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Higgs measurements (I) 
XS times BR

• Higgs boson measurements 
reached unprecedented 
precision… 
 
…and analyses of full Run2  
dataset are ongoing 

• Already  
~10% precision on ggF 
~25% precision on VBF, 
VH, ttH
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CERN-EP-2019-097

https://arxiv.org/abs/1909.02845


Higgs measurements (ΙI) 
Simplified Template XS
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• STXS [LHC Higgs XS Yellow Report 4] 
implemented in all the major 
channels

• Different 
channels 
contribute to 
determine the 
final 
measurement
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CERN-EP-2019-097

https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1909.02845


Higgs measurements (ΙΙΙ) 
Differential measurements

• Measurement of differential 
cross sections are available 

• H→γγ,H→ZZ,  
H→WW (in CMS) 

• Usually uncertainties still 
large and in most of the 
cases statistical limited.
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https://cds.cern.ch/record/2668684
http://cds.cern.ch/record/2691268


Higgs measurement interpretation (I) 
κ-formalism

• Extracting coupling constants in 
the κ-framework 

• Under the assumption of no 
new particles in loop and 
decays: 

• ~10-20% for fermions 

• 8% for vector bosons 

• More generic parameterisations 
used already 
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Higgs measurement interpretation (II) 
Effective Field Theory
• k-model not consistent beyond LO (not suited to precision measurements) 

• Effective Fields Theory natural way to extend SM 

• EFT allows modifications of rate and of kinematic 

• STXS and Differential measurements are particularly interesting for this interpretation 

• Different EFT approaches used in different analyses (AC, HC, SMEFT, SILH …), 

•
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(*) d=5 (violate lepton number) and d=7(violate B-L) terms are not shown

(*)

https://cds.cern.ch/record/2694284/files/ATL-PHYS-PUB-2019-042.pdf


Outline

• Summary of the Higgs measurements 

• How to extract info on EFT 

• Global fit & Extrapolation to HL-HE LHC 

• Future Colliders

9Ultimate Precision at Hadron Colliders - Paolo Francavilla



How to extract info on EFT
• Requirement: Want to be able to fit for the cj coefficients:  

➡ Need a continuous signal model (not just testing single points in the EFT space); 

➡ For the statistical analysis we need to know the pdf for the signal (and in some cases for the 
background) as a function of the parameters: 
                                                              Ps( x | c )
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Sum of full-sim. signal PDFs [1] 

• Generate full-sim pi(x) for fixed points 
i in the parameter space 

• Calculate the weighted sum of pi(x) 
with the appropriate dependence on c 

Parametrise in gen-level fiducial bins(*)[2] 

• Split the gen-level in bins k 

• Get the appropriate scaling μk factor for the 
effect of c on the bin k  
(usually 1st of 2nd order polynomials) 

• Use the SM pdf for x in each bin k: pSMk(x) 

 

heavily inspired by the talk of A. Gilbert in link 

(*) It assumes that effects on acceptance and shape 
inside the bin k are subdominant and can be neglected.  
If this is not negligible, you can split the bin k again

→
→

→

→→

→

→

https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf


Strategy [1] at work:  
HVV anomalous couplings
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• An example using AC in CMS. NOTE: Straightforward mapping between AC formalism and linear EFT (bkp) 

• Construct optimal observables using MELA 

• Simulation using JHU generator and POWHEG, re-weighting to different AC using MELA 

• Signal model construction follows flexible and extensible approach

heavily inspired by the talk of A. Gilbert in link 

CMS-HIG-17-034

https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html
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• An example using AC in CMS. NOTE: Straightforward mapping between AC formalism and linear EFT (bkp) 

• Construct optimal observables using MELA 

• Simulation using JHU generator and POWHEG, re-weighting to different AC using MELA 

• Signal model construction follows flexible and extensible approach

heavily inspired by the talk of A. Gilbert in link 

CMS-HIG-17-034

Which observable? Optimal! 
We are testing two hypothesis: c=0 VS c!=0 

Which is the best test statistics for the test? 
Likelihood ratio ⇒ Optimal Observable: 

or ratio of or matrix elements 

                                   

(used in ATLAS used for CP studies in H→ττ 
[ATLAS-CONF-2019-050]) 
Maximum sensitivity, but don't separate  
measurement and interpretation 
Usually one needs one observable for each c. 

General measurements could loose a bit of 
information, but more suitable for reinterpretation

https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html
http://cdsweb.cern.ch/record/2693960/files/ATLAS-CONF-2019-050.pdf


Strategy [1] at work:  
HVV anomalous couplings

13Ultimate Precision at Hadron Colliders - Paolo Francavilla

• An example using AC in CMS. NOTE: Straightforward mapping between AC formalism and linear EFT (bkp) 

• Construct optimal observables using MELA 

• Simulation using JHU generator and POWHEG, re-weighting to different AC using MELA 

• Signal model construction follows flexible and extensible approach

heavily inspired by the talk of A. Gilbert in link 

CMS-HIG-17-034

https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html


Strategy [1] at work:  
Morphing in multidimensional space
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• An example using Higgs Characterisation Model (SMEFTsim also supported) in ATLAS Run2 HZZ 
analysis 

• Given a set of input templates/PDFs and the corresponding EFT parameter points generates a morphing 
function to model any point in parameter space  

• NOTE that this can be used in both approaches [1] and [2].

heavily inspired by the talk of A. Gilbert in link 

Simple showcase
Generated samples

Closure
ATL-PHYS-PUB-2015-047

https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
https://cds.cern.ch/record/2066980
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• An example using Higgs Characterisation Model (SMEFTsim also supported) in ATLAS Run2 HZZ 
analysis 

• Given a set of input templates/PDFs and the corresponding EFT parameter points generates a morphing 
function to model any point in parameter space  

• NOTE that this can be used in both approaches [1] and [2].

heavily inspired by the talk of A. Gilbert in link 

Simple showcase
Generated samples

Closure
ATL-PHYS-PUB-2015-047

JHEP 03 (2018) 095

https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
https://cds.cern.ch/record/2066980
https://arxiv.org/pdf/1712.02304.pdf


Strategy [2] at work:  
Differential cross sections
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• Measured fiducial differential cross sections can be used to measure EFT coefficients. 

• In ATLAS, use unfolded distribution of  

• Correlation between observables obtained by bootstrap 

• Need to know how σpred depends on cj

Need to know:

• A and B are calculated from MC 
• For specific observables (see later) given by LHC-HXSWG 
• General use tools start to appear (i.e. EFT2Obs) (*)

ATLAS-CONF-2019-029

(*) This is great! And it is great to see their cross checks and validations.  
A preferable direction (imo) for the future would be to converge in a (few?) 
common validated set among experiments/channels, avoiding a proliferation.

https://github.com/ajgilbert/EFT2Obs-Demo
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
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• Measured fiducial differential cross sections can be used to measure EFT coefficients. 

• In ATLAS, use unfolded distribution of  

• Correlation between observables obtained by bootstrap 

• Need to know how σpred depends on cj

HEL operators of the SILH basis 
considered  

(results provided in SMEFT-Warsaw 
basis too)

Consider                 and        

ATLAS-CONF-2019-029

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/


Strategy [2] at work:  
Simplified Template Cross Sections
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• Adopt the Simplified Template cross section to extract EFT information. 

• The bins at gen-level are pre-defined, and anyone can calculate the dependence for its favorite basis.  

• Parameterisations already exist for for HEL-SILH [LHCHXSWG-2019-004, STXStoEFT]  
and SMEFT-Warsaw basis [ATL-PHYS-PUB-2019-042] 

STXS for VH
HEL operators of the SILH 

basis considered  
Parameterisation from  

LHC HXSWG

JHEP 05 (2019) 141

http://cdsweb.cern.ch/record/2673969/files/LHCHXSWG-2019-004.pdf
https://indico.cern.ch/event/826136/contributions/3599540/attachments/1928331/3193368/lhchxswg_eft_param_191017.pdf
https://cds.cern.ch/record/2694284/files/ATL-PHYS-PUB-2019-042.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-50/
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Strategy [2] at work:  
Simplified Template Cross Sections

• Parameterisations for STXS already available: 

• LHCHXSWG [LHCHXSWG-2019-004] 

• CMS (based on EFT2Obs) [link] 

• ATLAS [ATL-PHYS-PUB-2019-042]
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Parametrisation for 
both σ and B 
are provided

• NOTE 1 : Acceptance dependence on B are neglected so far.  
First attempts to go beyond for H->4l presented by C. Hays in 
LHC-HXSWG link. 

• NOTE 2: EFT can change the decay topology. 
A summary for the options to make general measurement 
presented by  M. Duehrssen and  N. Berger in LHC-HXSWG link

https://cds.cern.ch/record/2673969/files/LHCHXSWG-2019-004.pdf
https://indico.cern.ch/event/826136/contributions/3599540/attachments/1928331/3193368/lhchxswg_eft_param_191017.pdf
https://cds.cern.ch/record/2694284/files/ATL-PHYS-PUB-2019-042.pdf
http://cdsweb.cern.ch/record/2273854/files/ATLAS-CONF-2017-047.pdf
https://indico.cern.ch/event/826136/contributions/3594720/attachments/1927441/3191179/LHCHXSWG_16102019.pdf
https://indico.cern.ch/event/826136/contributions/3599537/attachments/1928549/3193455/STXS_and_decay_information.pdf


Strategy [2] at work:  
Simplified Template Cross Sections

• Parameterisations for STXS already available: 

• LHCHXSWG [LHCHXSWG-2019-004] 

• CMS (based on EFT2Obs) [link] 

• ATLAS [ATL-PHYS-PUB-2019-042]
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ATLAS-CONF-2017-047

Results in ATLAS 
using STXS and HEL

https://cds.cern.ch/record/2673969/files/LHCHXSWG-2019-004.pdf
https://indico.cern.ch/event/826136/contributions/3599540/attachments/1928331/3193368/lhchxswg_eft_param_191017.pdf
https://cds.cern.ch/record/2694284/files/ATL-PHYS-PUB-2019-042.pdf
http://cdsweb.cern.ch/record/2293084/files/ATL-PHYS-PUB-2017-018.pdf
http://cds.cern.ch/record/2273854/files/ATLAS-CONF-2017-047.pdf
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Reinterpreting 
ATLAS STXS  
in gaussian 
approximation
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ATLAS-CONF-2017-047

Results in ATLAS 
using STXS and HEL

https://cds.cern.ch/record/2673969/files/LHCHXSWG-2019-004.pdf
https://indico.cern.ch/event/826136/contributions/3599540/attachments/1928331/3193368/lhchxswg_eft_param_191017.pdf
https://cds.cern.ch/record/2694284/files/ATL-PHYS-PUB-2019-042.pdf
http://cdsweb.cern.ch/record/2673969/files/LHCHXSWG-2019-004.pdf
http://cdsweb.cern.ch/record/2293084/files/ATL-PHYS-PUB-2017-018.pdf
http://cds.cern.ch/record/2273854/files/ATLAS-CONF-2017-047.pdf
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Towards global EFT fits
• Several operators can have very similar physics signature in the Higgs 

sector giving rise to high correlations in fits. 

• Identify directions in the operators space for which the STXS 
measurement provides sensitivity and safely neglect “flat 
directions” (directions in the EFT parameters space to which the 
measurements are not sensitive), using Fisher information, and finding 
eigenvectors (sensitive directions) and eigenvalues
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• Sensitivity to cHG, cHq3, |cuG|, cHW, cHu, cHl3 (potentially cHq1)  

• Including the decay brings additional sensitivity to cHW, cHB and cHWB but also stronger correlations 

• Sensitivity to cHl1, cHe and cHd (from VH(bb)). Also to |ceH| from H-> and |cdH| from H->bb

NOTE: Sensitivity to CHW, 
CHB, CHWB driven by H→γγ 

⇒CHW, CHB, CHWB highly 
correlated

SMEFTATL-PHYS-PUB-2019-042

heavily inspired by the talk of A. Cueto in link 

https://cds.cern.ch/record/2694284/files/ATL-PHYS-PUB-2019-042.pdf
https://indico.cern.ch/event/826136/contributions/3603139/attachments/1928348/3195116/MethodologyEF_STXS.pdf


Towards global EFT fits
• Several operators can have very similar physics signature in the Higgs 

sector giving rise to high correlations in fits. 

• Identify directions in the operators space for which the STXS 
measurement provides sensitivity and safely neglect “flat 
directions” (directions in the EFT parameters space to which the 
measurements are not sensitive), using Fisher information, and finding 
eigenvectors (sensitive directions) and eigenvalues

28

ATL-PHYS-PUB-2019-042

• Sensitivity to cHG, cHq3, |cuG|, cHW, cHu, cHl3 (potentially cHq1)  

• Including the decay brings additional sensitivity to cHW, cHB and cHWB but also stronger correlations 

• Sensitivity to cHl1, cHe and cHd (from VH(bb)). Also to |ceH| from H-> and |cdH| from H->bb
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CHB, CHWB driven by H→γγ 

⇒CHW, CHB, CHWB highly 
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SMEFT
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Global fit: Current and future sensitivity

• Higgs sector give valuable information for the EFT, but global picture requires a fit with all the 
available information (EWPO, TGC, top sector,…) 

• While in the ATLAS and CMS collaborations, work is ongoing, first global fits already exist. 

• These are precious per se, and to inject information on which directions are less constraint to 
the experimental collaborations. 

• Three examples reported here, on current sensitivity and projections to HL-HE LHC,  
based on the HL-HE LHC Yellow book [CERN-LPCC-2018-04] : 

• Prospective SMEFT Constraints from HL- and HE-LHC Data  
(J. Ellis, C.W. Murphy, V. Sanz, T. You) 

• Global constraints on universal new physics at the HL/HE-LHC  
(J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, L. Silvestrini) 

• Global analysis including the Higgs self-coupling  
(A. Biekötter, D. Gonçalves, T. Plehn, M. Takeuchi, D. Zerwas)

30

https://arxiv.org/abs/1902.00134
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Global fit: Current  
and future sensitivity
• Fit done with the SMEFT Warsaw 

• 20 parameters relevant for the di-boson, 
electroweak precision and Higgs observables 

• LEP1 :11 Z-pole observables 

• SLC: 1 Z-pole observable 

• Tevatron: W mass measurement  

• LEP2: e + e − → W +W − → 4f 
measurements 

• LHC1: ATLAS+CMS 20 Higgs sign. strengths  
           H→µµ combination  
           ATLAS h → Zγ measurement 
           ATLAS  W mass measurement 

• LHC2: CMS: 25 Higgs measurements 
           ATLAS: 23 Higgs measurements 
           ATLAS: pp→WW→eνµν  
                       (pT(l)>120 GeV)

NLO

Fisher information in current measurements

J. Ellis, C.W. Murphy, V. Sanz, T. You
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Global fit: Current  
and future sensitivity
• Test done with the SMEFT Warsaw 

• 20 parameters relevant for the di-boson, 
electroweak precision and Higgs observables 

• LEP1 :11 Z-pole observables 

• SLC: 1 Z-pole observable 

• Tevatron: W mass measurement  

• LEP2: e + e − → W +W − → 4f 
measurements 

• LHC1: ATLAS+CMS 20 Higgs sign. strengths  
           H→µµ combination  
           ATLAS h → Zγ measurement 
           ATLAS  W mass measurement 

• LHC2: CMS: 25 Higgs measurements 
           ATLAS: 23 Higgs measurements 
           ATLAS: pp→WW→eνµν  
                       (pT(l)>120 GeV)

NLO

Fisher information in current measurements

J. Ellis, C.W. Murphy, V. Sanz, T. You

Improvements using 27 TeV data: 
• ttH 
• different energy to break degeneracy between 

CGG, CuG and Cyu  
No big gain since dominated by LEP data
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Universal new physics:  
Current and future sensitivity
• Fit done with the SMEFT Warsaw in HEPfit 

package 

• Interested in new physics effects that arise in 
the context of the so-called universal 
theories: 

• All new physics effects can be 
captured by operators involving SM 
bosons only (via field redefinition) 

• EWPO measurements 

• LHC Higgs measurements 

• Differential distribution of mHH in bbγγ final 
state 

• Differential distribution of mZH in ZH,Hbb final 
state 

• High-energy measurements in the di-boson 
channels 

• Sensitivity study to the W and Y parameters in 
Drell Yan production 

Used here

J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini,  
L. Reina, L. Silvestrini
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Universal new physics:  
Current and future sensitivity
• Fit done with the SMEFT Warsaw in HEPfit 

package 

• Interested in new physics effects that arise in 
the context of the so-called universal 
theories: 

• All new physics effects can be 
captured by operators involving SM 
bosons only (via field redefinition) 

• EWPO measurements 

• LHC Higgs measurements 

• Differential distribution of mHH in bbγγ final 
state 

• Differential distribution of mZH in ZH,Hbb final 
state 

• High-energy measurements in the di-boson 
channels 

• Sensitivity study to the W and Y parameters in 
Drell Yan production 

Used here

J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini,  
L. Reina, L. Silvestrini



Global fit with self coupling: 
Current and future sensitivity

36

• Interested in including EFT modifications when testing 
the Higgs self coupling 

• Current expected bound on trilinear coupling at 
27 TeV 1.5ab: 
 

which becomes  

Using global fit to assess how these limits change. 

Measurements used:

Result in the global fit

A. Biekötter, D. Gonçalves, T. Plehn, M. Takeuchi, D. Zerwas



Outline

• Summary of the Higgs measurements 

• How to extract info on EFT 

• Global fit & Extrapolation to HL-HE LHC 

• Future Colliders
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Future Colliders
• The physics of the Higgs boson is a key aspect in the discussion for future colliders. 

• Coupling measurements interpreted in EFT is an important part of the ongoing discussion towards the European Strategy Update. 

• Measurements used in this fit extrapolated similarly to the one commented on the Universal new physics 
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arXiv:1905.03764

https://arxiv.org/abs/1905.03764
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Conclusion
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• Higgs discovery 7 years ago was an important milestone in particle physics 

• A lot of its nature has been tested in the past years, but a lot remains to be 
measured. 

• We have several options to describe in the best way we can the characteristics of 
this new boson. 

• EFT interpretations have already been used by the experiments, and we are 
equipping ourself with all the needed technologies to report our finding in the best 
way: 

• Measurement of quantities that are sensitive to EFT effects (i.e. going 
differential) 

• Preparing the road to combine the information from Higgs physics with all the 
other measurement to get a global view beyond the SM.



Backup
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M. Duehrssen and  N. Berger in LHC-HXSWG
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C. Hays in LHC-HXSWG
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C. Hays in LHC-HXSWG
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Operators used in  
Prospective SMEFT Constraints from HL- and HE-LHC Data 
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J. Ellis, C.W. Murphy, V. Sanz, T. You



Anomalous couplings VS EFT
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CMS-HIG-17-034

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html


Coupling measurement in  
ATLAS H→ZZ 
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JHEP 03 (2018) 095

https://arxiv.org/pdf/1712.02304.pdf


Κ-measurement in ATLAS

56

CERN-EP-2019-097

https://arxiv.org/abs/1909.02845

