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• LHC Status and Future Plan 



LHC Run - 1 

Circumference ~ 26.7 km 
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 = 7 TeVs2010 pp  

 = 7 TeVs2011 pp  

 = 8 TeVs2012 pp  

ATLA S Online Luminosity

 Successful LHC run in 

2010-2012 
 

  Similar for ATLAS & CMS:   

~  5 fb-1 7 TeV data 

    ~ 20 fb-1 8 TeV data 
 

  
 

  Peak luminosity at 2012: 
  7.7 * 10 33 cm-2s-1  

      (~30 pileup events) 

   <μ> ~ 21 @ 8TeV 

 

  Data quality (2012):  
  93.7% ready for physics 

~  5 fb-1 7 TeV data 

~ 20 fb-1 8 TeV data 
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Run 2 Run 3 

Run 4 

LS 2 

LS 3 

LS 4 LS 5 Run 5 

LHC schedule  approved by CERN management and LHC experiments 
spokespersons and technical coordinators  (December 2013) 

LHC schedule beyond LS1 

Beam commissioning 

Technical stop 

Shutdown 

Physics 
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Run 4 

LS 2 
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(Extended) Year End Technical Stop: (E)YETS 

EYETS YETS YETS YETS 

YETS 

YETS 

300 fb-1 

HL-LHC 
3’000 fb-1 



HE-LHC: in LHC tunnel (2035-) 
ECoM=33 TeV, 𝑳 = 𝟓x1034cm-2s-1 
 

VHE-LHC/FCC:  new 80 km tunnel 

ECoM=84-104 TeV, 𝑳 = 𝟓x1034cm-2s-1 
 

80 km tunnel 

HL-LHC (~2022-2030)  
ECoM=14 TeV, 𝑳 ~5x10

34cm-2s-1 

with luminosity leveling 
16-T  or 20-T magnets 

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055
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Constr. VHE

Constr & Install.

Constr. LER
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construction

Constr. and 

Install. VHE
Study - R&D

Constr. & Install.

Constructions 

and Installation

Physics

reuse HE-LHC
magnets?

Frank Zimmermann 
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Delphes-3 fast simulation 

Chinese CEPC 100TeV R&D in collaboration with snowmass/FCC group: 
Qi-Shu Yan, Manqi Ruan, Bin Zhang, Qiang Li  +  M. Narain, S. Padhi, 
TaoHan+….. 
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• Anomalous Quartic Gauge Couplings 
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EWK Z+2J 

PKU is working on EWK W+2J in CMS 
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WVA: 

1st Triple V 

Daneng Yang (PKU) gave the approval talk 



Physics Motivations 
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• Rare processes, Crucial test of the SM: 
    e.g. on the non-Abelian gauge symmetry part of the SM 

 

• Important backgrounds to Higgs and new physics 

searches 

 

• Sensitive to anomalous Quartic Gauge Couplings 
    Indirect probe on new physics 

    Much less studied compared with aTGC 

~O(1-10)fb 
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The aims are to bring together 

theorists and experimentalists to 

discuss theoretical and experimental 

status of all processes sensitive to 

aQGC, 

 

models for parametrizing aQGC and 

(partially) strong VV scattering. 

 

issues of unitarization prescriptions, 

 

available Monte Carlo Generators and 

validation procedures, 

 

experimental prospects for the 13-14 

TeV runs at LHC, 

 

Wish lists of experimentalists and 

theorists:  WAA, ZAA, WWA,…., 

EWK WW, WZ, ZZ, WA, ZA…. 



aQGC 
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Non-linear 
formalism 

Spontaneously symmetry 
breaking without a Higgs 

boson, custodial symmetry 
protected 𝜌 = 1 of the 

EW sector 

Non-decoupling: Valid 
below a scale of 4πv 

(~3TeV) 

Dimension-6 
operators 

 (aQGC) 

arXiv: hep-ph 9908254 

Linear 
formalism 

SM EW sector with a Higgs 
doublet field included 

Decoupling: The scale of 
new physics is allowed 
to be arbitrarily large 

Dimension-8 
operators 

(aQGC) 

arXiv: hep-ph/0606118 

Request SU(2)⨂U(1) gauge symmetry and 

independently conserved C, P 



Dim6-aQGC 
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LEP Parametrization 



Dim8-aQGC    Relatively new 

16 

http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling#no1 



Dim6 ↔ Dim8   

17 

MG/ME 

FeynRules 



CMS aQGC Parameterization 
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Eg. 

aQGC implemented in aMC@NLO 

http://hepfarm02.phy.pku.edu.cn/foswiki/CMS/AQGCs 

 

Unitarity can be checked with VBFNLO 

https://www.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=overview 
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• ATLAS and CMS Results 



Central Exclusive γγ →WW 
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JHEP 1307 (2013) 116  

7 TeV CMS 

Events selections: 

① Forward scattered protons escaping 

detection 

② μe vertex with no additional charged 

tracks  

③ PT
(eμ)>35GeV  

Cross checked within μμ and τ τ  , 

and also extra track control regions  

~1σ 



Central Exclusive γγ →WW 
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JHEP 1307 (2013) 116  

7 TeV CMS 

Use PT
(eμ) tail (>100GeV) to set limit on Dim-6  aQGC  

approximately two orders of magnitude 

more restrictive than limits obtained 

at the Tevatron without form factors 



WWγ+WZγ →lνjjγ 
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CMS-PAS-SMP-13-009; arXiv:1404.4619 

Events selections: 

① Exactly one isolated lepton:                       

Single Lepton trigger &                             

(PT
e>35GeV & |ηe|<2.5) ||                          

(PT
μ>25GeV & |ημ|<2.1)  

② Two PF AK5 Jets with b veto:                                        

PT
j >30GeV & |ηj|<2.4 

③ MET>35 GeV  

④ Δφ(MET,J1)>0.4,  Rjγ>0.5, Rlγ>0.5 

⑤ MT
W>30 GeV 

⑥ |Mγe-Mz|>10GeV 

⑦ |Δηjj|<1.4,  70GeV<Mjj<110GeV 

Main Backgrounds from Data-Driven: 

 Wγ+Jets :  sideband 

 Fake Photon: ratio method 

σ(WV γ)< 241fb, 3.4 times SM (70.3fb)   

ET
γ >15GeV 

8 TeV  CMS 



WWγ+WZγ →lνjjγ 

23 

CMS-PAS-SMP-13-009; arXiv:1404.4619 

Et
γ  used to set limits on aQGC, binned over 30-450GeV. The last bin includes 

the overflow. 

NLO K factors evaluated with aMC@NLO 

8 TeV  CMS 

Find that the unitarity condition cannot be generally satisfied with a 

dipole form factor;  More complex form factor is possible.  

Choice is made to set limits without using a form factor. 
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Expected Limits with a Form Factor 

Unitarity bound calculated using Eq. 17 of Ref. arXiv: hep-ph/0009262 



WWγ+WZγ →lνjjγ 
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CMS-PAS-SMP-13-009; arXiv:1404.4619 

8 TeV  CMS 

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSMP13009/WWaa_comparison.pdf
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Same Sign WW 
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ATLAS-CONF-2014-013 

8 TeV ATLAS   See more in Prof. Liu’s Talk 

EWK 

 

Strong 

 

 

Mjj>500GeV  EWK+Strong 

Mjj>500GeV |∆yjj|>2.4  EWK 

  

4.5σ 

3.6σ 



Same Sign WW 

28 

ATLAS-CONF-2014-013 

8 TeV ATLAS 

Tri-lepton Control Region 

Jet fake lepton 

Charge Misidentification 

ALPGEN+HERWIG/JIMMY, 

SHERPA for Conversion bkg 



EWK WA,ZA 
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In collaboration with Prof. DongHee 

Kim’s team at KNU, Korea 

Use Mjj, Zeppenfeld Variable (|𝜼Wγ-(𝜼j1+𝜼j2) /2|) and |∆𝜼jj| to discriminate 

signal from bkg 

 

Tried also TMVA 

 

Main Bkg:   QCD W/ZA+Jets,  Jet Fake photon, estimated from Data-Driven 

Based on MC estimation, we anticipate to achieve one-order better 

limits on fM0-4, fT0,1,2,8,9 than CMS WVA 8TeV analysis 
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CMS-PAS-SMP-13-009 arXiv:1404.4619 
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• MC Studies 



WWγ → llνγ 

32 

Signal:  Two OS leptons + One photon + MET 

Bkg:  Zγ, TTbar+γ, TWγ, ZZγ, WZγ… . 
Tool:  MG/ME, Delphes v2 (PU not included at that time) 

at 14 TeV LHC with an integrated luminosity of 100 (30) fb−1, one can 

reach a significance of 9 (5)  to observe the SM W+W− production 

10GeV 

JHEP 1304 (2013) 108 

Daneng Yang, Qiang Li, et.al. 



WWγ → llνγ 
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JHEP 1304 (2013) 108 

Daneng Yang, Qiang Li, et.al. 

can constrain at the 95% CL the anomalous WW coupling parameters, e.g., 

aW
0,c/Л

2 at 1 × 10−5GeV-2 

 

w/o form factors 

Comparing with Previous LEP and MC results 

See refs in JHEP 1304 (2013) 108 



WZγ → lllνγ 
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PRD88 (2013) 015023 

Ke Ye,  Daneng Yang, Q.Li 

Signal:  Three leptons + One photon + MET 



WWW  
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1. Pure leptonic 𝑊±𝑊±𝑊∓ → 3𝑙+MET               Checked with Snomass 
 
 

       2 categories:    𝑒±𝑒±μ∓, μ±μ±𝑒∓;   𝑎𝑛𝑑 𝑜𝑡ℎ𝑒𝑟𝑠 
 
       Bkg:  WZ,ttW,ZZ,ttZ,WWZ 
  
       14/100TeV LHC                          Delphes V3,  PU added 
 
       cutbased  or MVA 
 
       

2. Same-sign dileptons + 2 jets: 𝑊±𝑊±𝑊∓ → 𝑙±𝑙±𝑗𝑗+MET         First study 
 
        BKg:  QCD/EWK  same sign WW  
 
       14/100TeV LHC                          Delphes V3,  PU added 
 
       cutbased  or MVA 

Snowmass:     arXiv:1309.7452 

Ongoing:  

Yiwen Wen, Daneng Yang, Huilin Qu, Qishu Yan, Q.Li 



WWW  
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Snowmass:     arXiv:1309.7452 

Ongoing:  

Yiwen Wen, Daneng Yang, Huilin Qu, Qishu Yan, Q.Li 



WWW  
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𝑾±𝑾±𝑾∓ → 𝟑𝒍+MET      14TeV LHC  

Snowmass:     arXiv:1309.7452 

Ongoing:  

Yiwen Wen, Daneng Yang, Huilin Qu, Qishu Yan, Q.Li 



WWW  
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𝑾±𝑾±𝑾∓ → 𝟑𝒍+MET      14TeV LHC  

Snowmass:     arXiv:1309.7452 

Ongoing:  

Yiwen Wen, Daneng Yang, Huilin Qu, Qishu Yan, Q.Li 



WWW  
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𝑾±𝑾±𝑾∓ → 𝟑𝒍+MET   100TeV LHC  

Snowmass:     arXiv:1309.7452 

Ongoing:  

Yiwen Wen, Daneng Yang, Huilin Qu, Qishu Yan, Q.Li 



𝑊±𝑊±𝑊∓ → 𝑙±𝑙±𝑗𝑗+MET 
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Pileup  0 50 140 

Two and only two same-sign leptons with 𝑝𝑇 ≥ 20 GeV, 𝜂 ≤ 2.4. No extra lepton with 𝑝𝑇 ≥ 10 GeV, 

𝜂 ≤ 2.4 

𝑁𝑗 (Number of jet with 𝑝𝑇 ≥ 30 GeV, 𝜂 ≤ 5) = 2 2~3, (≥ 2∗) ≥ 2 

𝐸𝑇
miss ≥ 30GeV 

|𝑚𝑗𝑗 −𝑚𝑊| ≤ 15GeV ≤ 20GeV ≤ 30GeV 

Pileup  0 50 140 

Two and only two same-sign leptons with 𝑝𝑇 ≥ 20 GeV, 𝜂 ≤ 2.4. No extra lepton with 𝑝𝑇 ≥ 10 GeV, 

𝜂 ≤ 2.4 

𝑁𝑗 (Number of jet with 𝑝𝑇 ≥ 30 GeV, 𝜂 ≤ 5) = 2 2~3, (≥ 2∗) ≥ 2 

𝐸𝑇
miss ≥ 30GeV 

|𝑚𝑗𝑗 −𝑚𝑊| ≤ 15GeV ≤ 20GeV ≤ 30GeV 

𝑝𝑇
𝑗1

 𝑝𝑇
𝑗2

 𝜂𝑗1 𝜂𝑗2 𝑚𝑗1 𝑚𝑗2 𝑁𝑗 𝑝𝑇
𝑙1 𝐸𝑇

𝑚𝑖𝑠𝑠 

𝑚𝑗𝑗 𝛥𝑅𝑗𝑗 Δ𝜙𝑗𝑗 𝑝𝑇
𝑙𝑙 Δ𝑅𝑙𝑙 Δ𝜙𝑙𝑙 Δ𝑅𝑗𝑙

𝑚𝑖𝑛 Δ𝜙𝑙𝑙,𝐸𝑇
𝑚𝑖𝑠𝑠 Δ𝜙

𝑙,𝐸𝑇
𝑚𝑖𝑠𝑠

𝑚𝑖𝑛  

14TeV, 100fb-1 100TeV, 100fb-1 

Pileup 0 50 140 0 50 140 

cut-based 1.7 1.2  0.9 3.8 2.0 1.2 

BDT 1.8 1.4 1.3 4.4 3.0 2.6 

95% CL (14TeV, 100fb-1):   1.16 TeV−4 ≤ 𝑓𝑇0 ≤ 1.26 TeV−4  



Snowmass VBS / VVV 

41 

arXiv:1309.7452 

VBF ZZ 

VBF WZ 



Snowmass VBS/ VVV 
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arXiv:1309.7452 



Summary 
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• First  measurement on aQGC at the LHC from 3 channels 

 

        First  ever limits on f0
T, Κ0

w, Κc
w ,  4W coupling 

 

 

• Triple V and EWK VV+2Jets Processes  will serve as further 

test on the SM, and will be much sensitive to aQGC 

 

 

• TGC and QGC will enter precision measurement era!! 

 

 

• At harder tail, we may explore aQGC with Jet subtructure (PKU 

Group contributed much on W-tagging and EXO VV resonance 

search at CMS,  see more in Shuai Liu’s talk) 

 

 

 

 

 

 

 

 
 

 



LHC 7-8 TeV  (30 fb-1)  

LHC 13-14 TeV (300 fb-1)  

HL-LHC (3000 fb-1)  

Samivel  



Backup 
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