self-coupling ATLAS-CONF-2021-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
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Part 4: Application of quantum 
machine learning to LHC Higgs 
physics analyses  

41
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Quantum machine learning
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• Quantum computing 
◦ Perform computation using the quantum state of qubits 
◦ A way of parallel execution of multiple processes  
◦ Can speed up certain types of problems effectively 

• Quantum machine learning 
◦ Intersection between machine learning and quantum computing 
◦ May lead to more powerful solutions and offer a computational 

“speed up”, by exploiting the high dimensional quantum state 
space through the action of superposition, entanglement, etc 

◦ Quantum machine learning could possibly become a valuable 
alternative to classical machine learning for HEP data analysis
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Quantum machine learning for HEP
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• I have been working with an interdisciplinary collaboration to 
perform  High Energy Physics flagship analyses with Quantum 
Machine Learning methods (Variational Quantum Classifier, 
Quantum SVM Kernel Method, Quantum Neural Network) on gate-
model quantum computer systems (from IBM, Google, Amazon) 

• Goal: to demonstrate that the potential of quantum computers can 
be a new computational paradigm for big data analysis in HEP, as 
a proof of principle
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Example 1: Employing Variational Quantum 
Classifier for ttH (H → 𝜸𝜸) and H → 𝞵𝞵 analyses 

(accepted by J. Phys. G: Nucl. Part. Phys. https://
doi.org/10.1088/1361-6471/ac1391) 

44

https://doi.org/10.1088/1361-6471/ac1391
https://doi.org/10.1088/1361-6471/ac1391
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Variational Quantum Classifier

45
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Variational Quantum Classifier
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Employing Variational Quantum Classifier with quantum simulator

47
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Employing Variational Quantum Classifier with quantum simulator
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Employing Variational Quantum Classifier with quantum hardware

49
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Employing Variational Quantum Classifier with quantum hardware

50
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Example 2: Employing Quantum Support Vector 
Machine (QSVM) Kernel for ttH (H → 𝜸𝜸) analysis 

Phys. Rev. Research 3, 033221 (2021) 

51

https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.3.033221
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Quantum SVM Kernel method

52
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Quantum SVM Kernel method
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Employing Quantum SVM Kernel method with quantum simulator
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Employing Quantum SVM Kernel method with quantum simulator
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Employing Quantum SVM Kernel method with quantum simulator
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Employing Quantum SVM Kernel method with quantum hardware
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Employing Quantum SVM Kernel method with quantum hardware
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Quantum machine learning for HEP

59

• The results demonstrate quantum machine learning on the 
gate-model quantum computers has the ability to differentiate 
signal and background in realistic physics datasets 

• Future developments: 
◦ Will investigate further and hopefully will see soon quantum 

machine learning outperforms classical machine learning, 
in particular, when more qubits and larger datasets are 
utilized 

◦ Furthermore, future quantum computers might offer speed-
ups in quantum machine learning which could be critical for 
the HEP community 
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Summary
• I have been working on high-profile physics analyses, 

detector upgrade and quantum machine learning application  
• ATLAS and CMS keep improving sensitivity for Higgs 

coupling measurements (including Higgs self-couplings) 
- In H→γγ, H→µµ and other decay channels 

- In combination of various channels  

- Results are currently in agreement with the SM predictions and 
can be interpreted using “kappa”, EFT and BSM models 

• Machine learning greatly enhances our capability to identify 
rare signal in immense background  

- Quantum machine learning could possibly become another 
powerful tool for high energy physics 

• I am enthusiastic to extend these studies at Peking 
University and also open to other topics

60
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Backup slides

61
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Event categorization

62

• Divide events into 0-jet, 1-jet and 
≥2-jet channels  

• In each channel, train a BDT with 
XGBoost to separate signal from 
background, create 4 ggF 
categories 

- In ≥2-jet channel, train an additional BDT 
to target VBF signal, create 4 VBF 
categories  

• Also define 1 ttH category and 3 VH 
categories (which are less sensitive) 

- 20 categories in total 

• The S/B ratios range from <0.1% 
(ggF 0-jet “low”) to 18% (VBF “very 
high”) 

- different Higgs production modes are 
well separated

H→µµ

Phys. Lett. B 812 (2021) 135980

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub


Chen Zhou (Peking U)

Background modeling 

63

• Background mass distribution 
modeled with Core x Empirical 

• Core function: 
‣ LO Drell-Yan line-shape convoluted 

with detector resolution to describe 
mass shape inclusively  

• Empirical function: 
‣ EpolyN or PowerN functions to correct 

for mass shape distortion due to 
selection+categorization, higher-order 
correction, etc. 

H→µµ

Phys. Lett. B 812 (2021) 135980

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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• Most sensitive to ggF: 
H→γγ, H→ZZ, H→WW 

• Most sensitive to VBF: 
H→WW, H→ττ, H→γγ 

• Most sensitive to VH: 
H→bb, H→γγ 

• Most sensitive to ttH and tH: 
H→γγ, H→bb 

• Measurements consistent 
with SM predictions

Production mode cross sections times decay branching ratios 

ATLAS-CONF-2021-053

Higgs 
combination

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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Coupling modifier (“kappa”)

65

• Leading order motivated framework: assign coupling modifier to 
each (effective) interaction vertex (e.g. κW, κt…)

• In this framework, production cross section times decay branch 
fraction of i→H→f can be parameterized as

• (this allows for a consistent treatment of production and decay)
• Total width of Higgs boson can be expressed as

Bi.= BSM contribution to BR of invisible decays  
Bu.= BSM contribution to BR of undetected decays
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Employing Quantum SVM Kernel method with quantum simulator
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Employing Quantum SVM Kernel method with quantum simulator
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