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Higgs-Search until… 
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Jul 4th 2012, 13:24  
BY THE ECONOMIST ONLINE 

Daily chart: 
“Worth the wait” 

http://www.economist.com/blogs/graphicdetail/2012/07/daily-chart-1
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GeV (syst) 0.06  (stat) 0.52  124.51  m
*ZZ

H ±±=

GeV 0.28(syst)  0.42(stat)  125.98   mH ±±=γγ

GeV (syst) 0.18  (stat) 0.37  125.36  mcomb
H ±±=

 GeV (syst) 0.28  (stat) 0.67  1.47      mH ±±=∆

[PRD 90, 052004 (2014)] 

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
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 Test of spin/parity JP using angular distributions:  0+ vs. 0-, 1+, 1-, 2+ : 
compatible with SM expectation (0+). [PLB 726 (2013) 120] 
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Is it “THE” Higgs? 

 Does the Higgs play by the “Standard Model Rule-Book”? 
 Can depict particle interactions in simple pictures:  

“Feynman diagrams”. The cast: 
 
 
 
 
 
 
 
 

 The Standard Model of particle physics dictates how above 
lines can be put together: who can interact with whom? 
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Higgs (H) 



Is it “THE” Higgs? 

 Does the Higgs play by the “Standard Model Rule-Book”? 
 Can depict particle interactions in simple pictures:  

“Feynman diagrams”. The cast: 
 
 
 
 
 
 
 
 

 The Standard Model of particle physics dictates how above 
lines can be put together: who can interact with whom? 
 

Marc-André Pleier Brookhaven National Laboratory 8/38 

Quarks (q), electrons, muons, …  

Photon (γ), W & Z bosons 

Gluon (g) 

Higgs (H) 

Heavy vector bosons 



Vector Boson Scattering 

Marc-André Pleier Brookhaven National Laboratory 9/38 

V=W/Z 
self- 

interactions 

V-Higgs 
interactions 

                                                           
                    
 
 
 
 

                                                         



Vector Boson Scattering 

Marc-André Pleier Brookhaven National Laboratory 9/38 

V=W/Z 
self- 

interactions 

V-Higgs 
interactions 

                                                           
                    
 
 
 
 

                                                         



Vector Boson Scattering 

Marc-André Pleier Brookhaven National Laboratory 9/38 

V=W/Z 
self- 

interactions 

V-Higgs 
interactions 

 Quartic self-interactions of W/Z never observed before – 
untested territory! 
 
 
 
 

                                                         



Vector Boson Scattering 

Marc-André Pleier Brookhaven National Laboratory 9/38 

V=W/Z 
self- 

interactions 

V-Higgs 
interactions 

 Quartic self-interactions of W/Z never observed before – 
untested territory! 
 
 
 
 

 Quartic self interactions just involving γ/Z forbidden… 
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The LHC and its Experiments 
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The LHC and its Experiments 
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US in ATLAS: 
• 700 people 
• Including 170 students 
• 44 universities / labs 
• 21 states 

3,000 scientists 
Including ~1,000 students 
178 universities / labs 
38 countries 
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Anything happens at all 

W±W±→ W±W± happens 

14 Orders of magnitude lower – only 
~20 events produced in all 2012 data! Pr
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Selection of 100 ‘best’ events/s: 

Level 1: Coarse calo data & 
     muon trigger chambers 

Level 2: Full info in 
 regions of interest 

Event Filter:  
full info 

40 MHz, 1 PB/s 

75 kHz, 75 GB/s 

1 kHz,  
1 GB/s 

~100 Hz, ~100 MB/sec 

~10 TB/day, 1 PB/yr recorded data 

LHC data volume: 
10-15 PB/yr 

One CD: 650 MB 
1 PB = 109 MB 

12-mile-high  
stack of CDs! 

1 year  
LHC data 

Concorde 

Mt. Blanc 



A Global Computing System 
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Worldwide LHC  
Computing Grid 

 170 computing centers 
 40 countries 
 National and international 

grid computing projects 
 2 million jobs run every day 
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~ 70 sites:  
• CERN Tier0,  
• 10 Tier-1s,  
• ~40 Tier-2 federa- 
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 Two jets in forward-backward constellation in detector 
 Two energetic leptons (e± or µ ±) of same electric charge 
 “Missing energy” due to neutrinos escaping undetected 
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VBS diagrams (what we’re after): 

suppressed by  
kinematic cuts 

    separable: 

 “strong” VV jj production: 
gauge invariantly separable, suppressed by kinematic cuts 

not separable: 

non-VBS diagrams, gauge invariantly 



WBS Channels to Study 

 LO WBS cross sections for pp collisions at 8 TeV, split by final state, 
EW and QCD contributions (SHERPA w/ pT (l) > 5 GeV, mll > 4 GeV, pT (j) > 10 GeV) 
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Final state VV σVVjj (EW) [fb] σVVjj (QCD) [fb] 
+ν -ν jj (opposite sign) W+W- + ZZ 94 3192 

+- ±ν jj  W±Z 30 687 

+- +- jj  ZZ 2 106 

±ν ±ν jj (same sign) W±W± 20 19 
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Final state VV σVVjj (EW) [fb] σVVjj (QCD) [fb] 
+ν -ν jj (opposite sign) W+W- + ZZ 94 3192 

+- ±ν jj  W±Z 30 687 

+- +- jj  ZZ 2 106 

±ν ±ν jj (same sign) W±W± 20 19 

 + Same-sign requirement suppresses Z, top backgrounds 
 + Greatly reduced QCD background 
 - Understand charge-mis-ID, jets faking leptons 
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 other non-prompt background (8%): 
 leptons from hadron decays in jets (data driven) 

o W+jets, semi-leptonic tt̄ decays, multi-jet events 

WW jj strong (5%) 
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Background Control Regions 

 Test background modelling with dedicated control regions 
 prompt background: trilepton control region (invert 3rd lepton veto, 

drop cuts on mjj, ∆yjj) 
 conversion and prompt backgrounds: control region with at most one 

jet (“≤ 1 jet“) 
 non-prompt leptons from top: at least one jet identified as b-jet 
 combined background model: invert mjj  selection 
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Jet separation (fwd-bkwd) 
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Jet separation (fwd-bkwd) 

 Final selection – requiring forward-backward jets: 
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 First evidence (3.6 σ) for EW WWjj production 
 

 First access to WWWW vertex 
 Starting point of VBS program at LHC! 

 

What do we see? 

Marc-André Pleier Brookhaven National Laboratory 28/38 

Predicted background 15.9±1.9 

Observed events 34 

fb 0.2(syst)0.4(stat)1.3  
jjWW

±±=
±±

EWσ fb 0.06 0.95  (NLO)  :SM
jjWW

±=
±±

EWσ

Published in PRL:  
Phys. Rev. Lett. 113 (2014) 141803 

Predicted background 15.9±1.9 
Predicted signal 13.9±0.8 
Observed events 34 

Jet separation (fwd-bkwd) 

 Final selection – requiring forward-backward jets: 

http://dx.doi.org/10.1103/PhysRevLett.113.141803
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protons 
protons 

W±W±jj → ννjj candidate event 

missing energy due to νs 

∆yjj=6.3 



Exploring the unknown 

Wealth of models propose  extensions to Standard Model 
(which is known to be incomplete): 
 
 
 
 
 

 
 Can search for specific models, or do a model-independent 

search for modifications from the Standard Model: 
“Effective Field Theory” 

 “New Physics” will modify production rate and kinematics of 
decay products 
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new boson “X” 
new 

boson 
“X” 



 Use our measurement to constrain admixture of anomalous 
couplings α4, α5 (both = 0 in Standard Model): 
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 Significance for EW WWjj production: 2.9σ (exp), 1.9σ (obs) 
   
                                                         
                                                                 

Dijet Mass 

 Final selection (same signature, different cuts): 

CMS W±W±jj result 
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fb (syst)(stat)4.0  1.1
1.0

2.4
0.2

jjWW

+
−

+
−=

±±

EWσ fb 1.2 5.8  (NLO)  :SM
jjWW

±=
±±

EWσ

[PRL 114 (2015) 051801] 
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 Significance for EW WWjj production: 2.9σ (exp), 1.9σ (obs) 
   
 Limits on anomalous quartic gauge couplings (EFT model) 
 Explicit BSM (Georgi-Machacek) model test: doubly-charged Higgs 
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 Plan in 2015: 
 “50 ns ramp-up” data (<~1 fb-1) in June 
 25 ns data up to ~15 fb-1 starting July 
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 σssWW x 3.5 



Looking forward 

What could we see w/ 15 vs. 
150 times the current dataset? 
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 Gain in sensitivity (5σ aQGC 

discovery) for HL-LHC:  
factor of two. 
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[ATL-PHYS-PUB-2013-006] [arXiv:1309.7452] 

What could we gain running at 
100 TeV rather than 14 TeV? 
 
 
 
 
 
 

 
 

 Gain in sensitivity (5σ aQGC 
discovery) for 14→100 TeV: 
factor of one hundred. 
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More information: https://indico.bnl.gov/event/mbi2014 

Higgs and VV interactions  
are related in EFTs! 

 

[arXiv:1304.1151] 

https://indico.bnl.gov/event/mbi2014
http://arxiv.org/abs/1304.1151
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? ? 

… more data will help … 



Summary 

• Many open fundamental questions in physics, today: 
•Does the Higgs do its job as expected in WBS? 
 

•First ever results on WBS, involving a WWWW vertex 
 

•13/14 TeV data will allow more detailed study of quartic vertex 
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What we know is a drop, what we don't know is an ocean. 
Isaac Newton (1643 - 1727)  
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