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Disclaimer

 Several studies for High Lumi LHC VBS
• Prospects for VBS in same sign WW/WZ with High Luminosity LHC

CMS-PAS-SMP-14-008: https://cds.cern.ch/record/2220831

• Projection of VV Scattering Measurements for ECFA 
CMS-PAS-FTR-13-006: https://cds.cern.ch/record/1606835

• Studies of Vector Boson Scattering And Triboson Production with 
an Upgraded ATLAS Detector at a High-Luminosity LHC
ATL-PHYS-PUB-2013-006: https://cds.cern.ch/record/1558703

• Physics at a High-Luminosity LHC with ATLAS 
https://arxiv.org/abs/1307.7292

 Hard to find public material for shorter term prospects

 Thus, I address several topics I came across in last years
• Heavily biased to ATLAS
• Even more heavily biased to work of Dresden students:

Bachelor, Master, Ph.D.
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List of (unordered) topics

 Polarisation measurements (see also Ezio‘s talk)
• Especially VL VL VL VL

 Charge ratios W+/W-
• Examples, and influence of pdfs

 BSM (see also Ilaria‘s talk)
• Validity of EFT tails, Explicit or Simplified Models?

 Best way to interpretation
• Fit to complete distributions vs. extreme phase space regions ?

 Extend the reach (not in my talk)
• Scattering channels, decay channels (see Narei‘s talk, WG2)
• boosted topologies (see Christoph‘s and Andreas‘ talk, WG3)
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POLARIZATION
(SEE ALSO EZIO‘S TALK)

Especially VL VL VL VL
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Parity violation of Weak interactions

 Lepton decay angle ( pt !) depends on W helicity (below for W+) 
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What variables to use?

 Ulrike Schnoor, talk at MBI workshop 2015, Hamburg
https://indico.desy.de/conferenceOtherViews.py?view=standard&confId=11808
• Polarisation in W±W±  W±W±
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How to approximate MWW best?

• Mo1 gives highest separation power
of all investigated variables
(e.g. mvis, meff, mcol, mass bound, )
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Template fit approach: W±W±jj

 Results from Master Thesis Carsten Bittrich, CERN-THESIS-2015-039
see also his talk at MBI 2015 in Hamburg 
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Template fit approach: W±Zjj
for 100 fb-1 at 13 TeV (stat errors only) 
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Fit with deep learning?

 Jake Searcy, talk at MBI 2015 Hamburg
https://indico.desy.de/conferenceOtherViews.py?view=standard&confId=11808
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CHARGE RATIOS W+/W-

Examples, and influence of pdfs
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Exploit +/- differences in W±Vjj-EW? 

 VBS contribution in Standard Model (W±W±jj):

 Naively: 
• σ(++)/σ(--) = 2(W±Z) or 4(W±W±) due to proton quark content
• Differential distributions dσ/d… identical

 In reality modified by several effects, e.g.
• pdf: d/u << 0.5 at large x, linearly(?) decreasing
 large x is important region for VBS and BSM-VBS

• Parity violation of weak interactions -> eta-dependence
 W helicity fractions F- > F0 > F+ for W-radiation from quarks
 differences in eta and thus lepton pt from W+ and W-

 F0 (corresp. to WLWL scattering) strongly enhanced in aQGC/BSM
 prefers large x, modifies differences in lepton pt
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„Recent“ fits vom 2011: 
 J. Arrington J. G. Rubin and W. Melnitchouk

http://arxiv.org/pdf/1110.3362v1.pdf
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Systematics on u/d large at large x

Thia Keppel, PANIC 2011, CTEQ

http://arxiv.org/pdf/1110.3362v1.pdf


Crucial pdf region for VBS

 Bachelor Thesis Th.Kwasnitza, 09/14 Dresden
https://iktp.tu-dresden.de/IKTP/pub/14/Bachelorarbeit_Kwasnitza.pdf

• Relevant range for x-section
0.05 < x < 0.5 (for SM)
0.05 < x < 0.6… (aQGC)

• x- enhancement by aQGC:
x> 0.25 more important
~ flat enhancement (here ~ 3)

• Since d/u falls with x
+/- charge ratio
will rise with aQGC
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++/-- ratio changes by aQGC

 Saturation of VBS contribution with aQGC
(Philipp Anger, Ph.D. Thesis, Dresden, CERN-THESIS-2014-105)
• Significant dependence of unitarization procedure

WZjj W±W±jj
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Lepton kinematics in W±W±jj 
influenced by helicity and pdfs
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 SM                         aQGC, unitarized aQGC, not unitarized

F- Helicity dominated F0 Helicity dominated Mww (u/d) dominated

 cutoff unitarization problematic?

mllvv

∑𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 𝒑𝒑𝒕𝒕

++- -
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BSM 
(SEE ALSO ILARIA‘S TALK)

Validity of EFT tails, Explicit or Simplified Models?
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 -> Discuss further on the basis of Ilaria‘s talk today and
from the COST EFT Pre-Meting https://indico.cern.ch/event/647015
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Does EFT describe resonance tails?

 Bachelor Thesis Daniel Reichelt, TU Dresden, May 2014
• Conversion of resonance parameters into aQGC (Alboteanu, Kilian, Reuter, 0806.4145 )

• W±W±jj                                                      W±Zjj

• Only Tensor-Isotensor in WZjj has sizeable region with measurable effect(!) 
where aQGC describes the resonance tail
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 Analogue results: M.Sekulla, talk at MBI Workshop 2016
• Simplified Models: Reuter, Kilian, Sekulla: arXiv:1307.8170v2

how to deal with large parameter space (I,J,M,Γ)?  
 develop specialized analysis techniques for simplified models? 
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Limits in Term of explicit model
here: Georgi-Machacek

 Recent CMS limits from W±W±jj (CMS-SMP-17-004)
• Boils down to *1* parameter only (sH or x-section*BR)
• limits extracted from fitting mjj and mll distribution (how optimise?)
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Mass variables for finding resonances

 For channel with neutrinos, esp.
The m1T and mo1 seem to be best

• Diploma thesis, TU Dresden Steffi Todt, 01/2015, CERN-THESIS-2015-018
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BEST WAY TO BSM INTERPRETATION?

Fit to complete distributions .vs. 
extreme phase space regions
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Limits on BSM from full distributions

 Recent CMS observation of W±W±jj (5.5. s.d., CMS-SMP-17-004)
• large(-ish) statistics for limits, well verified via control regions,

 https://tu-
dresden.de/mn/physik/iktp/ressourcen/dateien/seminar/2017_06_
27_Garbrecht_Dresden17.pdf/view
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sensitivity of extreme phase space

 ATLAS VBS WV+jj semileptonic: http://arxiv.org/abs/1609.05122
 Advantages of semi-leptonic channel 

• Can reconstruct boson kinematics
• Background falls as you move to higher pTs, 

-> ideal for aQGC measurements

 Signal from multiple sources
• Opp.Sign WW, Same Sign WW, WZ
• prevents translation between aQGC params

 higher background : 
• SM hard to see, but more sensitive for BSM especially in merged V->J

 Two main selection channels
• Resolved V  jj Merged V->J
 ≥ 4 small-R jets ≥ 2 small-R jets 
 W jet pairs: 64<mjj<96 GeV W-Jet: 64<mJ<96 GeV, closest to mW

 Tagging jets: max mjj pair remaining 
29.06.2017 Michael Kobel 26

http://arxiv.org/abs/1609.05122


 Event Selection
• M(j,j) > 900 GeV (tag jets)
• MET > 30 GeV
• b-veto
• Boson centrality > 0.9

 Dominant Background
• W+Jets, ttbar <- control regions
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SM VBS
Signal

aQGC
Effect



Instead of a summary: Our aims

 Standard model:

1.Observe all SM QGC Processes with these vertices

2.Constrain or find BSM physics (in EFT or full models) 

3.Test Eweak Symmetry breaking and Higgs properties
• One of the core reasons, why LHC has been built! 
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BACKUP
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2. Beyond the SM: aQGC

 Assume SM is effective theory of a more complex one, as e.g.
• Low-E Fermi-Theorie with 4f Vertex  Weak Gauge Bosons in SU(2)
• Low-E Chiral QCD langrangian  Composite qq condensate, hadrons

 Consider effective electroweak Langrangian 

• valid only, if new physics beyond kinematic reach (Λ » √ŝ )
• model independent, complementary to direct searches
• generally requires additional unitarization (re-introducing model dependence) 

 Relevant parameters for aQGC contributions
• Some d=8 parameters can be mapped to those for d=6 and d=4
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d=4 d=6 d=8
WWWW, WWZZ WWZγ, WWγγ all VVVV

Chiral Lagrangian
non-linear representation

Effective Operators
linear representation

α4 , α5 a0 /Λ2 , aC /Λ2 fS,i /Λ4 , fM,i /Λ4 , fT,i /Λ4

Appelquist et al. (1980) Belanger et al. (1992) Eboli et al. (2006)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.22.200
http://www.sciencedirect.com/science/article/pii/037026939291979J
http://arxiv.org/abs/hep-ph/0606118


Effective QGC in VBS

 = Effective parametrization of physics beyond kinematic reach
• e.g. resonances at new physics scale Λ = υ / √αi

 Wide:  continuum
 Narrow:  particles

• α parametrize low-mass tail of these resonances, e.g.

• Unitarization only guaranteed for 
 Explicitly included resonance(s) at unique value(s) of g
 effective parametrization always violates unitarity at some mVV
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Why is d/u << 0.5 at large x? Two Models on the market:
review: W.Melnitchouk, A.W.Thomas:  http://arxiv.org/pdf/nucl-th/9602038.pdf

 Close(1973), Carlitz(1975):
Broken SU(6) symmetrie
(from SU(3)flavor x SU(2)spin)
SU(6) symmetry:

 spin-induced mass splitting
suppresses S=1 at large x, 

 Proton at x1 dominated by
single u-quark (carries spin)

 Farrar et al(1975), Brodsky et al(1995)
perturbative QCD
large x-behaviour for quarks

to proton helicity:

 Di-quark spin projection

 Proton at x 1 has
non-zero d/u

27.06.2017 Michael Kobel
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Comparison of ATLAS aQGC limits

 Best sensitivity: semileptonic WVjj
• Obs: Λ > 1500 GeV with Λ ~ v/√α

• Compare the *dashed* lines
 Black : WZ (observed: excess)
 Red: W±W± (observed: excess)
 Blue: WV (observed: deficit)

• Low statistics gives broad band for
expected limit, example: 
WZ VBS, compared to (old) W±W± VBS
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