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Preface
Excellence of LHC & its experiments: Enabled rich physics program @ 7/8/13 TeV
• LHC: effective bunch collision schemes, high machine availability.
• Experiments: very good performance at high pile-up, and detector operation efficiency.

Performed a plethora of SM measurements and searches for new physics:
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SUSY searches Exotic searchesSM measurements

Need : LHC upgrade to fully exploit its potential and push the limits even further  
            Consistent global interpretation of wide spectrum of measurements 

No deviation from SM No indications for new physics phenomena
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From measurements to (global) interpretations...

Interpretation of results:
1. Internally within experiments 
2. externally by TH colleagues 

(requires close EXP-TH interaction and recommendations)
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Experimental measurements:
1. Characterisation of the SM processes and particles (EWK/TOP/HIG) 

2. Search for BSM phenomena 
(as model-independent as possible)

coupling strength 
modifiers

signal strengths simplified template XS
Fiducial XS and  

differential distributions

pseudo-observables
EFT approaches

simplified/explicit  
BSM models

LHC DATA
Minimize theory  

dependence

Direct theory  
dependence 
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From measurements to (global) interpretations...

Interpretation of results:
1. Internally within experiments 
2. externally by TH colleagues 

(requires close EXP-TH interaction and recommendations)
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Higgs boson measurements:
1. Characterisation of the SM Higgs boson 

2. Search for BSM phenomena in Higgs physics 
(as model-independent as possible)

coupling strength 
modifiers

signal strengths simplified template XS
Fiducial XS and  

differential distributions

pseudo-observables
EFT approaches

simplified/explicit  
BSM models

LHC DATA
Minimize theory  

dependence

Direct theory  
dependence Ingredients for global interpretation:

1. formalism + assumptions (+ agreement on legacy measurement) 
2. analysis approaches (sensitivity directions, fit/validity approaches, advanced techniques) 

3. tools (models, generators, parameterisations, matchings, validations, global sensitivity)
4. modelling & computations (inputs, theory predictions, correlations)

Important questions for measurements/interpretation:
1. What? (→ formulation) 
2. How? (→ approaches) 
3. With what? (→ tools) 

4. Using what? (→ inputs)
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• Motivation for global interpretations and some general aspects 
• EFT formulation, assumptions, approaches 
• EFT effects & necessary tools, towards global sensitivity
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Global interpretation:  
Formalism, tools & approaches 
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Effective Field Theory as a global approach
Effective Field Theory (EFT) - general ideas:
• LHC results: no new resonance, indicate scale of new physics as >> 1TeV
• (SM)EFT approach: only SM fields & symmetries are present at the accessible scale  
→ valid QFT-based description of Nature  

• Taylor expansion of Lagrangian  
in canonical dimensions:  
(large number of parameters)

EFT - possibilities:
• Allows: to perform gauge invariant calculations & loops (systematically improvable with higher orders) 
• Use: as a self-consistent "theory" and systematically probe its parameters  
• Approach: choose a basis (SILH, Warsaw), retain all/relevant operators in measurement 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TH studies are becoming really mature!  
(bases, generatos, tools, NLO precision, etc.)

Requires global fit  
of SMP/TOP/HIG  
measurements!

SMEFT encodes  
BSM fingerprint on  

all processes consistently  
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MC tools for SMEFT: 
• Hard-coded MEs: POWHEG, MCFM; Lagrangian-level implementation: MG5_aMC@NLO, Sherpa
• State of the art: (N)NLO QCD for SM, NLO QCD for SMEFT, LO@EFT or NLO@EFT?

NLO@SMEFT:
• Non trivial EFT contributions could arise first at one-loop 
•

EFT models/generators/toolboxes
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K. Mimasu talk
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MC tools for SMEFT: 
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• State of the art: (N)NLO QCD for SM, NLO QCD for SMEFT, LO@EFT or NLO@EFT?
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 8

K. Mimasu talk
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MC tools for SMEFT: 
• Hard-coded MEs: POWHEG, MCFM; Lagrangian-level implementation: MG5_aMC@NLO, Sherpa
• State of the art: (N)NLO QCD for SM, NLO QCD for SMEFT, LO@EFT or NLO@EFT?

NLO@SMEFT:
• Non trivial EFT contributions could arise first at one-loop 
•

EFT models/generators/toolboxes
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Essential requirements:
Have more than one (harmonised) tools, validated by EXP & TH community  

Optimised to handle large number of diagrams, vertices with up to 6 legs, etc. 
Aim for complete SMEFT@NLO (top/Higgs/EW sector with QCD@NLO)

K. Mimasu talk
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EFT models/generators/toolboxes
Other Toolboxes for global interpretation: 
• Wide spectrum of TH tools for statistical statistical inference on new physics models/parameters 
• Implementation/parameterisation of observables, DB of legacy measurements with global likelihoods
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Essential requirements:
Need flexible, entirely scalable, open source tools to pool knowledge & effort 

Standardisation / harmonisation / uniformisation 
(EXP) user friendly interfaces to global knowledge

K. Mimasu talk
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EFT effects parameterisations
Two approaches to construct EFT signal model:
• Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
• Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions 

 11

A.Gilbert talk  

(LHCHXSWG)



P. Milenovic, Towards Global Interpretation: Experimentalists' wish-list UPHC workshop, Institut "Pascal", Orsay, 25 Nov - 6 Dec, 2019

EFT effects parameterisations
Two approaches to construct EFT signal model:
• Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
• Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions 

Several exp-built tools available :
• Exploiting MC computation of MEs and reweighting techniques 
•
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A.Gilbert talk  

(LHCHXSWG)
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EFT effects parameterisations
Two approaches to construct EFT signal model:
• Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
• Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions 

Several exp-built tools available :
• Exploiting MC computation of MEs and reweighting techniques 
•
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Need more general tool(s) for automatic parameterisation of effects of  
EFT operators (in sync. with existing similar TH tools).  

Need interfacable event-by-event re-weighting tool based on analytic LO EFT MEs.

A.Gilbert talk  

(LHCHXSWG)
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EFT effects parameterisations
Two approaches to construct EFT signal model:
• Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
• Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions 

Caveats in exploiting combination of STXS measurements:
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Need TH involvement to include decay information and tackle acc. effects in STXS.

P. Francavilla talk
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EFT effects parameterisations
Two approaches to construct EFT signal model:
• Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
• Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions 

Caveats in exploiting combination of STXS measurements:
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Need to also have publicly quoted EFT parameterisation of STXS bins by TH.

P. Francavilla talk
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BSM-SMEFT matching
BSM-SMEFT - automated matching:
• Matching the EFT results with non-minimal BSM scenarios using automated tools,

 16

R
G
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BSM-SMEFT matching
BSM-SMEFT - automated matching:
• Matching the EFT results with non-minimal BSM scenarios using automated tools,
• Goal: obtain the full 1-loop UV/IR dictionary (MATCHMAKER: tree-level and dim-6 operators.)
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matchmaker
Anastasiou, AC, Lazopoulos, Santiago

MatchMaker

FeynRules
QGRAF

Mathematica

Model Compute
Amplitudes

Manipulate
Amplitudes

Perform
Matching

FORM

matchmaker
Anastasiou, AC, Lazopoulos, Santiago

MatchMaker

FeynRules
QGRAF

Mathematica

Model Compute
Amplitudes

Manipulate
Amplitudes

Perform
Matching

FORM

A. Carmona talk  

(LHCHXSWG)
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BSM-SMEFT matching
BSM-SMEFT - automated matching:
• Matching the EFT results with non-minimal BSM scenarios using automated tools,
• Goal: obtain the full 1-loop UV/IR dictionary (MATCHMAKER: tree-level and dim-6 operators)

       Potentially useful further developments by TH:
• Possibly extend to other EFTs variations (e.g. HEFT), treatment of light degrees of freedom, ... 
• Automated matching with NLO SMEFT with 2-loop RGEs/ADs (need development)

 18

T. You talk 
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SMEFT-LEFT matching & global sensitivity
SMEFT matching to Low-energy EFT:
• Running/matching SMEFT coefficients down to EW scale (and to Weak Effective Theory below EW scale)

Importance for global sensitivity:
• Allow to exploit constraints from low-energy direct/indirect probes

 19
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SMEFT-LEFT matching & global sensitivity
SMEFT matching to Low-energy EFT:
• Running/matching SMEFT coefficients down to EW scale (and to Weak Effective Theory below EW scale)

Importance for global sensitivity:
• Allow to exploit constraints from low-energy direct/indirect probes

• neutron & atomic/molecular EDMs as probes of chirality-flipping TOP-HIG couplings, etc.

 20

V. Cirigliano et al.
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SMEFT-LEFT matching & global sensitivity
SMEFT matching to Low-energy EFT:
• Running/matching SMEFT coefficients down to EW scale (and to Weak Effective Theory below EW scale)

Importance for global sensitivity:
• Allow to exploit constraints from low-energy direct/indirect probes

• neutron & atomic/molecular EDMs as probes of chirality-flipping TOP-HIG couplings, etc.
• flavour observables (b → sγ, b → sll) as probes of flat directions in the LEP/LHC sensitivity.
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= NON-EXPERIMENTALISTS ARE HAVING A BALL

← 285 observables

2 SMEFT ops. →

20190628 - SMEFT + CMS A. DAVID (CERN) 31

http://moriond.in2p3.fr/2019/EW/slides/6_Friday/2_afternoon/4_straub-moriond-2019.pdf

SM

D. M. Straub et al .
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SMEFT-LEFT matching & global sensitivity
SMEFT matching to Low-energy EFT:
• Running/matching SMEFT coefficients down to EW scale (and to Weak Effective Theory below EW scale)
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= NON-EXPERIMENTALISTS ARE HAVING A BALL

← 285 observables

2 SMEFT ops. →

20190628 - SMEFT + CMS A. DAVID (CERN) 31

http://moriond.in2p3.fr/2019/EW/slides/6_Friday/2_afternoon/4_straub-moriond-2019.pdf

SM

Desired further developments by TH:
• Systematic computation of 2-loop RGEs/ADs for NLO improved SMEFT - LEFT/WET matching
Indirectly required/motivated:
• More sensitive EDM searches and improved lattice QCD & nuclear structure calculations
• Systematic study of flavour observables that help with new constraints in global fits.

D. M. Straub et al .
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• TH process modelling & necessary/available precision 
• EFT analysis approaches & results presentation 

 23

EFT : process modelling & analysis approaches
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Advanced techniques
Analysis based on optimised discriminants :
• MEM-based LRs for hypothesis discrimination for well reconstructed final states
• ML-based LR estimators proposed (applicable to wider set of analysis?)

 24

G. Louppe et al. 

P. Francavilla talk 

Further developments/discussion with TH:
• Can we converge to optimised analyses and to present measurements in their unfolded distr. 
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N3LO "revolution" towards HL-LHC?
Progress in higher-order pQCD computations:
• "NNLO revolution" becoming "NNLO standard" during recant years

 25

L. Cieri  talk  

(Moriond'19)
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N3LO "revolution" towards HL-LHC?
Progress in higher-order pQCD computations:
• "NNLO revolution" becoming "NNLO standard" during recant years
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L. Cieri  talk  

(Moriond'19)
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N3LO "revolution" towards HL-LHC?
Progress in higher-order pQCD computations:
• "NNLO revolution" becoming "NNLO standard" during recant years
• Important progress in NNNLO computation methods for differential observables (e.g. Higgs rapidity)

• Important reduction of ~50% in TH uncertainty from NNLO

 27

L. Cieri  talk  

(Moriond'19)
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N3LO "revolution" towards HL-LHC?
Progress in higher-order pQCD computations:
• "NNLO revolution" becoming "NNLO standard" during recant years
• Important progress in NNNLO computation methods for differential observables (e.g. Higgs rapidity)

• Important reduction of ~50% in TH uncertainty from NNLO

 28

Are we on brink of a new "revolution" in next 10 years?
Hope TH colleagues will make this dream come true...

L. Cieri  talk  

(Moriond'19)
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Precision modelling: correlations & data-driven methods
Exploiting correlations:
• Correlations among: observables in each measurement, measurements in each experiment, all experiments 
• Correlations between SR & CRs: crucial for applying precision TH to data-driven BKG determinations

 29

S. Pozzorini talk 

Need close TH-EXP interaction & guidance for:
• Clear understanding of dominant sources of TH corrections 
• Building model for TH uncertainties with correlations across processes  

(e.g. exploit the idea of Idea of quasi-universality of higher-order QCD corrections)
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Inputs for global fit: PDFs
PDFs: Important ingredients in (HL-)LHC measurements 
• The N(eural)N(etwork)PDFs : LHC data provide powerful constrain (especially at large x, large inv. mass)

 30

Need sustained TH effort in order to:
• Understand the differences between the latest fits (NNPDF3.1 and CT18) and obtain more 

accurate PDFs

M. Ubiali talk
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Interplay between EFT & PDFs
PDFs: Important ingredients in (HL-)LHC measurements 
• The N(eural)N(etwork)PDFs : LHC data provide powerful constrain (especially at large x, large inv. mass)
•  PDF are process universal but model dependent 

PDFs importance in global interpretation
• Effect on gluon PDFs larger than for quark PDFs
•

 31

Important interplay between PDF and EFT
Need close TH-EXP interaction

C. Degrande talk
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Interplay between EFT & PDFs
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• The N(eural)N(etwork)PDFs : LHC data provide powerful constrain (especially at large x, large inv. mass)
•  PDF are process universal but model dependent 

PDFs importance in global interpretation
• Effect on gluon PDFs larger than for quark PDFs
•
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Important interplay between PDF and EFT
Need close TH-EXP interaction

C. Degrande talk
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EFT fits largely ignore the interplay between top and Higgs:
• Should we and/or can we avoid the messy picture?
Breaking degeneracies:
• Important impact of differential information, extract maximal information from combination/interplay

Exploiting process/operator interplays : TOP-HIG

 33

ttH  +  H, H+j to break degeneracy tZj/tHj example

E.Vryonidou talk
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HZ in gluon fusion : source of info. on top and Z / Higgs couplings 

Off-shell Higgs production : source of information on ttZ 

Exploiting process/operator interplays : TOP-HIG

 34

Need close TH-EXP interaction: to enlighten interplays 

E.Vryonidou talk
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Loops for tree-level processes
processes interplay and one-loop contributions
• Process interplay breaks degeneracies, one-loop process contributions can be important  

(with limited information on top couplings one-loop Higgs processes can be significantly modified)

 35

Need close TH-EXP interaction: to include one-loop effects

E.Vryonidou talk
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Measurements @ 7, 8, 13 TeV confirmed the immense potential of LHC
• Understanding of the true nature of SM of particles physics is one of  

the central subjects in the particles physics today  

EFT offers one of the most important global approaches:
• SMP/TOP/HIG already perform high-precision measurements.  

TH studies & tools are becoming mature and ready to be used in global EFT fit!
• TH and EXP need to continue working together

HL-LHC will enable full discovery potential 
• Major effort of the community of theoretical and experimental  

physicists is required (and is already ongoing)
• Estimates of the HL-LHC performance are extremely encouraging
 
Next-generation accelerators & experiments are key to  
our understanding of Nature

Instead of a summary...

 36
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Additional material
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Upgraded detectors @ HL-LHC

 38

Trigger/DAQ HLT: 10 kHz

Muons up to |η|<4.0  
Improved triggering Tracking up to |η|<4.0

High-granularity Endcap Calorimeter

Trigger/DAQ HLT: 7.5 kHz

Tracking up to |η|<4.0

Muons up to |η|<4.0  
Improved triggering

MIP Timing Layer 
(Barrel and Endcap)

High-granularity Timing Detector

Upgraded calorimeters

Full 40 MHz readout into CPU farm

 Fast tracking and 
vertexing

Expect to collect 50 fb-1 until end of Run 4

Expect to collect 13 fb-1 until end of Run 4

Major upgrade during LS2:  
Forward Interaction Trigger, Inner 
Tracking System, Muon Forward Tracker
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Detectors performance @ HL-LHC

Detector performance  
after Phase-2 upgrades: 
• Effective pileup mitigation 

• Overall performance similar  
or better than during Run 2

• Extended capabilities with  
new algorithms  

 39

Phase-II Pile-up Mitigation
CERN-LHCC-2017-005

17N.Pettersson (UMass)

2%

2017-10-30

• Utilise tracking and vertexing information to aid jet and MET 
reconstruction via pile-up suppression
◄Extended coverage of the tracker improves the capabilities to 

identify pile-up jets
• 𝑅𝑝𝑇 defined as the scalar sum of pT of tracks within the jet-

cone and associated to the HS vertex divided by the jet pT
◄Small values correspond to a low fraction of tracks from the HS and 

have high probability of being  pile-up jets
• ITk helps reduce the pile-up jets by a factor of 50

◄Translates into 2% efficiency for pile-up jet
◄Studies here and in the following slides use no timing 

information

• Assuming a factor 50 pile-up rejections yields 
◄84%, 80% and 75% efficiency for HS jets for 

|η| < 1.5, 1.5 < |η| < 2.9 and 2.9 < |η| < 3.8 respectively
2. Object performance 17

Figure 30: The secondary vertex tagging misidentification probability as a function of the b-
tagging efficiency, for light and charm jets for |h| < 1.5 (left) and for 1.5 < |h| < 3.0 (right).
Results with and without precision timing are compared to the 0 PU case. Taken from Ref. [4].

Figure 31: The efficiency of b jet tagging (left) and the the light jet misidentification probability
(right) are shown as a function of PU density, with and without the MTD, assuming a timing
resolution of 30 ps. The efficiency is computed on tt events for a fixed misidentification prob-
ability on QCD multijet events of light parton jets (udsg) of 0.01. The misidentification proba-
bility is shown for a fixed b jet identification efficiency of 0.70. Linear fits are superimposed for
the barrel and endcap pseudorapidity regions. Taken from Ref. [4].

Jets MET resolution

Pile-up suppression Mass resolution B-tagging LHCb Vertex Locator

Experiments' TDRs
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Systematics recommendations & extrapolation methodology

General:
• Systematic uncertainties will be limiting factor for a wide range of measurements
• Assume similar detector & trigger performances 
• Aim for as realistic assumptions as possible  
 

Theoretical uncertainties:
• Build upon existing/recent TH progress/studies
• Assume a scaling down by a constant factor

• QCD calculations (1/2), understanding of  
PDFs (1/3), top pT (1/2), etc. 

•  

Experimental uncertainties:
• Estimates of ultimately achievable accuracy based on the upgraded Phase-2 detectors studies (TDRs).
• Assumption that sufficiently large simulation samples will be available.  

 40

Expected experimental systematic uncertainties
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Ultimate precision for PDFs @ HL-LHC
Knowledge of PDFs required to extract:
• fundamental couplings from cross section measurements
• predict the tails of SM distributions at large Q2 
• probe the existence of new physics at high scales  

Estimate of PDFs constraints:
• Based on precision differential measurements of processes with:  

 jets, top quarks, photons and EW gauge bosons
• Improvement from use of LHCb data, and access to  

large rapidities in ATLAS and CMS 

 41

Gluino pair productionDi-jet production

Example W+c data

Improvement  
by factor ~2-4  

(by ~5 at large x)

arXiv:1810.03639
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Precision cross sections, EWK mixing sin2θW

Ultimate precision for cross sections:
• @LHC:  σ(Z → μμ) = 502.2 ± 0.3 (stat) ± 1.7 (syst) ± 9.0 (lumi) 

• single dominant uncertainty : luminosity ~2%
• Measurement @HL-LHC:

• Improved lumi. detectors, refined VdM scans, use of low-PU runs
• Once measured at (sub-)percent level,  

use Z cross section to help luminosity measurement.  

Electroweak mixing sin2θW:
• Total uncertainty likely reduced by a factor of 3 @ HL-LHC
• Individual measurements reach current world-combination uncertainty

• Strong benefit from tracker/muon system coverage
• Complementary ATLAS (electron) and  

CMS (muon) measurements
• Study effect of improved PDFs  

 42

Target luminosity uncertainty: 1%

arXiv:1612.03016

arXiv:1806.02184
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Precision cross sections, EWK mixing sin2θW

Ultimate precision for cross sections:
• @LHC:  σ(Z → μμ) = 502.2 ± 0.3 (stat) ± 1.7 (syst) ± 9.0 (lumi) 

• single dominant uncertainty : luminosity ~2%
• Measurement @HL-LHC:

• Improved lumi. detectors, refined VdM scans, use of low-PU runs
• Once measured at (sub-)percent level,  

use Z cross section to help luminosity measurement.  

Electroweak mixing sin2θW:
• Total uncertainty likely reduced by a factor of 3 @ HL-LHC
• Individual measurements reach current world-combination uncertainty

• Strong benefit from tracker/muon system coverage
• Complementary ATLAS (electron) and  

CMS (muon) measurements
• Study effect of improved PDFs  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Ultimate precision for W mass

W mass measurement:
• Improved knowledge of the W mass - key target of HL-LHC
• Current dominant uncertainty from PDFs

• limit PDF sensitivity via extended leptonic coverage |η| < 4 
• Required optimal reconstruction of missing transverse momentum

• low-pile-up runs are a necessity  

Precision @HL-LHC:
• Low-PU runs (with μ~2) 

• run 1 week: statistical precision ~9 MeV
• run 5 weeks: statistical precision ~4 MeV

• Systematics with HL-LHC ultimate PDF ~4 MeV
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Gluino pair production

Latest mW result @LHC

Josh McFayden    |   HL/HE-LHC WS  |  18/10/2018 

! W-mass is a key parameter of the standard  
model, and we need to invest effort in its  
measurement with the objective of reaching  
ΔmW ~ 5 MeV 

! i.e. below the precision of the indirect determination

! Uncertainty breakdown for ATLAS 7 TeV measurement:

�2

Motivation and recap
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Ultimate precision for top mass

Top mass measurement @HL-LHC:
• Improved uncertainty through more statistics,  

calibration, better modelling, etc.
• Require future theoretical developments for  

interpretation in terms of a theoretically well defined mass 
• Several methods available
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Precision for different methods

"J/ψ method" (t→bW→J/ψlνX)

expect ∆mTOP < ±0.2 GeV 
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• cross-section (mpole)
• secondary vertex  
• single top
• J/ψ method
• ℓ+jets 
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Anomalies in "Flavour" Physics

Flavour anomalies - low-q2 :
• Asymmetry between e and μ in decay width B→K(*)𝓵+𝓵-

• observed by LHCb, but not by Belle, BaBar

• Asymmetry between τ and μ/e in decay width B→D(*)𝓵+𝓵-

• incompatibility with SM (by LHCb, Belle, BaBar)  

Flavour anomalies - high-q2 :
• R(K*) & b → s 𝓵+𝓵-

• Minimally flavour violating Z' ruled out (res. searches)
• R(D) / R(D*) & b → c τ ν 

• Good fits for W' vector, scalar, or vector LQ  

 46

Flavour anomalies & Lepto-Quarks

Flavour anomalies & LHCb
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Anomalies in "Flavour" Physics

Flavour anomalies - low-q2 :
• Asymmetry between e and μ in decay width B→K(*)𝓵+𝓵-

• observed by LHCb, but not by Belle, BaBar

• Asymmetry between τ and μ/e in decay width B→D(*)𝓵+𝓵-

• incompatibility with SM (by LHCb, Belle, BaBar)  

Flavour anomalies - high-q2 :
• R(K*) & b → s 𝓵+𝓵-

• Minimally flavour violating Z' ruled out (res. searches)
• R(D) / R(D*) & b → c τ ν 

• Good fits for W' vector, scalar, or vector LQ 
• )  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Gluino pair production

Light LQ3 could explain R(D) and R(K*) ?

LHCb able to measure in several channels

Flavour anomalies & Lepto-Quarks

Flavour anomalies & LHCb

CMS-FTR-18-008
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Vector boson scattering

Vector boson scattering @ HL-LHC:
• Precision test of triple & quartic gauge couplings (TGC, QGC)

• Electroweak WW and WZ scattering observed in Run-2 
• Unitarization of VLVL → VLVL cross section at TeV scale: 

• Scalar Higgs and/or new physics to cancel divergence ·
• Direct test of EW-symmetry breaking mechanism  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Vector boson scattering

δσEWK(WW): ~3% δσEWK(WZ): 5-10% δσEWK(ZZ): ~10%

CMS-FTR-18-005  

ATL-PHYS-PUB-2018-023  

ATL-PHYS-PUB-2018-029
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Vector boson scattering

Vector boson scattering @ HL-LHC:
• Precision test of triple & quartic gauge couplings (TGC, QGC)

• Electroweak WW and WZ scattering observed in Run-2 
• Unitarization of VLVL → VLVL cross section at TeV scale: 

• Scalar Higgs and/or new physics to cancel divergence ·
• Direct test of EW-symmetry breaking mechanism  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Vector boson scattering

VLVL→VLVL discovery  
significance up to 3σ  
combining channel  
and experiments!

CMS-FTR-18-005  

ATL-PHYS-PUB-2018-023
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gg → H @ HE/HL-LHC
Inclusive NNLO estimates for gg → H:
• Huge sample of H decays expected at HE/HL-LHC 

NNLO estimates for differential effects:
• Rapidity distn shape significantly broadened from 14 TeV ➝ 27 TeV
• Markedly hardened & broadened pT spectrum already in [0,100] GeV  

 50

rapidity(H) pT(H)
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gg → H @ HE/HL-LHC
Inclusive NNLO estimates for gg → H:
• Huge sample of H decays expected at HE/HL-LHC 

NNLO estimates for differential effects:
• Factor ~1.8 increased reach in pT for a given event yield, N<105, for 14 ➝ 27 TeV 
• No Higgs after 2 TeV with 3 ab-1 @14 TeV, or 3.8 TeV with 15 ab-1@27 TeV 
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event yield for pT(H) > p*T



P. Milenovic, Towards Global Interpretation: Experimentalists' wish-list UPHC workshop, Institut "Pascal", Orsay, 25 Nov - 6 Dec, 2019

Higgs boson coupling to 2nd generation
Establishing coupling to charm is one of the key tasks:
• LHCb: Leading the effort - already at 300 fb-1 expect limits < 7x SM.  

            Ongoing development of multi-class flavour separation algorithms for further improvements.
• ATLAS:  At 3000 fb-1 expect limits < 6.3x SM. 

Establishing coupling to muons is another key tasks:
• @HL-LHC: New analyses techniques exploiting the improved resolution of upgraded detectors.  

                    Expected uncertainty on coupling about 5%. 
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Figure 14: Pseudorapidity of selected (a) leading and (b) subleading muon candidates, scaled to 3000 fb�1, for the
extended detector scenario, assuming hµi = 200 and selecting muons with |⌘ | up to 4.0.
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LHCb : BDT flavour separation ATLAS : ZH→𝓵𝓵cc ATLAS : H→μμ

ATL-PHYS-PUB-2018-016 
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Anomalous Hff interactions
Decays H → ττ offer possibility to probe anomalous Hff interactions (CP-odd):
• Sensitivity from the angle between tau decay planes ΦCP

• Consider several decay modes (lπ, lρ, ππ, πρ, ρρ, etc.). Apply conventional CMS H → ττ selection

Limiting factors in the measurement and to-do list:
• Detector effects (PCA resolution) and large statistical uncertainty in dominant Z → ττ background
• Need to perform study with Phase-2 upgrade, and to obtain realistic estimate of sensitivity  
 

 53

detector effects detector effects
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HH production and self-coupling
Probing HIG boson trilinear coupling λHHH important @HL-LHC
• Information on the shape of the scalar Higgs potential, and potential anomalous effects

ATLAS and CMS performing extensive sensitivity studies in individual channels:
• Analyses in bbbb, bbVV, bb𝜏𝜏, bb𝛾𝛾 (expertise from LHC Run-2 + further optimisation/developments)

• Performed combination of all channels, and also ATLAS+CMS combination 
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CMS-FTR-18-019
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Differential XS and limits on self-coupling
Performed first studies of differential XS for exclusive production (@HL-LHC):
• Sensitivity of differential distributions to loop-corrections involving self-coupling.

Constraints on effective kλ coupling :
• Need to study all production modes and decays channels to fully exploit the potential. 
• Important complementarity with direct probes of HH production.
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Differential pT(H) in ttH(H→γγ) pT(H) parametrised  
in terms of kλ Expected 1D limits for kλ

CMS-FTR-18-020
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Higgs boson width

•  

Some points to be understood/answered/addressed:
• Direct constraints: suffer from limited experimental sensitivity.
• Indirect constraints: need better understanding of dominant TH uncertainties.
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Indirect constraints from off-shell
• gg → VV, gg → H* → VV 

Direct constraints from interference
• gg → γγ, gg → H → γγ 

20% measurement

ΓH < 40-50 ΓSM

ΓH ⊂ [2,6] MeV @ 95%CL

CMS-FTR-18-011  

ATL-PHYS-PUB-2013-013
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Anomalous HVV interactions

Performance to be estimated using the H→ 4ℓ analysis @13 TeV.
• Parameterisation of  

decay amplitude:
 
 
 
Powerful constraints on anomalous couplings:
• Exploiting information from:

• H decay (on-shell) 
• H on-shell production 
• H off-shell production: 

• Sensitivity driven by on-shell production-level info.  
Some model dependance from assumption on HWW/HZZ  
relation.
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Parameter Information from 95% CL interval
fa3 decay ±120 ⋅ 10-4

fa3 decay & production ±1.8 ⋅ 10-4

fa3 decay & production & off-shell ±1.6 ⋅ 10-4

Constraints on fractional  
CP-odd presence <1.6⋅10-4

CMS-FTR-18-011
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New resonances @ HL-LHC
Performance estimated using Z' and W' searches @ 13 TeV (HVT or RS model)
• W' → tb → bbℓν : high-pT lepton, significant ETmiss, two b-jets 

• Z' → tt → ℓνb qq'b / qq'b qq'b : Exploit boosted topologies
 
Search for resonance decaying to HH (WED or KK model)
• Exploit boosted H->bb final states (narrow width approximation).

Z' → tt (hadronic)

Exclusion: m(Z’) > 4 TeV
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Exclusion: m(W’) > 4 TeV 

W' → tb → bbℓν X → HH → bbbb (boosted)

current limits about 2.7 TeV current limits about 2 TeV

CMS-FTR-18-003  

ATL-PHYS-PUB-2018-022

Evidence: m(X) < 2.2 TeV  
for narrow width, 1fb cross section
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SUSY searches @ HL-LHC
Performance estimated using the (simplified) analyses
• Direct stau pair production: Simplified models, assume 100% BR of τ ➞ τ χ01 

• Main background: W+jets, ttbar 
• Direct stop pair production: Compressed mass spectra 

• Low stop - neutralino mass difference, channel needs high luminosity 
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Direct stop pair production:

Discovery reach m(stop) < 1.25 TeV
current exclusion limits about 110 GeV

Discovery reach m(stau) < 470 GeV

CMS FTR-18-010  

ATL-PHYS-PUB-2018-021
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Figure 5: The expected upper limits at the 95% CL and the 5s discovery potential for the com-
bination of the results of the thth and `th channels.

Direct stau pair production:
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Dark sector @ HL-LHC

Mono top search

Exclusion: m(V’) > 4.6 TeV

Simplified models for comparisons with direct detection:
• mono-Z : Z accompanied by a mediator decaying to DM particles 

• mono-top : Top accompanied by a mediator decaying to DM particles

• dark photon : It can couple to SM particles via kinetic mixing.  
                         (possible long-lived signatures for small kinetic mixing).
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Exclusion: m(med) > 1.6 TeV 

Mono Z search Dark photon search

CMS FTR-18-002  

CMS FTR-18-007  

ATL-PHYS-PUB-2018-024

Excl.: 10 < m(γD) < 30 GeV  
depending on kin. mixing.


