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Why have we built the LHC?  

to study VV scattering! 

Massive W+, W– , Z have 3 polarizations thanks to Goldstone modes  

Lee, Quigg and Thacker ’77:  
      scattering of  EW Goldstones violates unitarity above ~1 TeV  

è either we see restoration of  unitarity (Higgs, new resonances?) 
    or see something completely new (substructure, strong interaction?)  

NO-LOSE Theorem 



The Brout-Englert-Higgs mechanism 
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In the simplest model proposed in 1964, the gauge symmetry is 
broken by a complex scalar field with a ”Mexican-shaped” potential. 

The Brout-Englert-Higgs mechanism 

when the gauge symmetry is spontaneously broken, the would-be Goldstone 
mode becomes a third component of  the vector field and thus makes it massive.  



Goldstones responsible for V masses 

custodial symmetry 



Goldstone dynamics determined by symmetry 

become free at zero momenta 

Equivalence theorem      Cornwall-Levin-Tiktopoulos, Lee-Quigg-Thacker 

strong gauge 
cancellations 

violates 
unitarity 
at ~1 TeV 



Higgs exchange exactly cancells the O(s,t) terms 

Higgs also neded to make loops finite   

H 

Restoration of  unitarity and calculability 
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We present a systematic study of the different mechanisms leading toWW pair production at the Large

Hadron Collider (LHC), both in the same-sign and opposite-sign channels, and we emphasize that the

former offers much better potential for investigating non-resonant WLWL scattering. We propose a new

kinematic variable to isolate the WLWL scattering component in same-sign WW production at the LHC.

Focusing on purely leptonic W decay channels, we show that it considerably improves the LHC

capabilities to shed light on the electroweak symmetry breaking mechanism after collecting 100 fb!1

of data at
ffiffiffi
s

p ¼ 14 TeV. The new variable is less effective in the opposite-sign WW channel due to

different background composition.
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I. INTRODUCTION

The longitudinal WW scattering carries the most direct
information about the mechanism of electroweak symme-
try breaking, no matter whether a physical elementary
Higgs particle exists or some kind of strongly interacting
physics is responsible for this breaking. In fact, even if a
light Higgs boson is discovered, the energy dependence of
the longitudinalWW scattering above the Higgs mass scale
will tell us if the Higgs boson unitarizes theWW scattering
fully or only partially, as in some theoretical models with
composite Higgs [1]. Experimental investigation of the
WLWL scattering as a function of its center-of-mass energy
MWW becomes feasible at the Large Hadron Collider
(LHC). The techniques for observing theWLWL scattering
signal in pp collisions have been extensively investigated
and reported in many papers [2– 11]. These techniques are
based on the differences in the emission process of the
transverse and longitudinal gauge bosons from the collid-
ing quarks and in the behavior of the respective WW
scattering amplitudes as a function of their center-of-
mass energy and the scattering angle. These effects are,
however, strongly masked by the quark distribution func-
tions inside the proton and by various sources of large
background. It has been found that techniques such as
forward jet tagging, central jet vetoing, and cuts on the
final lepton transverse momenta are very promising in the
isolation of the WLWL scattering signal from the back-
ground. At the same time, the above studies clearly show
that such measurement would be experimentally very chal-
lenging and typically require at least a year to several years
of LHC running at full nominal parameters to obtain ob-
servable effects. In view of this, possible new techniques
allowing for better event selection and better data analysis

can play an important role in making the study feasible in a
relatively shorter time scale.
Given the importance of the experimental access to the

longitudinalWW scattering channel, we readdress this issue
in the present paper. We search for the most efficient event-
selection criteria for observing a signal of an enhanced,
compared to the prediction of the Standard Model (SM)
with a light Higgs boson, WLWL scattering at the LHC
running at an energy of 7, 8, and 14 TeV. Such an enhance-
ment can exist because the SM Higgs boson is heavy or a
light Higgs boson has modified couplings compared to the
SM, so that it does not fully unitarize the WLWL scattering
(see, e.g., [12]), or because there is no physical Higgs boson
at all. The magnitude of the enhancement and its detectabil-
ity would, of course, depend on its origin. It is not the
purpose of this paper to compare these different theoretical
scenarios but merely to find an improvement in the selection
of the WLWL scattering signal. Therefore, in our search for
the best signal, we choose the Higgsless scenario for our
hypothetical enhanced WLWL scattering, which gives the
strongest but still physically realistic enhancement com-
pared to the SM prediction with a light Higgs boson in
which the effects of our new event selection criteria are
most visible. Based on our study, we propose a new kine-
matic variable for the longitudinalWþWþ scattering signal,
showing that it gives significant improvement of the signal-
to-background (S/B) figures compared to all the previously
discussed selection criteria applied to the same hypothetical
signal. The signal (of an enhanced Wþ

L W
þ
L scattering) and

the background are more precisely defined in Sec. II.
Furthermore, we emphasize that WW scattering with
same-signW’s offers the best physics potential for the LHC.
We first present a systematic review of the different

mechanisms leading to WW -pair production at the LHC,
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•  Even if  light scalar is found, check whether it unitarizes VBS 

•  Necessary to develop techniques to observe WLWL scattering  

Many theoretical studies of  VBS  before the LHC started taking data: 



WLWL scattering difficult to detect 

Szleper arXiv:1412.8367 

Ø  large background from WT  
 

Ø  not easy to measure W  
    polarization 

for 



WW scattering in pp collisions 

u   W radiation from the initial quark 

Ø  for transverse  

Ø  for longitudinal  

è tagging jets with small pT should enrich WL content  

u   WL  should scatter at large angles, so leptons from WL decays  
             should have large pT   
 
u   in addition irreducible and reducible background 
 
 
 



Why pp–> jj W+W+ ? 

Ø  no cross-talk amplitudes:   

WTWX ! WLWL, WLWL ! WTWX



Why pp–> jj W+W+ ? 

Ø  no cross-talk amplitudes:   

WTWX ! WLWL, WLWL ! WTWX

Ø  W’s emitted by colliding quarks:  
    their polarization encoded in  
    kinematics of  outgoing jets 
 
Ø  Our proposal: use a new quantity   

that helps to separate L from T 

Note that a combination of only the last two cuts allows the
release of several other selection criteria that are conven-
tionally used to cope with the irreducible background. The
RpT

cut also automatically removes the t!t background
related to leptonic B decay to a negligible level, hence
we are free to drop any lepton isolation or central jet veto
cut, which may well prove an advantage in a high pileup

regime like the LHC. Here we have also modified the Mjj

cut to a higher value, since we find such change produces
an improvement in combination with the RpT

cut, but not in
combination with the conventional cuts.
A summary of results obtained with the conventional

cuts (set I) and the RpT
cut (set II) is shown in Tables I and

II. For an easy comparison of both results, the selection
criteria were chosen such as to keep in both cases a similar

FIG. 10 (color online). Transverse momenta and their combinations for signal and for the irreducible background in the jjWþWþ

channel at 14 TeV, after applying the cuts against top production: (a) individual pT ofW ’s and jets, (b) pT products of twoW’s and two
jets, (c) pT products of two leptons and two jets, and (d) the signal-to-background ratio (top) and the RpT

distribution for the signal and

for the background (bottom). Contours in (a) through (c) represent the lines of constant cross section, with values increasing linearly
from the outermost (black) to the innermost (blue) contours. Each plot is normalized to its own maximum value.
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In 2012 a new particle has been found  

consistent with the SM Higgs boson properties 
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SM: before the Higgs 

we had a quantum field theory with guaranteed discoveries:  

with no-lose theorems: 

beyond the Fermi theory  (the W boson) 
 
beyond the strange and K mesons (the charm)  
 
beyond the bottom and tau (the top and tau-neutrino) 
 
beyond the electroweak theory (the Higgs) 
        
               scattering amplitudes grow with energy 
               without W, top, Higgs….  



SM: after the Higgs 
we have a consistent and renormalizable theory that  
  

v    does not predict anything else 
 
v    but leaves many unanswered questions  

Ø  the Higgs sector of  the SM  quite arbitrary 
Ø  where and how does the SM break down? 
Ø  hierarchy problem: why the weak scale << MPl 
Ø  which machine(s), experiment(s) will reveal cracks in the SM? 
Ø  are the B--anomalies the first signs?  
Ø  or the anomalous muon g-2 moment?  



Is there physics after Higgs? 

M. Mangano, Plenary ECFA Nov.2015 
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → ℓνqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 139 gV = 3 1906.085893.8 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 CERN-EP-2020-0733.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL CERN-EP-2020-06635.8 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗
Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass

Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass

Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu
3 → bτ) = 1 1902.081031.03 TeVLQu

3
mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2020

ATLAS Preliminary∫
L dt = (3.2 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

****But we don’t really have a target mass**** 5

Current limits in the 1 – 10 TeV range 

With no new particles in sight 

Ø  precision measurements of  Higgs properties 

Ø  look for new physics in tails of  distributions   
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NO SIGN OF ANY NEW PARTICLES

• No shortage of models predicting more  particles

• But no evidence yet….

• Look for new physics in tails of distributions

• Requires precision calculations of SM predictions 
for comparison

• This is much harder than looking for resonances

NEW?

RESONANCE?

SM prediction

6
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Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗
Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass

Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass

Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu
3 → bτ) = 1 1902.081031.03 TeVLQu

3
mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2020

ATLAS Preliminary∫
L dt = (3.2 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

****But we don’t really have a target mass**** 5

Current limits in the 1 – 10 TeV range 

With no new particles in sight 

Ø  precision measurements of  Higgs properties 

Ø  look for new physics in tails of  distributions   
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NO SIGN OF ANY NEW PARTICLES

• No shortage of models predicting more  particles

• But no evidence yet….

• Look for new physics in tails of distributions

• Requires precision calculations of SM predictions 
for comparison

• This is much harder than looking for resonances

NEW?

RESONANCE?

SM prediction

6

this is much harder than looking for resonances 



Era of  precision measurements 

PRECISION CONSTRAINS NEW PHYSICS

• Use precision measurements to constrain BSM physics (long history 
starting with LEP and SLD)

• Higgs mass is precision observable 
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SM predicts relationship between Mt , MW ,  and MH

123 124 125 126 127 128
 [GeV]Hm

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

gg®H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4®H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

gg®H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4®H Run 2  0.36) GeV± 0.37 ( ±124.79 

gg®H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4®H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

At the loop level 8

MH FROM INDIRECT MEASUREMENTS
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Consistent picture, but 
room for new physics
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FROM DISCOVERY TO PRECISION 
MEASUREMENTS
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• Higgs couplings to fermions and gauge 
bosons fixed in SM

• What if we allowed couplings to 
deviate by constant rescaling?

• SM is excellent approximation of 
Higgs sector
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Ø  Higgs mass is precision observable 

Ø  SM predicts relation between Mt, MW and MH    

Ø  couplings to fermions and gauge bosons fixed in SM   

è consistent picture but room for new physics 



No resonances?  Hierarchy of  scales? 

Λ >> MW  where complete model exists 

Ø  any new particles or symmetries at high scale 

Ø  expect effects of  heavy particles suppressed at low scales 



No resonances?  Hierarchy of  scales? 

Λ >> MW  where complete model exists 

Ø  any new particles or symmetries at high scale 

Ø  expect effects of  heavy particles suppressed at low scales 

Ø  only SM particles in theory at low scales with SM-like Higgs  

Ø  treat SU(3)xSU(2)xU(1) as good symmetry with doublet Higgs 

Ø  + remnants of  high scale model described by effective field theory 

Model independent parametrization: Effective field theory  

Prime example: Fermi theory of  weak interactions 



 pp–> jj W+W+  beyond the SM  

Assume: measurements of  VBS at the LHC will reveal disagreement with  
              SM predictions, but no new states are seen directly 
 



 pp–> jj W+W+  beyond the SM  

Assume: measurements of  VBS at the LHC will reveal disagreement with  
              SM predictions, but no new states are seen directly 
 

Ø  learn as much as possible about the origin of  the effect 
from  

    a VBS analysis carried within the framework of  the EFT 
Ø  discuss issues related to the proper use of  the EFT 
Ø  propose strategies for future data analyses 

Goals of  our study: 
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Table 3
List and description of all the input variables used in the BDT analysis for the WZ SR.

Variable Definition

mjj Mass of the leading and trailing jets system
|!ηjj| Absolute difference in rapidity of the leading and trailing jets
!φjj Absolute difference in azimuthal angles of the leading and trailing jets
pj1

T pT of the leading jet
pj2

T pT of the trailing jet
ηj1 Pseudorapidity of the leading jet
|ηW − ηZ | Absolute difference between the rapidities of the Z boson and the 

charged lepton from the decay of the W boson
z∗
ℓi

(i = 1 − 3 ) Zeppenfeld variable of the three selected leptons
z∗

3 ℓ Zeppenfeld variable of the vector sum of the three leptons
!R j1 ,Z !R between the leading jet and the Z boson

|p⃗T
tot|/∑

i pi
T Transverse component of the vector sum of the bosons and tagging 

jets momenta, normalized to their scalar pT sum

Fig. 3. Distributions of mjj (upper left) and mℓℓ (upper right) in the W ± W ± SR, and the distributions of mjj (lower left) and BDT score (lower right) in the WZ SR. The 
predicted yields are shown with their best fit normalizations from the simultaneous fit. Vertical bars on data points represent the statistical uncertainty in the data. The 
contribution of the QCD W ± W ± process is included together with the EW W ± W ± process. The histograms for tVx backgrounds include the contributions from tt V and 
tZq processes. The histograms for other backgrounds include the contributions from double parton scattering and VVV processes. The histograms for wrong-sign background 
include the contributions from oppositely charged dilepton final states from tt , tW, W+W− , and Drell–Yan processes. The overflow is included in the last bin. The bottom 
panel in each figure shows the ratio of the number of events observed in data to that of the total SM prediction. The gray bands represent the uncertainties in the predicted 
yields.

CMS Phys.Lett.B 809 (2020) 135710  

 Electroweak diboson production   

has been observed 



EFT parametrization  

M. Szleper EFT same sign WW studies 2

1. Is it really model independent?

2. How useful is it to describe future VBS data at the LHC?

3. Can we learn anything about BSM physics from it?  How to proceed in data
    analysis in order to keep proper physics interpretation of the EFT parameters?

4. Can we go beyond setting limits?  What if we do observe a deviation from
    SM predictions, but no other hints of new physics from other processes?

The goal of this study

EFT: an in-principle-model-independent parameterization of BSM interactions
         between SM particles

EFT: 

Questions: 
 
Ø  Is it really model independent? 
 
Ø  How useful is it to describe future VBS data at the LHC? 
 
Ø  How to proceed to to keep proper physics interpretation of  EFT parameters? 
 
Ø  Can we go beyond setting limits?  



EFT facts 

Ø  In principle a model independent tool for BSM physics below Λ

Ø  An infinite expansion – no unitarity violation, but infinite number of  parameters 

Ø  For practical reasons, one needs a choice 

Ø  Which operators dominant, which can be neglected? 
       Not obvious! 
             (see. e.g. Contino ea. 1604.06444, Azatov ea, 1607.05236, Franceschini ea, 1712.01310,  
                            Falkowski ea, 1609.06312, …)  

Ø  Once the choice made, the model–independence lost,  unitarity may be violated 

Ø  Common practice: take just one or a few operators è an “EFT model” defined 
           by chosen operators        and values of  Wilson coefficients  

L = LSM + ⌃if
(6)
i O

(6)
i + ⌃if

(8)
i O

(8)
i + ...

Oi fi



“EFT model” --- usage and limitations 

Ø  Validity of  an “EFT model”: for WW it can be valid up to an invariant mass M 

       where               is fixed by partial wave unitarity constraint 

Ø  The same            applies to all amplitudes affected by the considered 
        operator, even if  they are still far from their own unitarity limits 

Ø  Different processes may define different maximum allowed value for  
       the same set of  higher dimension operators 

Ø  It may also happen that Λ  is much lower than any unitarity bound 
       (lesson learned from the Higgs boson!) 

Ø  We do not know what lies behind         .  We may try to guess it within  
       some (reasonable?) speculations based on general physics principles 
 
                        Measured quantities never violate unitarity  

M < ⇤  MU(fi)

M < ⇤  MU(fi)

M

M



Dim 8 operators: relevant for ssWW 

M. Szleper EFT same sign WW studies 15

Definitions of dim-8 operators

M. Szleper EFT same sign WW studies 15

Definitions of dim-8 operators

they do not affect triple vector boson couplings 



Helicities and unitarity limits 

an easy case:  

M. Szleper EFT same sign WW studies 15

Definitions of dim-8 operators

BSM mainly in one helicity amplitude 

M. Szleper EFT same sign WW studies 5

                       Helicities and unitarity limits I
The easy case: fS0 – BSM in mainly one helicity combination

Total W+W+ → W+W+ cross section for fS0 = 1/TeV4

split into initial & final state helicity combinations

(TeV)

Unitarity limits MU (in TeV)
for individual amplitudes

Hel. \ fS0 =

MU
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                       Helicities and unitarity limits I
The easy case: fS0 – BSM in mainly one helicity combination

Total W+W+ → W+W+ cross section for fS0 = 1/TeV4

split into initial & final state helicity combinations

(TeV)

Unitarity limits MU (in TeV)
for individual amplitudes

Hel. \ fS0 =

MU

�(W+W+ ! W+W+)

unitarity limits (in TeV) 
for individual amplitudes 



Helicities and unitarity limits 

a non-trivial case:  

BSM affects many helicity amplitudes 

�(W+W+ ! W+W+)

unitarity limits (in TeV) 
for individual amplitudes 

M. Szleper EFT same sign WW studies 6

                     Helicities and unitarity limits II
The non-trivial case: fT1 – many helicity amplitudes affected

Total W+W+ → W+W+ cross section for fT1 = -0.1/TeV4

split into initial & final state helicity combinations

Unitarity limits MU (in TeV)
for individual amplitudes

Hel. \ fT1 =

(TeV)
MU
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                     Helicities and unitarity limits II
The non-trivial case: fT1 – many helicity amplitudes affected

Total W+W+ → W+W+ cross section for fT1 = -0.1/TeV4

split into initial & final state helicity combinations

Unitarity limits MU (in TeV)
for individual amplitudes

Hel. \ fT1 =

(TeV)
MU

M. Szleper EFT same sign WW studies 15

Definitions of dim-8 operators



 pp –> jj µ+µ+νν  at the HL–LHC  

Ø  In the ssWW the invariant WW mass is not experimentally accessible, 
     è we do not know which part of  the measured distribution  comes  
          from the EFT-controlled range 
 
Ø  Define the BSM signal as  S = Dmodel

i �DSM
i



Ø  In the ssWW the invariant WW mass is not experimentally accessible, 
     è we do not know which part of  the measured distribution  comes  
          from the EFT-controlled range 
 
Ø  Define the BSM signal as  S = Dmodel

i �DSM
i

Dmodel
i =

Z ⇤

2MW

d�

dM
|model dM +

Z Mmax

⇤

d�

dM
|SM dM

EFT in its range of  validity     only SM contribution 

Ø  The EFT-controlled signal is given by 

Ø  The EFT can be applied to describe the full measured distribution 
    provided the region                 does not significantly distort it 
 
Ø  It puts constraints in the               plane   

M > ⇤

(f,⇤)

 pp –> jj µ+µ+νν  at the HL–LHC  



Cartoon plot 

for given       :  ⇤

f > fmina)                   to see BSM effect 

f < fmaxb)                    the effect not  
                       dominated  
                       by  M > ⇤



for given       :  ⇤

f > fmina)                   to see BSM effect 

f < fmaxb)                    the effect not  
                       dominated  
                       by  M > ⇤

Need a reasonable estimate what happens above Λ in accordance with  
all physics principles 

Cartoon plot 



Estimating the signal above Λ

Above Λ expect the total cross  
             section ~ 1/s 

We assume that all amplitudes remain 
     constant at their values they reach 
     at Λ, even for those which are still 
     far from their respective unitarity  
     limit 



Estimating the signal above Λ

Above Λ expect the total cross  
             section ~ 1/s 

Our proposal:  

EFT in its range of  validity     physically plausible contribution 

Dmodel
i =

Z ⇤

2MW

d�

dM
|model dM +

Z Mmax

⇤

d�

dM
|A=const dM

We assume that all amplitudes remain 
     constant at their values they reach 
     at Λ, even for those which are still 
     far from their respective unitarity  
     limit 



Proposed procedure

Ø  Our proposal:  

Dmodel
i =

Z ⇤

2MW

d�

dM
|model dM +

Z Mmax

⇤

d�

dM
|A=const dM

EFT in its range of  validity     physically plausible contribution 

     + requirement that the signal is driven by the EFT--controlled region 

i.e. as long as the measured signal is not too sensitive to details above Λ

Practical criterion: signals calculated with and without M>Λ should be  
statistically consistent (e.g. within 2 sigma) 



Proposed procedure

Ø  Measure the most sensitive distributions  
 
Ø  Fit              using simulated distributions including BSM contributions 
    from the region M>Λ  
 
Ø   Using the fitted values            recalculate simulated distributions  
    removing the BSM contribution from M>Λ  
 
Ø  Check the statistical consistency between the the original simulated  
    distributions and recalculated ones 
 
Ø  Obtained values of             make sense if  such consistency is found,  
     i.e. the “EFT triangle” is not empty 
 
Ø  Otherwise description of  data in terms of  a studied “EFT–model” 
    is not possible  
 
Ø  Stability of  the result against different regularization methods would 

provide a measure of  uncertainty  
  

(f,⇤)

(f,⇤)

(f,⇤)



Simulation – proof  of  the procedure

Ø  Private MG5+Pythia simulated samples of  ~1M events for the process  

 pp –> jj µ+µ+νν  at 14 TeV for each dim-8 operator separately 

Ø  Tails for M>Λ modeled by applying additional weights (Λ/M)4

Ø  Signal significances calculated from different differential distributions 

assuming HL-LHC luminosity of  3/ab 

RpT = pl1T p
l2
T /(p

j1
T p

j2
T )

Mo1 ⌘
q
(|~p l1

T |+ |~p l2
T |+ |~p miss

T |)2 � (~p l1
T + ~p l2

T + ~p miss
T )2

Mjj > 500 GeV, p j
T > 30 GeV, p l

T > 25 GeV,

�⌘jj > 2.5, |⌘j| < 5, |⌘l| < 2.5,

Ø  Typical VBS-like selection  



Simulation – proof  of  the procedure

Most sensitive variables: 

for  S0 and S1 operators  

for others 

M. Szleper EFT same sign WW studies 11

Demonstration – simulation work

● Private MG5+Pythia samples (500k-1M) of the process  pp → jj ℓ+ℓ+nn  @ 14 TeV

   for each dim-8 operator, f  scan done using event  reweight (including f=0 for SM),

● Tails M>L modeled by applying additional weights (L/M)4,

● Signal significances calculated from different distributions,

   the most sensitive variables: 

for OS0 and OS1, and

for the remaining operators

EFT signal

Full BSM signal
Difference

SM

SM + fT1

SM + fT1 + tail

SM + fS0

SM + fS0 + tail

SM

M. Szleper EFT same sign WW studies 11

Demonstration – simulation work

● Private MG5+Pythia samples (500k-1M) of the process  pp → jj ℓ+ℓ+nn  @ 14 TeV

   for each dim-8 operator, f  scan done using event  reweight (including f=0 for SM),

● Tails M>L modeled by applying additional weights (L/M)4,

● Signal significances calculated from different distributions,

   the most sensitive variables: 

for OS0 and OS1, and

for the remaining operators

EFT signal

Full BSM signal
Difference

SM

SM + fT1

SM + fT1 + tail

SM + fS0

SM + fS0 + tail

SM

fT1 = 0.1/TeV 4

RpT = pl1T p
l2
T /(p

j1
T p

j2
T )RpT = pl1T p

l2
T /(p

j1
T p

j2
T )

Mo1 ⌘
q
(|~p l1

T |+ |~p l2
T |+ |~p miss

T |)2 � (~p l1
T + ~p l2

T + ~p miss
T )2



Examples of  “EFT triangles” 
 403 Page 8 of 15 Eur. Phys. J. C   (2018) 78:403 

Fig. 4 Regions in the ! vs f (positive f values) space for dimension-
8 operators in which a 5σ BSM signal can be observed and the EFT
is applicable. The unitarity limit is shown in blue. Also shown are the

lower limits for a 5σ signal significance from Eq. (1.9 ) (dashed lines)
and the upper limit on 2σ EFT consistency (dotted lines). Assumed is√
s = 14 TeV and an integrated luminosity of 3 ab−1

this puts an effective lower limit on ! itself, in addition to
the upper limit derived from the unitarity condition. In par-
ticular, the adopted criteria bound the value of ! to being
above ∼ 2 TeV for the OM operators as well as for OS0.
The OT operators still allow a wider range of !. Unfortu-
nately, there is little we can learn from fitting fS1, since signal
observability requires very low ! values, for which the new
physics could probably be detected directly.

It is interesting to plot the values of the couplings
√
C

in Eq. (1.1) as a function of fi assuming !max = MU i.e.,
Cmax = f × (MU )k−4, where k is the dimensionality of the
operator that defines the EFT “model”. In models with one
BSM scale and one BSM coupling constant

√
C has the inter-

pretation of the coupling constant [1]. The values ofCmax are
to a good approximation independent of f (see Fig. 6 ) and,
being generally in the range (

√
4π , 4π ), reflect the approach

to a strongly interacting regime in an underlying (unknown)
UV complete theory. The EFT discovery regions depicted in
Figs. 4 and 5 have further interesting implications for the cou-
plings C . For a fixed f , the unitarity bound !2 < sU implies
that C < Cmax = f (MU )4, whereas the lower bound on !

that comes from the combination of the signal significance
and EFT consistency criteria gives us C > !4

min f . Thus,
a given range (!min ,!max ) corresponds to a range of val-
ues of the couplings C , so that we could not only discover an
indirect sign of BSM physics, but also learn something about
the nature of the complete theory, whether it is strongly or
weakly interacting. In particular, for the following operators:
OS0, OM0, OM1, OM6 and OM7, only models with C being
close to the strong interaction limit will be experimentally
testable, while a wider range of C may be testable for OT 0,
OT 1 and OT 2.

123



Examples of  “EFT triangles” 
Eur. Phys. J. C   (2018) 78:403 Page 9 of 15  403 

Fig. 5 Regions in the ! vs f (negative f values) space for dimension-8 operators in which a 5σ BSM signal can be observed and the EFT is
applicable. For the meaning of curves see caption of Fig. 4. Assumed is

√
s = 14 TeV and an integrated luminosity of 3 ab−1

Fig. 6 Maximum value
√
Cmax of the coupling constants related to

individual dimension-8 operators, calculated at the energy where the
unitarity limit is reached, as a function of the relevant f value

4 Conclusions and outlook

In this paper we have analyzed the prospects for discov-
ering physics beyond the SM at the HL-LHC in the EFT
framework applied to the VBS amplitudes, in the process
pp → W+W+ j j . We have introduced the concept of EFT
“models” defined by the choice of higher dimension opera-
tors and values of the Wilson coefficients and analyzed “mod-
els” based on single dimension-8 operators at a time. We
emphasize the role of the invariant mass MWW whose distri-
bution directly relates to the intrinsic range of validity of the
EFT approach, MWW < ! ≤ MU , and the importance to
tackle this issue correctly in data analysis in order to study the
underlying BSM physics. While this is relatively simple (in
principle) for final states where MWW can be determined on
an event-by-event basis, the value of MWW is unfortunately
not available in leptonic W decays. We argue that usage of

123



Examples of  “EFT triangles” 

All triangles rather small, but not empty (S1 most problematic)  

Caution: no detector simulation in this study, just a demo of  the method 

for most operators (S and M) we can probe theories with Λ>2 TeV and  
near the strong coupling limit     

for T operators a wider range is open 



A hint on BSM couplings ?

C(8)
i = f (8)

i ⇤4

for dim-8 operators 

MWW < ⇤ < MU

  

4 —   

5 —   

3 —   

2 —   

1 —   

co
u
p
lin

g 
at

 M
U

 

given range of  cut-off  Λ corresponds to a range of  couplings Ci  

our EFT-respecting procedure puts non-trivial bounds on cut-off   Λ 



From HL-LHC to HE-LHC

Question:  

                will the increased energy range to 27 TeV   

               and integrated luminosity of  15/ab 

translate into larger EFT triangles?   

Chaudhary, JK, Kaur, Kozow, Sandeep, Szleper, Tkaczyk EPJC 80(2020)181 

example: 

 EFT trangles shift to lower f  values but areas do not change significanlty 



Finally coming to real data

Chaudhary, JK, Kaur, Kozow, Pokorski, Sandeep, Szleper, Tkaczyk  PoS(LHCP2020)023 

PoS(LHCP2020)023

EFT validity issues in VBS processes Micha≥ Szleper

W±W± W Z Combined W±W± W Z Combined

Not clipped Not clipped Not clipped Clipped Clipped Clipped

(TeV
�4

) (TeV
�4

) (TeV
�4

) (TeV
�4

) (TeV
�4

) (TeV
�4

)

fT0 [-0.28, 0.31] [-0.62, 0.65] [-0.25, 0.28] [-1.5, 2.3] [-1.6, 1.9] [-1.1, 1.6]

fT1 [-0.12, 0.15] [-0.37, 0.41] [-0.12, 0.14] [-0.81, 1.2] [-1.3, 1.5] [-0.69, 0.97]

fT2 [-0.38, 0.50] [-1.0, 1.3] [-0.35, 0.48] [-2.1, 4.4] [-2.7, 3.4] [-1.69, 3.1]

fM0 [-3.0, 3.2] [-5.8, 5.8] [-2.7, 2.9] [-13, 16] [-16, 16] [-11, 12]

fM1 [-4.7, 4.7] [-8.2, 8.3] [-4.1, 4.2] [-20, 19] [-19, 20] [-15, 14]

fM7 [-6.7, 7.0] [-10, 10] [-5.7, 6.0] [-22, 24] [-22, 22] [-16, 18]

fS0 [-6.0, 6.4] [-19, 19] [-5.7, 6.1] [-35, 36] [-83, 85] [-34, 35]

fS1 [-18, 19] [-30, 30] [-16, 17] [-100, 120] [-110, 110] [-86, 99]

Table 1: 95% CL limits on dimension-8 operators from a CMS analysis of Run 2 data, for W±W±
, WZ and

combined. Columns 2-4 correspond to standard, non-“clipped" results, columns 5-7 correspond to “clipped"

results. Data from Ref. [6].

In the full “clipping" method one calculates limits on f as a function of the assumed value of

⇤, the latter ranging between the lowest accessible value and the unitarity limit. Comparison of the

resulting experimental curves with the purely theoretical curves induced by the unitarity limit (see

blue curve in Fig. 1 right) will make it straighforward to find whether, and in what ranges of ⇤,

experiment can already place physically meaningful limits on dimension-8 operators. Such analysis

is currently in progress and results are expected soon.
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Caution

Ø  We have only considered single dimension-8 operators at a time.  

Ø  Non-zero values of  more than one f  provides much more flexibility 

Ø  In particular, for those operators whose individual unitarity limits 
are driven by helicity combinations which contribute little to the 
total cross section. 

Ø  Consequently, regions of  BSM observability and EFT consistency 
can only be larger than what we found here.  

Ø  Study of  VBS processes in the EFT language can be the right way to 
look for new physics and should gain special attention in case the 
LHC fails to observe new physics states 



Conclusions and outlook
²  WW scattering is becoming one of  the most studied process at the LHC 
 
²  Since new physics seems to be pushed further away than expected, 
     the EFT framework can be used to explore BSM 

²  Features and limitations of  the EFT framework discussed  

²  A concept of  and “EFT model” introduced 

²  A new data analysis strategy proposed 

²  We find for all dim-8 operaters that affect the quartic  WWWW  
     coupling regions where 5σ BSM signal can be observed at HL-LHC 
   
²  We attempted to extract the strength of  plausible underlying physics 

²  Other VBS processes and W decay channels may improve the situation   
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Justification of high M tail modeling

● Asymptotically, every dim-8 operator produces a divergence ~s3 in the total cross section.
● After regularization expected behavior ~1/s → reweight like 1/s4, i.e., (L/M)8

● But we are mostly
   interested in the region
   just above L ~ MU

● Around unitarity limit:
  - the highest power term
    is not dominant yet,
  - the fastest growing
    amplitude is not
    dominant yet.

● Hence the overall energy
   dependence is much
   less steep.

● Of the simple power law scalings, (L/M)4 fits best
   to the overall energy dependence around MU.

(TeV)

Total W+W+ → W+W+ cross section for different fT1 

MU MU MU MU

M. Szleper, talk at COST VBScan meeting, Milano 26.03.2018  
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Fig. 3 Typical examples of BSM signal significances computed as a
function of fS0 (upper row) and fT 1 (lower row) based on different kine-
matic distributions. Here the ! cutoff is assumed equal to the unitarity
limit. Shown are predictions obtained by using Eq. (1.8) (solid lines)

and Eq. (1.9) (dashed lines). The dotted lines show the difference in
standard deviations between the two respective calculations. Assumed
is

√
s = 14 TeV and an integrated luminosity of 3 ab−1

Table 1 Estimated lower limits
for BSM signal significance and
upper limits for EFT consistency
for each dimension-8 operator
(positive and negative f values),
for the case when ! is equal to
the unitarity bound, in the
W+W+ scattering process at the
LHC with 3 ab−1

Coeff. Lower limit Upper limit Coeff. Lower limit Upper limit
(TeV−4) (TeV−4) (TeV−4) (TeV−4)

fS0 1.3 2.0 − fS0 1.2 2.0

fS1 8.0 6.5 − fS1 5.5 6.0

fT 0 0.08 0.13 − fT 0 0.05 0.12

fT 1 0.03 0.06 − fT 1 0.03 0.06

fT 2 0.20 0.25 − fT 2 0.10 0.20

fM0 1.0 1.2 − fM0 1.0 1.2

fM1 1.0 1.9 − fM1 0.9 1.8

fM6 2.0 2.4 − fM6 2.0 2.4

fM7 1.1 2.8 − fM7 1.3 2.8

likewise, so their relative positions with respect to each other
are unlikely to change much.

As can be seen, the ranges are rather narrow, but in most
cases non-empty. Rather wide regions where BSM signal
significance does not preclude consistent EFT description
can be identified for fT 1 and fM7 regardless of sign, as well
as somewhat smaller regions for fT 0, fT 2 and fM1. Prospects
for fM0, fM6 and fS0 may depend on the accuracy of the
high-MWW tail modeling and a narrow window is also likely
to open up unless measured signal turns out very close to

its most conservative prediction. Only for positive values of
fS1, the resulting upper limit for consistent EFT description
remains entirely below the lower limit for signal significance.

Allowing that the scale of new physics ! may be lower
than the actual unitarity bound results in 2-dimensional lim-
its in the ( f,!) plane. Usually this means further reduction
of the allowed f ranges for lower ! values and the result-
ing regions take the form of an irregular triangle. Respec-
tive results for all the dimension-8 operators are depicted in
Figs. 4 and 5. It is interesting to note that in many cases

123
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Fig. 2 Typical examples of kinematic distributions used for the assess-
ment of BSM signal significances. Shown are the distributions of Mll ,
Mo 1 and RpT (in log scale): in the Standard Model (solid lines), with
fT 1 = 0.1/TeV−4 and the high-MWW tail treatment according to

Eq. (1.9) (dashed lines), and with fT 1 = 0.1/TeV−4 and the high-
MWW tail treatment according to Eq. (1.8) (dotted lines). Assumed is√
s = 14 TeV and an integrated luminosity of 3 ab−1

to events above MWW = ! in the original non-regularized
samples generated by MadGraph. For the dimension-8 oper-
ators, this weight was equal to (!/MWW )4. The choice of
the power in the exponent takes into account that the non-
regularized total cross section for WW scattering grows less
steeply around MWW = ! than its asymptotic behavior∼ s3,
which is valid in the limit MWW → ∞. This follows from
the observation that unitarity is first violated much before the
cross section gets dominated by its ∼ s3 term, as shown in
the Appendix. The applied procedure is supposed to ensure
that the total WW scattering cross section after regulariza-
tion behaves like 1/s for MWW > !, and so it approximates
the principle of constant amplitude (Sect. 1), at least after
some averaging over the individual helicity combinations.
Examples of simulated distributions are shown in Fig. 2.

Signal significance expressed in standard deviations (σ ) is
defined as the square root of a χ2 resulting from comparing
the bin-by-bin event yields:

χ2 =
∑

i

(N BSM
i − NSM

i )2/NSM
i . (3.1)

Lower observation limits on each operator are defined by
the requirement of signal significance being above the 5σ

level. Small differences between the respective signal pre-
dictions obtained using Eqs. (1.8) and (1.9), as well as using
other regularization techniques, will be manifest as slightly
different observation limits and should be understood as the
uncertainty margin arising from the unknown physics above
!, no longer described in terms of the EFT. Examples of sig-
nal significances as a function of f are shown in Fig. 3 with
dashed curves. Consistency of the EFT description is deter-
mined by requiring a small difference between the respective
predictions from Eqs. (1.8) and (1.9). An additional χ2

add is
computed based on the comparison of the respective distri-
butions of NEFT

i and N BSM
i :

χ2
add =

∑

i

(NEFT
i − N BSM

i )2/N BSM
i . (3.2)

In this analysis we allowed differences amounting to up to
2σ in the most sensitive kinematic distribution. This differ-
ence as a function of f is shown in Fig. 3 as dotted curves.
These considerations consequently translate into effective
upper limits on the value of f for each operator.

For each dimension-8 operator we took the distribution
that produced the highest χ2 among the considered vari-
ables. The most sensitive variables we found to be RpT ≡
p l1
T p l2

T /(p j1
T p j2

T ) [21] for OS0 and OS1, and Mo 1 ≡√
(|p l1

T | + |p l2
T | + |p miss

T |)2 − (p l1
T + p l2

T + p miss
T )2 [22]

for the remaining operators (for some of them, Mll would
give almost identical results as Mo 1, but usually this was not
the case).

Unitarity limits were computed using the VBFNLO [18,
19] calculator v1.3.0, after applying appropriate conversion
factors to the input values of the Wilson coeeficients, so to
make it suitable to the MadGraph 5 convention. We used the
respective values from T-matrix diagonalization, considering
both W+W+ and W+W− channels, and taking always the
lower value of the two. For the operators we consider here,
unitarity limits are lower for W+W− than for W+W+ except
for fS0 (both positive and negative) and negative fT 1.

Assuming ! is equal to the respective unitarity bounds, the
lower and upper limits for the values of f for each dimension-
8 operator, for positive and negative f values, estimated for
the HL-LHC with an integrated luminosity of 3 ab−1, are read
out directly from graphs such as Fig. 3 and listed below in
Table 1. These limits define the (continous) sets of testable
EFT “models” based on the choice of single dimension-8
operators.

The fact that the obtained lower limits are more optimistic
than those from several earlier studies (see, e.g., Ref. [23])
reflects our lack of detector simulation and reducible back-
ground treatment, but may be partly due to the use of the most
sensitive kinematic variables. It must be stressed, nonethe-
less, that both these factors affect all lower and upper limits
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less, that both these factors affect all lower and upper limits
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B WW scattering: off-shell versus on-shell

In this Appendix we investigate what can be said about the
VBS subprocess in the full pp → j jll ′νlνl ′ reaction from
the analysis of the on-shell WW scattering process. We start
with the discussion of the WW scattering in full pp process,
then identify the helicity amplitudes that dominate the high-
energy behavior in the presence of dimension-8 operators
and discuss the question of determining the unitarity limits.

B.1 WW scattering in the full pp reaction

In the physical process pp → j jll ′ννl ′ the W bosons are off-
shell. Nevertheless, in this subsection we would like to show
that qualitative conclusions on the influence of dimension-8
operators on the full process can be drawn from the analysis
of on-shell WW scattering. To this end, let us employ the
identity [16]:

g µν +
kµkν

M2
W

=
4∑

λ=1

ϵ
µ
λ (k)

(
ϵν
λ(k)

)∗
. (B.1)

to express the numerator of the off-shell vector boson as a sum
over polarization vectors ϵ

µ
λ (k). In the frame in which the spa-

tial component of kµ is in the z direction, kµ = (E, 0, 0, k),
the explicit form of each polarization vector reads:

ϵ
µ
− = 1√

2
(0,+1 − i, 0) (left),

ϵ
µ
+ = 1√

2
(0, − 1 − i, 0) (right),

ϵ
µ
0 = (k, 0, 0, E)/

√
k2 (longitudinal),

ϵ
µ
A = (E, 0, 0, k)/

√
k2− M2

W
k2M2

W
(auxiliary),

(B.2)

where k2 ≡ kµkµ. In the on-shell limit k2 → M2
W the

auxiliary polarization vanishes and ϵ0 approaches the exact
on-shell form of longitudinal polarization. With the help of
Eq. (B.1) one can then rewrite each of the 4 W propagators
in each of the diagram that has VBS topology, as

− i
∑4

λ=1 ϵ
µ
λ

(
ϵν
λ

)∗

k2 − M2
W

. (B.3)

Then the parton-level amplitude qq → qqll ′vlv′
l with VBS

topology can be decomposed as follows

M ≡
∑

λ1λ2λ3λ4
Mq1

λ1
Mq2

λ2
MWW

λ1λ2λ3λ4
Ml1

λ3
Ml2

λ4

(k2
1 − M2

W )(k2
2 − M2

W )(k2
3 − M2

W )(k2
4 − M2

W )
,

λi ∈ {ϵ− , ϵ+, ϵ0, ϵA}. (B.4)

The Mqi
λi

(Mli
λi

) terms are the trilinear qqW (llW ) vertices
contracted with ϵ∗ (ϵ) of Eq. (B.3), while the MWW

λ1λ2λ3λ4

term is the (off-shell) WW elastic scattering amplitude. The
sum over i includes necessarily polarization configurations
in which the W polarizations are auxiliary. Now, the effect
of dimension-8 operators grows with the scattering energy
MWW >> MW and modifies significantly helicity ampli-
tudes so that deviations from the SM behavior become non-
negligible. Since the off-shellness k2

i are suppressed dynam-
ically by propagators 1/(k2

i − M2
W ), in this kinematic limit

the scattered vector bosons must be fast, |ki| ∼ Ei >> MW ,
Therefore in the high MWW region ϵ

µ
0 ∼ ϵ

µ
A and approach

the on-shell form of the longitudinal polarization vector.
As a result, the sum in Eq. (B.3) runs effectively over
ϵi = ϵ0, ϵ+, ϵ− and the off-shell helicity amplitude can be
approximated by the on-shell one, accounting corrections of

order
√
(k2 − M2

W )/(k2M2
W ) or 1/

√
k2. Therefore in the fol-

lowing subsections we will discuss in detail the high-energy
behavior of on-shell WW scattering in the presence of contri-
butions from dimension-8 operators and the unitarity bound.

B.2 The on-shell WW scattering and the helicity
amplitudes

Let us consider the elastic on-shell W+W+ → W+W+ in
the presence of BSM part represented by a single dimension-
8 operator, as in an ”EFT model”. The scattering amplitude
iM can be written as:

iM = ASM + ABSM , (B.5)

where ASM denotes the SM part and ABSM represents the
BSM part that depends on the Wilson coefficients fi .

For the on-shell W bosons we choose to work in the helic-
ity basis in which the polarizations are ϵ

µ
i with i = +, − , 0.

There are in total 34 = 81 helicity amplitudes iM(i j →
kl) corresponding to helicity configurations (i jkl) in the
WW → WW scattering process. The total unpolarized on-
shell WW cross section can schematically be written as:

σ ∼ 1
9

∑

i, j,k,l

|ASM (i j → kl)|2 + (ASM (i j → kl)

ABSM (i j → kl)∗ + h .c.)+ |ABSM (i j → kl)|2 (B.6)

Since there are orders of magnitude differences concerning
contributions of different helicity amplitudes to the total cross
section it is convenient, using discrete symmetries P and
T and Bose statistics, to divide 81 polarization amplitudes
into classes. Amplitudes from the same class yield the same
contribution to (polarized) cross sections. Hence, in prac-
tice one can consider a reduced number of 13 independent
polarization classes, taking into account their multiplicities
when computing the cross section. It turns out that only a
few helicity configurations contribute non-negligibly at high
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ically by propagators 1/(k2

i − M2
W ), in this kinematic limit

the scattered vector bosons must be fast, |ki| ∼ Ei >> MW ,
Therefore in the high MWW region ϵ

µ
0 ∼ ϵ

µ
A and approach

the on-shell form of the longitudinal polarization vector.
As a result, the sum in Eq. (B.3) runs effectively over
ϵi = ϵ0, ϵ+, ϵ− and the off-shell helicity amplitude can be
approximated by the on-shell one, accounting corrections of

order
√
(k2 − M2

W )/(k2M2
W ) or 1/

√
k2. Therefore in the fol-

lowing subsections we will discuss in detail the high-energy
behavior of on-shell WW scattering in the presence of contri-
butions from dimension-8 operators and the unitarity bound.

B.2 The on-shell WW scattering and the helicity
amplitudes

Let us consider the elastic on-shell W+W+ → W+W+ in
the presence of BSM part represented by a single dimension-
8 operator, as in an ”EFT model”. The scattering amplitude
iM can be written as:

iM = ASM + ABSM , (B.5)

where ASM denotes the SM part and ABSM represents the
BSM part that depends on the Wilson coefficients fi .

For the on-shell W bosons we choose to work in the helic-
ity basis in which the polarizations are ϵ

µ
i with i = +, − , 0.

There are in total 34 = 81 helicity amplitudes iM(i j →
kl) corresponding to helicity configurations (i jkl) in the
WW → WW scattering process. The total unpolarized on-
shell WW cross section can schematically be written as:

σ ∼ 1
9

∑

i, j,k,l

|ASM (i j → kl)|2 + (ASM (i j → kl)

ABSM (i j → kl)∗ + h .c.)+ |ABSM (i j → kl)|2 (B.6)

Since there are orders of magnitude differences concerning
contributions of different helicity amplitudes to the total cross
section it is convenient, using discrete symmetries P and
T and Bose statistics, to divide 81 polarization amplitudes
into classes. Amplitudes from the same class yield the same
contribution to (polarized) cross sections. Hence, in prac-
tice one can consider a reduced number of 13 independent
polarization classes, taking into account their multiplicities
when computing the cross section. It turns out that only a
few helicity configurations contribute non-negligibly at high
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B WW scattering: off-shell versus on-shell

In this Appendix we investigate what can be said about the
VBS subprocess in the full pp → j jll ′νlνl ′ reaction from
the analysis of the on-shell WW scattering process. We start
with the discussion of the WW scattering in full pp process,
then identify the helicity amplitudes that dominate the high-
energy behavior in the presence of dimension-8 operators
and discuss the question of determining the unitarity limits.

B.1 WW scattering in the full pp reaction

In the physical process pp → j jll ′ννl ′ the W bosons are off-
shell. Nevertheless, in this subsection we would like to show
that qualitative conclusions on the influence of dimension-8
operators on the full process can be drawn from the analysis
of on-shell WW scattering. To this end, let us employ the
identity [16]:

g µν +
kµkν

M2
W

=
4∑

λ=1

ϵ
µ
λ (k)

(
ϵν
λ(k)

)∗
. (B.1)

to express the numerator of the off-shell vector boson as a sum
over polarization vectors ϵ

µ
λ (k). In the frame in which the spa-

tial component of kµ is in the z direction, kµ = (E, 0, 0, k),
the explicit form of each polarization vector reads:

ϵ
µ
− = 1√

2
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ϵ
µ
+ = 1√

2
(0, − 1 − i, 0) (right),

ϵ
µ
0 = (k, 0, 0, E)/

√
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ϵ
µ
A = (E, 0, 0, k)/

√
k2− M2

W
k2M2

W
(auxiliary),

(B.2)

where k2 ≡ kµkµ. In the on-shell limit k2 → M2
W the

auxiliary polarization vanishes and ϵ0 approaches the exact
on-shell form of longitudinal polarization. With the help of
Eq. (B.1) one can then rewrite each of the 4 W propagators
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− i
∑4

λ=1 ϵ
µ
λ

(
ϵν
λ

)∗

k2 − M2
W

. (B.3)

Then the parton-level amplitude qq → qqll ′vlv′
l with VBS

topology can be decomposed as follows
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3 − M2

W )(k2
4 − M2

W )
,
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behavior of on-shell WW scattering in the presence of contri-
butions from dimension-8 operators and the unitarity bound.

B.2 The on-shell WW scattering and the helicity
amplitudes

Let us consider the elastic on-shell W+W+ → W+W+ in
the presence of BSM part represented by a single dimension-
8 operator, as in an ”EFT model”. The scattering amplitude
iM can be written as:

iM = ASM + ABSM , (B.5)

where ASM denotes the SM part and ABSM represents the
BSM part that depends on the Wilson coefficients fi .

For the on-shell W bosons we choose to work in the helic-
ity basis in which the polarizations are ϵ
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There are in total 34 = 81 helicity amplitudes iM(i j →
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shell WW cross section can schematically be written as:
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|ASM (i j → kl)|2 + (ASM (i j → kl)

ABSM (i j → kl)∗ + h .c.)+ |ABSM (i j → kl)|2 (B.6)

Since there are orders of magnitude differences concerning
contributions of different helicity amplitudes to the total cross
section it is convenient, using discrete symmetries P and
T and Bose statistics, to divide 81 polarization amplitudes
into classes. Amplitudes from the same class yield the same
contribution to (polarized) cross sections. Hence, in prac-
tice one can consider a reduced number of 13 independent
polarization classes, taking into account their multiplicities
when computing the cross section. It turns out that only a
few helicity configurations contribute non-negligibly at high
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Let us consider the elastic on-shell W+W+ → W+W+ in
the presence of BSM part represented by a single dimension-
8 operator, as in an ”EFT model”. The scattering amplitude
iM can be written as:
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where ASM denotes the SM part and ABSM represents the
BSM part that depends on the Wilson coefficients fi .

For the on-shell W bosons we choose to work in the helic-
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Since there are orders of magnitude differences concerning
contributions of different helicity amplitudes to the total cross
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