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Thanks !

Thanks to Pietro Govoni and the organising commettee for this amazing 
invitation !

With Pietro we did start the VBF/S adventure in CMS ~15-20 years ago :

VBF Z :   arXiv:1001.4357 

VBS W+W+ : Eur. Phys. J. C71: 1514, 2011. 

….  and many more 

today he is one of the leader of the field. 

Congratulations !

To all the speakers for the very nice talks,  the very interesting results and 
discussions    I will try to report your main message
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Precision physics and new physics 
at LHC via MBI

• The first production of di-bosons at LEP  !

• Why MBI ?

• Theory progress

• Experimental results

• The future
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The SM: a long journey

54 Yang & Mills 

61 Glashow

64 Brout, Englert, Higgs et al

67-68 Glashow, Weinberg and Salam

70 ‘t Hooft et Veltman

73 Gargamelle : discovery of the week neutral current

83 Ua1 & UA2: W and Z discovery

89-2000: LEP and HERA: the triumph of the SM

95 Tevatron: top quark discovery

2012 LHC: discovery the Higgs boson

Desy 2012 Chiara Mariotti, INFN Torino4
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As Gödel’s incompleteness theorems say: 

you cannot get an ultimate answer, since every answer creates 

automatically a new question. 

Yariv Friedman (Geneva film director) rephrased it : 

"the act of discovery is basically what creates the unknown" 
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The SM as of today at LHC
Measurements and theoretical predictions over 10 orders of magnitude
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WW

MANY

Going back to the beginning of MBI

ZZ



Triple and quartic gauge couplings
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Many measurements, no deviations observed within the large uncertainties

Going back to the beginning of MBI
at LEP



Why multiboson interaction?

Validation of perturbative calculations

Test of the non-abelian structure of Electroweak Theory

 TGC and QGC

Vector Boson Scattering : 

- unitarity preserved via Higgs contributions (if not rise of VLVL)

- test gauge structure of EW interactions, having tree-level sensitivity to quartic 
gauge couplings (QGC). Moreover the quartic interactions and their interplay 
with trilinear couplings lead to potentially large gauge cancellations

- couplings between the Higgs and gauge bosons at the same time, at energy 
scales which sensibly differ from the Higgs mass

Searches for new resonances/gauge bosons  (via the rise of VLVL)

Search for new physics with EFT
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Experimentally very challengy 

VV: AND VVV TGC QTG

Chiara Mariotti11



Di-Bosons
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Progress in theory
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Jonas Lindert



QCD and EW corrections to V, VV  

Drell –Yan: NNLO QCD + NLO EW

- mixed EW+QCD O(asa) correction  complete for neutral current

and complete for charged current except for bottleneck 2 loop virtual             
amplitude ->Pole Approximation used
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Massimiliano Grazzini
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MATRIX  V2.0 
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Massimiliano Grazzini



EW corrections to V, VV 
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Jonas Lindert

In MC : 



GENEVA MC at NNLL
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Simone Alioli



MiNNLOPS
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Gabriel Koole
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4l final state

ZZ / 4leptons  differential cross section 
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Andrew Levin



WZ cross section

TOTAL XS: agreement with Matrix at NNLO QCD + NLO EW

Suggestion: try to compare with Matrix+Radish to see if the discrepancy at 
low pT is understandable by resummation effects.
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aTGC

Andrew Levin



Wg
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aTGC
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Zg
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Total XS in good agreement

with MATRIX

Andrew Levin



gg
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VV+jets 
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Hannes Mildner



Studies on polarized VV 

Important: the definition of the frame. Best is the VV Center-of-Mass

the V boson are on-shell

the cuts on the leptons affect the interference terms

NLO to VV  : large effect (+45% QCD, -11 % EW …)

expecially on Longitudinal polarization,   with kinematic dependence
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Giovanni Pelliccioli



NNLO for polarized VV production

Calculation for on-shell W

Chiara Mariotti28

Andrei Popescu



First observation of  V Polarization in WZ

Reference frame to be defined - not the same in Atlas and CMS 
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Polarisation model 

Very first results at >5 sigma (or more) significance !   

But statistically limited at Run2 and it will be as well for the Run3…

Carlo Francisco Erice Cid



Search for resonances in VV,VH
Many analyses in ATLAS and CMS:

atlas     W’  Wh  lv bb  

Z’  Zh  llbb

cms     W’ WW, WZ, Wh

Z’  ZZ, ZW, Zh

atlas     X gV

cms     H+ fermiophobic

cms     X  aa4b

atlas     X hh --> 4b, 2b2tau

cms     Wkk W+Radion WWW

atlas      H++ search

…..
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Dominik Duka



HH search 

Resonant and non resonant
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Analyses with Run2 data have sensitivity 

expected with HL-LHC !

Viviana Cavaliere

Dominik Duka



VVV: Tri-boson production
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Siyuan Sun

Alberto Mecca 



WWW Atlas 
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VVV in CMS
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Alberto Mecca 



Vgg in CMS 
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Alberto Mecca 

aQGC



Tribosons to constrain 
light-Yukawa 
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WWW ZZZ

Tevong You

D6 operator



VBS 

These diagrams must be computed all together,  since the  “VBS” alone

are not gauge invariant and the interference with the other diagrams 

is huge and negative.

 very small cross section for the EW process. 
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VBS
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Michael Szleper

https://arxiv.org/pdf/1412.8367.pdf

If the cancellation of the Higgs diagrams 

is not complete, then we expect a 

ghWW coupling smaller than the SM.

The WLWL will keep growing with √s, 

up to the the new resonance, or more

generaly to the new physics scale L.

Anomanlous triple and quartic couplings



NLO QCD and EW in VBF

NLO QCD for leptonic final states ->VBFNLO, Madgraph

NLO –EW  recently calculated for W+W+, WZ, ZZ

(on going for W+W-)     ~ - 16%

All diagrams - on going (done for W+W+)

Chiara Mariotti39



QCD studies in VBS
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Many studies on PS and the matching

+2, 3, 4 jets distributions

Comparison between generators

Color reconnection effects

Soft gluon effects  

Vincia can handle the merging in VBF/VBS

Simon Plätzer

Christian Preuss



Non-factorizable QCD corrections to VBS

Given the high precision of the Fact. QCD corr to VBF/S    need to compute the 
nonfactorizable (non present in PS)

Technicaly complicated + “extreme” situation due to the VBF/S cuts

RESULTS:  

They amount to ~ -4% 

but with some kinematic dependence
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Kiril Menlikov

Known at NN(N)LO
- In PDF approach

- Fully differential 

(VBF cuts enhance them)

di-HIGGS WBF production
Very strong cancellations occurs:

Non-factorizable ~ factorizable
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VBF topology Yee Chinn Yap

Geetanjali Chaudhary



VBF V and VV, leptonic f.s.

Z+jj  (cms +atlas)

Herwig7 +VBFNLO

W+W+jj +WZ jj (cms, atlas separately) 
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EW production dominant 

over QCD-induced

First observation of EW-WZ VBS !

(~7 sigma)

Geetanjali Chaudhary

Bianca Sofia Pinolini



VBF V and VV, leptonic f.s.

ZZ+jj (cms)

Large QCD ZZ+jj bckg

(gg → ZZ process)

ZZ+jj  llll +jj  + llvv + jj (atlas)

Reaching more than 5 sigma 
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Geetanjali Chaudhary



VBF V and VV: semileptonic fs

WZ+jj  lv jj +jj   (atlas)

ZV/WV/ZV +jj  vv/lv/vv qq +jj (cms)
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4.4 sigma

Even though the opposite-sign W+W− j j → l+l−νν j j process has the largest

production rate, it has not been observed yet, due to the huge tt background. 

Geetanjali Chaudhary

Bianca Sofia Pinolini



Zg,Wg, gg VBS

Zg + jj  (atlas +cms)

Qcd largest bckg

FSR and VVV  as bckg 

More than 10 sigma
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Limits on DIM8 EFT

aQGC

Yee Chinn Yap



Zg,Wg, gg VBS

Zg + jj   vv g + jj (atlas)

5 sigma 

Wg + jj ->lv +jj (cms)

5 sigma 
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Limits on DIM-8 EFT

Yee Chinn Yap



gg WW
First observation of photon-photon collision WW

Very delicate analysis: no additional charged tracks, 

bckg from pileup…
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Savanna Clawson

background



POLARISATION in VBS
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Giovanni Pelliccioli

Carlo F. Erice Cid

Bianca Sofia Pinolini

Significance for LX

production at 2.3σ

(3.1σ expected)

In the WW ref Frame



Study of WLVL semileptonic fs 
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3 sigma with L=3ab-1

Jennifer Roloff 



SMEFT 
Effective Field Theory reveals high energy physics through precise 

measurements at low energy. The validity is for E<<L

Chiara Mariotti

d5    maiorana neutrino. The Weinberg operator can be probed at the LHC through the 

same-sign WW VBS channel,  with W1-> e,μ,τ, but W2-> μ,τ

51
Richard Ruiz



EFT a way to 
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Gautier Durieux



NLO in SMEFT 

Large effect of NLO in WZ production
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Samuel Homiller

Large impact on the fit 

Gautier Durieux

Small for WW  



VV+VBS SMEFT fit

DIM-6  - linear contribution @ LO

16 operators
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Giacomo Magni



VV+VBS SMEFT fit

Dim 6,  Linear and quadratic terms

VV, EW VVjj + QCD VVjj

2D FIT : complementarity of VBS and VV
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Giacomo Boldrini



Adding top and Higgs
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Gautier Durieux



Search for new physis with EFT
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Saptaparna Bhattacharya

Z+2jets

Study of both terms
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Search for new physis with EFTSaptaparna Bhattacharya

EFT to DY:    Lorenzo Ricci 

Fully differential measurements improve sensitivity 

and reduce the impact of quadratic terms



GeoSMEFT
SMEFT has to many operators, and all have to be considered to be “bases 

independent”. 

geoSMEFT: “the physics of the SMEFT near resonances is interacting fields in a 
curved Higgs field space. Using this idea the theory is drammatically 
simplified”.
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Michael Trott 



EFT vs UV-complete models in VBS
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Dieter Zeppenfeld

A benchmark model 

with extra scalar or 

fermion multiplets



VBS at future collider
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VBS at muon collider
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Richard Ruiz



Muon collider
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The same for top, Susy, BSM…

Richard Ruiz



Many more and much more precise measurements and precise 
theory prediction of VV and VBS

Boson Polarization 

EFT fits (or GeoSMEFT ?): dim6 + dim8 +…

Maybe New Physics: 

- a new “global picture” thanks to the all precision   

measurements, 

- or because of discovery of new particles 
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By the end of LHC
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