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Semileptonic: 
Diboson final state with one V decay to quarks (→ jets),  

and other V decay to final state with lepton (e, μ)

→ Can reconstruct WV state
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New Physics here? 
Can directly probe the triboson coupling 

- Anomalous Triple Gauge Coupling (aTGC)
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New Physics visible in diboson mass spectrum & boson pT as enhancement at larger values:
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How to describe new physics?  

Use EFT parametrization 

→ CP-conserving dimension-6 operators, each with a coefficient 

Λ = new physics scale  

Results in terms of scale coefficients, ci/Λ2 → ci = 0 in SM, ≠ 0 in New Physics!

aTGC parametrization

�5

Phys. Rev. D 48 (1993) 2182 

Ann. Phys. 335 (2013) 21 
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1 Introduction
The standard model (SM) of particle physics provides a thoroughly tested description of the
known elementary particles and their interactions. Its theoretical and observational shortcom-
ings may be explained by the existence of further inner structure at shorter distances or, equiv-
alently, higher energies. One of the goals of the LHC and its detectors is to reveal such structure
if it exists.

If the physics beyond the SM does not contain new low-mass particles and is consistent with
the symmetries of the SM, its effects can be parametrized in terms of an effective field theory
(EFT). In this approach, the new-physics model is constructed by expanding around the SM
and integrating over degrees of freedom at higher energies. This leads to additional terms
in the Lagrangian, proportional to inverse powers of the mass scale of the new particles, up
to numerical factors that depend on the new couplings. We refer to the overall energy scale
suppressing these terms as L. In this paper we focus on possible additional contributions to
the production of WW and WZ final states parametrized in such an EFT model by dimension-
six operators [1, 2], with the following CP-conserving modification to the SM Lagrangian:

dL =
cWWW

L2 Tr
h
WµnWnrWµ

r

i
+

cW

L2

⇣
DµF

⌘†
Wµn (DnF) +

cB

L2

⇣
DµF

⌘†
Bµn (DnF) , (1)

where F is the SM Higgs boson field doublet and
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i
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⌘
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(2)

The parameters {cWWW, cW, cB} control the size of each new contribution. These additional
contributions induce triple gauge couplings (TGCs) beyond those present in the SM, and are re-
ferred to as anomalous TGCs (aTGCs). The SM behaviour is therefore recovered when cWWW =
cW = cB = 0. Nonzero aTGCs would lead to increased WW and WZ production cross sections
at high vector boson pair invariant masses. The search for nonzero aTGCs is performed in the
semileptonic final state, with one W boson decaying to a lepton (e or µ) and a neutrino, and
the other W or Z boson decaying hadronically. The leading-order (LO) Feynman diagram for
this process involving triple gauge couplings is shown in Fig. 1.

Although the hadronic decay channel of a gauge boson has a larger branching fraction than the
leptonic decay channel, it suffers from the presence of background processes with significantly
larger cross sections, especially those producing multiple hadronic jets. The semileptonic final
state therefore offers a good balance between efficiency and purity. It also allows a full kine-
matic reconstruction of the diboson system. Since the effects of the aTGCs are most dramatic at
high boson momenta, we consider only hadronic decays from highly Lorentz-boosted vector
bosons where the hadronization products of the two final state quarks overlap in the detector to
form a single, large-radius jet. This analysis distinguishes WW and WZ production using the
invariant mass of the jet created as the result of the hadronic decay of the W/Z boson, thereby
providing some discrimination between the different aTGC contributions. However, the rel-
atively poor jet mass resolution significantly limits this separation power. Further discrimi-
nation between the different aTGC parameters is only possible by studying angular variables
that characterize the diboson production and decay products [3, 4]. Such analysis is outside
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Also interpret in terms of “LEP” / “Lagrangian” parametrization: 

LEP constraint: impose SU(2) × U(1) gauge invariance + low energy approx: 5 → 3 aTGCs 

Can express deviation from SM in terms of: 

aTGC parametrization
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4.1 Lagrangian approach

The Lagrangian approach to anomalous couplings is based on the Lagrangian [6]

L = igWWV

(

gV1 (W
+
µνW

−µ −W+µW−
µν)V

ν + κV W
+
µ W−

ν V µν +
λV

M2
W

W ν+
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ν V µ
ρ

+igV4 W
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µ W−
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−
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m2
W
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ν Ṽ µ
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(10)

where V = γ, Z; W±
µν = ∂µW±

ν −∂νW±
µ , Vµν = ∂µVν−∂νVµ, and the overall coupling constants

are defined as gWWγ = −e and gWWZ = −e cot θW . In constructing this Lagrangian, the W
bosons are constrained to be on shell and the scalar components of the neutral gauge bosons
are neglected [6]. These are appropriate constraints for application of this Lagrangian to
electroweak vector boson pair production, so they do not imply a loss of generality. None of
these constraints need be imposed on the effective field theory, however; it is valid for both
real and virtual particles, and for all field components.

The first three terms of Eq. (10) respect C and P , and the remaining four terms violate
C and/or P . Electromagnetic gauge invariance implies that gγ1 = 1 and gγ4 = gγ5 = 0. Thus
there are five independent C- and P -conserving parameters: gZ1 , κγ, κZ ,λγ,λZ ; and six C
and/or P violating parameters: gZ4 , g

Z
5 , κ̃γ, κ̃Z , λ̃γ, λ̃Z

This is the most general Lagrangian describing the trilinear interaction of electroweak
vector bosons, but only in a limited sense. The Lagrangian contains all possible Lorentz
structures, each constructed with the fewest number of derivatives. However, one can con-
struct an infinite number of additional terms by adding derivatives, ∂µ [6]. Each derivative
would be accompanied by a factor of M−1

W , since this is the only mass in the theory (cf.
the two dimension six terms proportional to λV and λ̃V ). These additional terms are not
suppressed at energies above the W mass, and thus there is no principle instructing one to
neglect them. This is in contrast to the effective field theory approach, where each additional
power of Dµ is accompanied by a factor of Λ−1, and is hence suppressed. If one were to argue
that only the lowest dimension operators should be kept (as in an effective field theory), then
there would be no rationale for keeping the two dimension six terms proportional to λV and
λ̃V and dropping terms constructed from the other terms with two derivatives added, which
are also dimension six. This Lagrangian lacks the systematic expansion in powers of Λ−1

present in an effective field theory.
This is not the Lagrangian of a modern effective field theory. No attention has been

paid to the issue of SU(2)L × U(1)Y gauge symmetry, despite the fact that the Lagrangian
is constructed from the electroweak vector bosons. If this Lagrangian is used for tree-level
calculations, it leads to violation of unitarity bounds at high energy, with no prescription for
how to deal with them [10, 11, 12]. The issue of unitarity bounds is discussed in Section 6.
In loop calculations, it generally yields ultraviolet divergences, again with no prescription for
how to handle them [7, 8, 9]. Thus this Lagrangian lacks many of the virtues of an effective
field theory.

5

ΔgZ
1 = gZ

1 − 1 ΔκZ = κZ − 1 λZ

λZ = λγ, ΔκZ = ΔgZ
1 − Δκγ tan2 θWOthers related by: 

Ann. Phys. 335 (2013) 21 
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Variety of existing semileptonic diboson measurements: 

(omitting VVjj  & all-leptonic final states - covered in other talks)
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(𝓁𝜈jj + 𝓁𝜈𝓁𝓁) 
Phys. Lett. B 718 (2012) 451 

LEP [ALEPH, DELPHI, L3, OPAL]  
(various final states) 

Phys. Rept. 532 (2013) 119 

CMS  

@ 7 TeV (𝓁𝜈jj) 
Eur. Phys. J. C 73 (2013) 2283 

@ 8 TeV (𝓁𝜈J) 
Phys. Lett. B 772 (2017) 21 

@13 TeV (2015 data, 𝓁𝜈J) 
CMS-PAS-SMP-16-012 

@13 TeV (2016 data, 𝓁𝜈J) NEW !!! 
1907.08354 (submitted to JHEP)

ATLAS  

@ 7 TeV (𝓁𝜈jj) 
JHEP 01 (2015) 049  

@ 8 TeV (𝓁𝜈jj + 𝓁𝜈J) 
Eur. Phys. J. C 77 (2017) 563 

Talk about these 
measurements today
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BR(V → qq) ~ 70%

BR(W → 𝓁𝜈) ~ 20%q
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V → qq significant!  

But... 

Leptons = nice, clean objects 
∴ Jets = tricky, messy objects? 

Pileup 🤢    
Single q/g initiated background jets 😱 

Or are they...
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How to reconstruct hadronic V? 
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W/Z 
pT ≿ 200 GeV

q

q’

All decay products fall within 1 
large-radius jet 

(R = 0.8 for CMS, 1 for ATLAS)

W/Z 
pT ≾ 200 GeV

2 resolved 
 small-radius jets 

(R = 0.4)

q

q’
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→ use information from 
jet constituents
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QCD 
pT ≿ 200 GeV

How to distinguish QCD vs W/Z jets?

W/Z 
pT ≿ 200 GeV

q

q’

All decay products fall within 1 
large-radius jet 

(R = 0.8 for CMS, 1 for ATLAS)
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Grooming
Remove soft/wide-angle radiation from jet (soft emissions, underlying event, pileup, …) 

→ would ruin jet mass resolution, etc 

Compare groomed quantities (mass, # constituents, …) 

Variety of methods: trimming, soft drop, … 

Trimming: recluster with smaller radius (R=0.2),  

drop subjets with too small pT fraction (< 5%)

�11

 

Jet Grooming and Pileup
Mitigation

6
March 26, 2019 Muhammad Ansar Iqbal SMP-18-008 Approval

Jets are re-clustered, removing soft and wide-angle radiation, reducing the mass of jets initiated

by gluons or single quarks, while improving jet mass resolution for jets originating from heavy

particles.

We use a modified mass-drop algorithm known as soft drop.

min(pT,J1,pT,J2)
pT,J1+pT,J2

< zcut ⇥ (DR12
R0

)b, with zcut = 0.1, b = 0, and R0 = 0.8

To further improve the jet mass resolution, prior to grooming the pileup per particle identification

(PUPPI) algorithm is used to mitigate the effect of pileup at the reconstructed particle level. The

mass of the resulting jet is the PUPPI soft drop mass mPUPPI SD, one of the most important

variables in this analysis.
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Eur. Phys. J. C 76 (2016) 154
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ATLAS @ 8 TeV
Tackled both resolved & merged V→qq topologies 

→ separate optimisations 
Leptonic W reconstruction: 

Exactly 1 electron or muon 
Missing transverse momentum 

Wlep pT > 100 GeV (jj only) 
mT > 40 GeV (jj only) 

Data selected by electron or muon triggers 
∫L = 20.2 fb-1

Event Selection

3
August 20, 2018 Muhammad Ansar Iqbal SMP-18-008 Pre-approval

Exactly one lepton passing selection criteria,
no additional loose leptons.

Missing transverse momentum /ET.

At least one AK8 “fat jet” passing quality re-
quirements.

Selection Cut e channel µ channel
Lepton pT > 50 GeV 53 GeV
Lepton |h| < 2.4 2.4
CHS jet pT > 200 GeV 200 GeV
CHS jet |h| < 2.4 2.4
Jet tPUPPI

21 < 0.55 0.55
mjetPUPPI [40, 150] GeV [40, 150] GeV

Selection Cut e channel µ channel
/ET > 80 GeV 40 GeV

WleppT > 200 GeV 200 GeV
MWV > 900 GeV 900 GeV

DR(jet, lep) > p/2 p/2
Df(jet, /ET) > 2.0 2.0

Df(jet, Wlep) > 2.0 2.0

mailto:robin.aggleton@cern.ch?subject=
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Event Selection

3
August 20, 2018 Muhammad Ansar Iqbal SMP-18-008 Pre-approval

Exactly one lepton passing selection criteria,
no additional loose leptons.

Missing transverse momentum /ET.

At least one AK8 “fat jet” passing quality re-
quirements.

Selection Cut e channel µ channel
Lepton pT > 50 GeV 53 GeV
Lepton |h| < 2.4 2.4
CHS jet pT > 200 GeV 200 GeV
CHS jet |h| < 2.4 2.4
Jet tPUPPI

21 < 0.55 0.55
mjetPUPPI [40, 150] GeV [40, 150] GeV

Selection Cut e channel µ channel
/ET > 80 GeV 40 GeV

WleppT > 200 GeV 200 GeV
MWV > 900 GeV 900 GeV

DR(jet, lep) > p/2 p/2
Df(jet, /ET) > 2.0 2.0

Df(jet, Wlep) > 2.0 2.0

Hadronic V reconstruction: 

2 small radius jets (jj) | 1 larger radius jet (J) 

∆η(j,j) < 1.5 (jj) 

pT(jj) > 100 GeV | pT(J) > 200 GeV 

mjj / trimmed mass mJ ∈ [65, 95] GeV 
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Event Selection

3
August 20, 2018 Muhammad Ansar Iqbal SMP-18-008 Pre-approval

Exactly one lepton passing selection criteria,
no additional loose leptons.

Missing transverse momentum /ET.

At least one AK8 “fat jet” passing quality re-
quirements.

Selection Cut e channel µ channel
Lepton pT > 50 GeV 53 GeV
Lepton |h| < 2.4 2.4
CHS jet pT > 200 GeV 200 GeV
CHS jet |h| < 2.4 2.4
Jet tPUPPI

21 < 0.55 0.55
mjetPUPPI [40, 150] GeV [40, 150] GeV

Selection Cut e channel µ channel
/ET > 80 GeV 40 GeV

WleppT > 200 GeV 200 GeV
MWV > 900 GeV 900 GeV

DR(jet, lep) > p/2 p/2
Df(jet, /ET) > 2.0 2.0

Df(jet, Wlep) > 2.0 2.0

Total WV reconstruction: 

∆ɸ(jet 1, pTmiss) > 0.8 (jj) 

∆R(jet, lepton) > 0.4 (jj) 

∆R(jet, lepton) > 1 (J) 
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ATLAS @ 8 TeV

W + jets (dominant background) 

      (has real W→ qq) 

Z + jets 

QCD multijet (mainly for electron channel) 

Single top quark 

ZZ 
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Major backgrounds

Minor backgrounds

tt

→ Estimate from MC+data, use in binned 
Maximum-Likelihood fit of pT(jj) | pT(J)
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Figure 3: Comparison between data and prediction in the WV ! `⌫J channel for (a) mJ in the top CR, and (b)
pT(J) in the W + jets CR. A scale factor is applied to the top-quark background prediction in the top CR and the
W + jets CR, and a scale factor is applied to the W + jets background prediction (which is part of the “V + jets”
histogram) in the W + jets CR. The hatched bands indicate the systematic uncertainty of the prediction. For the
V + jets component, only shape systematic uncertainties are included in the bands.

8 Cross-section extraction

The fiducial cross-section �fid for WV ! `⌫qq0 production is measured independently for the WV ! `⌫jj
and WV ! `⌫J phase spaces, in both cases using the formula:

�fid =
NWV

L · Dfid
,

where NWV is the measured signal yield, L is the integrated luminosity, and Dfid is a factor that corrects
for experimental acceptance and e�ciencies. Since this analysis measures NWV as the sum of the WW
and WZ processes, which can each have di↵erent acceptances and e�ciencies, Dfid is given by:

Dfid = f WW ·CWW + (1 � f WW) ·CWZ ,

where the CWV are reconstruction correction factors and the variable f WW is the predicted ratio of the
WW fiducial cross-section to the WW +WZ fiducial cross-section. The CWV and f WW values are estim-
ated from MC simulation. The CWV factors are defined as the predicted number of WV signal events
passing the reconstruction-level event selection divided by the number of WV events in the fiducial phase
space defined with generator-level particles. The CWV factors account for reconstruction ine�ciencies,
resolution e↵ects, and for contributions to the signal region from WV events that do not decay to `⌫qq0
(such as WV ! ⌧⌫qq0 or WW ! `⌫`⌫); the latter are included in the CWV numerator and not in the
denominator. The cross-section �fid is measured for the sum of the electron and muon channels, so Dfid is

12
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ATLAS @ 8 TeV: Backgrounds
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Figure 3: Comparison between data and prediction in the WV ! `⌫J channel for (a) mJ in the top CR, and (b)
pT(J) in the W + jets CR. A scale factor is applied to the top-quark background prediction in the top CR and the
W + jets CR, and a scale factor is applied to the W + jets background prediction (which is part of the “V + jets”
histogram) in the W + jets CR. The hatched bands indicate the systematic uncertainty of the prediction. For the
V + jets component, only shape systematic uncertainties are included in the bands.

8 Cross-section extraction

The fiducial cross-section �fid for WV ! `⌫qq0 production is measured independently for the WV ! `⌫jj
and WV ! `⌫J phase spaces, in both cases using the formula:

�fid =
NWV

L · Dfid
,

where NWV is the measured signal yield, L is the integrated luminosity, and Dfid is a factor that corrects
for experimental acceptance and e�ciencies. Since this analysis measures NWV as the sum of the WW
and WZ processes, which can each have di↵erent acceptances and e�ciencies, Dfid is given by:

Dfid = f WW ·CWW + (1 � f WW) ·CWZ ,

where the CWV are reconstruction correction factors and the variable f WW is the predicted ratio of the
WW fiducial cross-section to the WW +WZ fiducial cross-section. The CWV and f WW values are estim-
ated from MC simulation. The CWV factors are defined as the predicted number of WV signal events
passing the reconstruction-level event selection divided by the number of WV events in the fiducial phase
space defined with generator-level particles. The CWV factors account for reconstruction ine�ciencies,
resolution e↵ects, and for contributions to the signal region from WV events that do not decay to `⌫qq0
(such as WV ! ⌧⌫qq0 or WW ! `⌫`⌫); the latter are included in the CWV numerator and not in the
denominator. The cross-section �fid is measured for the sum of the electron and muon channels, so Dfid is
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V+jets: 

MC, + data-driven corrections: use control region = signal region, but failing mjj | mJ cut 

𝓁𝜈jj: improve jet kinematics shapes: ~ 10% effect 

𝓁𝜈J: determine overall normalisation factor (0.84) 

Top-quark: 

MC, compared to data using b-tagged jets.  

Overall normalisation factor in 𝓁𝜈J channel (0.87) 

Multijet: 

Kinematic shapes from data: use control region = signal region, but poorer lepton quality               
(→ more non-prompt & fake leptons) 

Yield extrapolated from fit to pTmiss in QCD enhanced-region
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ATLAS @ 8 TeV
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𝓁𝜈jj: Simultaneous fit to signal region + “sideband” region (mjj ∈ [40, 65] or [95, 200] GeV) 

𝓁𝜈J: Fit to signal region only 

Largest systematic uncertainties from jet-related sources

ATLAS @ 8 TeV
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ATLAS @ 8 TeV: 1D Limits

Derived 1D limits on aTGCs: separate limits for 𝓁𝜈jj and 𝓁𝜈J, assume all other aTGCs = 0 

Limits from 𝓁𝜈J significantly stronger than those from 𝓁𝜈jj 

Also calculated limits varying cutoff scale - affects 𝓁𝜈J more as probes larger mWV

�20

Parameter Observed Expected Observed Expected
WV ! `⌫jj WV ! `⌫J

�gZ1 [ �0.027, 0.045] [ �0.036, 0.051] [ �0.021, 0.024] [ �0.024, 0.027]
�� [ �0.11, 0.13] [ �0.15, 0.16] [ �0.061, 0.064] [ �0.071, 0.075]

�Z = �� [ �0.022, 0.022] [ �0.027, 0.026] [ �0.013, 0.013] [ �0.015, 0.015]

Parameter Observed [TeV�2] Expected [TeV�2] Observed [TeV�2] Expected [TeV�2]
WV ! `⌫jj WV ! `⌫J

cWWW /⇤2 [ �5.3, 5.3] [ �6.4, 6.3] [ �3.1, 3.1] [ �3.6, 3.6]
cB/⇤2 [ �36, 43] [ �45, 51] [ �19, 20] [ �22, 23]
cW /⇤2 [ �6.4, 11] [ �8.7, 13] [ �5.1, 5.8] [ �6.0, 6.7]
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ATLAS @ 8 TeV: 2D Limits
Confidence regions for pairs of aTGCs: other aTGC = 0
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Run II

Larger √s → opens up larger mWV / pTV phase space 

But larger instantaneous luminosity → larger pileup 

New data, new tools: 

- better pileup rejection (PUPPI) 

- better V jet vs QCD jet discrimination tools (Soft-drop, N-subjettiness)

�23
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Pileup

�24

= other pp collisions happening simultaneously = extra particles you don’t want! 

How to remove?  

‣ Charged particles easy - use tracker to identify collision vertex 

‣ Neutrals not as easy 

Pileup Per Particle ID (PUPPI):  

weight each particle based on  

probability from leading vertex

CMS Luminosity Results

Number of vertices
0 10 20 30 40 50

Je
t m

as
s 

re
so

lu
tio

n 
[%

]

10

11

12

13

14

15

CHS W boson jets

PUPPI W boson jets

 < 600 GeV
T

400 GeV < p

Bulk graviton
, R=0.8TAnti-k

(13 TeV)

CMS
Simulation

(13 TeV)

CMS
Simulation Preliminary

Number of vertices
0 10 20 30 40 50

M
ed

ia
n 

je
t m

as
s 

[G
eV

]

76

77

78

79

80

81

82

CHS W boson jets

PUPPI W boson jets

 < 600 GeV
T

400 GeV < p

Bulk graviton
, R=0.8TAnti-k

(13 TeV)

CMS
Simulation

(13 TeV)

CMS
Simulation Preliminary

JHEP 1410 (2014) 059

CMS-PAS-
JME-18-001

~ flat behaviour 
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Grooming

Soft drop 

Recluster jet constituents with Cambridge-Aachen, then: 

    Break jet j into 2 subjets 
    If 2 subjets satisfy condition then j is final soft drop jet 
    Otherwise j = subjet with larger pT, repeat 

CMS typically uses β = 0, zcut = 0.1 

Especially useful for jet mass mSD: mQCD → 0,  

whilst other objects peak at their mass mX

�25
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emissions. Intriguingly, we will find that the � ! 0 limit is “Sudakov safe” [105],

and the resulting jet energy drop spectrum is independent of ↵s in the fixed coupling

approximation.

While the focus of this paper is on the analytic properties of the soft drop procedure, we

will cross check our results using parton shower Monte Carlo simulations. In addition to

these analytic studies, we will perform a Monte Carlo study of non-perturbative corrections

(hadronization and UE) in Sec. 6, and estimate the tagging performance of soft drop for

boosted W bosons in Sec. 7. We present our conclusions in Sec. 8.

2 Soft Drop Declustering

2.1 Definition

The starting point for soft drop declustering is a jet with characteristic radius R0. For

definiteness, we will always consider jets defined with the anti-kt algorithm [109], but other

jet algorithms would work equally well. We then recluster the jet constituents using the

Cambridge-Aachen (C/A) algorithm [110, 111] to form a pairwise clustering tree with an

angular-ordered structure.

The soft drop declustering procedure depends on two parameters, a soft threshold zcut
and an angular exponent �, and is implemented as follows:

1. Break the jet j into two subjets by undoing the last stage of C/A clustering. Label the

resulting two subjets as j1 and j2.

2. If the subjets pass the soft drop condition
⇣
min(pT1,pT2)

pT1+pT2
> zcut

⇣
�R12
R0

⌘�
, see Eq. (1.1)

⌘

then deem j to be the final soft-drop jet. (Optionally, one could also impose the mass-

drop condition max(m1, m2) < µ m as in Ref. [6], but we will not use that here.)

3. Otherwise, redefine j to be equal to subjet with larger pT and iterate the procedure.

4. If j is a singleton and can no longer be declustered, then one can either remove j from

consideration (“tagging mode”) or leave j as the final soft-drop jet (“grooming mode”).

By building a C/A tree, we can apply the pairwise soft drop condition from Eq. (1.1) to a jet

with more than two constituents. Tagging mode is only IRC safe for �  0 whereas grooming

mode is only IRC safe for � > 0. In this paper, we will typically consider zcut ' 0.1 but we

will explore a wide range of � values.2

The above algorithm can be thought of as a generalization of the (modified) mass-drop

tagger (mMDT) [6, 59], with � = 0 roughly corresponding to mMDT itself. There are,

2Throughout this paper, we will assume that �R12 < R0 at every stage of the declustering, such that the

algorithm returns the whole jet in the � ! 1 limit. In practice, it is possible for a jet of characteristic radius

R0 to have �R12 > R0 when reclustered with C/A, and in that case we simply apply step 2 without change,

such that wide angle emissions can still be vetoed even in the � ! 1 limit.

– 4 –
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N-subjettiness

τN: how “likely” is jet composed of N subjets? 

τN → 0 as radiation becomes aligned with N subjets 

More powerful: τ21 = τ2 / τ1

�26

JHEP 1103 (2011) 015

calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Table 1: Data versus simulation scale factors for the efficiency of the t21 selection used in this
analysis, as extracted from a top quark enriched data sample and from simulation.

t21 selection Efficiency scale factor
0 < t21  0.35 0.99 ± 0.1 (stat) ± 0.04 (syst)

0.35 < t21  0.75 1.03 ± 0.2 (stat) ± 0.11 (syst)
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Figure 2: The PUPPI soft-drop jet mass distribution (left) after preselecting and requiring t21 <
0.35, and the PUPPI N-subjettiness t21 distribution (right) for data and simulated samples after
preselection and requiring a soft-drop mass of 65  mjet  105 GeV. The multijet production
is shown for three different event generators. The W+jets and Z+jets events are stacked with
the multijet sample generated with PYTHIA8. For the PUPPI soft-drop jet mass distribution, the
mjj requirement has been raised from the analysis threshold of 1050 GeV to 1080 GeV, since no
requirements on the jet mass are applied. The lower subplots show the data over simulation
ratio per bin.

4.5 Final event selection and categorization

After reconstructing the vector bosons as V-tagged AK8 jets, we apply the final selections used
for the search. For the excited quark search the selections of the VV case are loosened so that
the quark jet candidate is not subjected to a groomed mass or substructure requirement. Any
V boson candidate, as well as the q jet candidate for the qV analysis, must have pT > 200 GeV.
If more than two such candidates are present in the event, which is the case for approximately
16% of selected events, the two jets with the highest pT are selected. The event is rejected if
at least one of the two jets has an angular separation DR smaller than 0.8 from any electron or
muon in the event, to allow future use of the results in a combination with studies in the semi-
or all-leptonic decay channels [4, 77]. Leptons used for this veto need to have a pT greater than
35 (30) GeV, an absolute pseudorapidity smaller than 2.5 (2.4), and pass identification criteria
that were optimized for high-momentum electrons (muons) [77]. In addition, we require the
two jets to have a separation of |Dhjj| < 1.3 to reject multijet background, which typically
contains jets widely separated in h. Furthermore, mjj must be above 1050 GeV in order to be on
the trigger plateau. Fig. 2 shows the distribution of the soft-drop jet mass and N-subjettiness
variable for the leading jet in the event after this initial selection.

To enhance the analysis sensitivity, the events are categorized according to the characteristics
of the V jet. The V jet is deemed a W boson candidate if its soft-drop mass falls into the range

Phys. Rev. D 97, 
072006 (2018)

Boosted W jets: 
smaller τ21 QCD jets: 

larger τ21
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PUPPI + Soft-drop + N-subjettiness  

= 

Powerful discrimination between W/Z jets & QCD jets  

in a pileup environment
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Event Selection

3
August 20, 2018 Muhammad Ansar Iqbal SMP-18-008 Pre-approval

Exactly one lepton passing selection criteria,
no additional loose leptons.

Missing transverse momentum /ET.

At least one AK8 “fat jet” passing quality re-
quirements.

Selection Cut e channel µ channel
Lepton pT > 50 GeV 53 GeV
Lepton |h| < 2.4 2.4
CHS jet pT > 200 GeV 200 GeV
CHS jet |h| < 2.4 2.4
Jet tPUPPI

21 < 0.55 0.55
mjetPUPPI [40, 150] GeV [40, 150] GeV

Selection Cut e channel µ channel
/ET > 80 GeV 40 GeV

WleppT > 200 GeV 200 GeV
MWV > 900 GeV 900 GeV

DR(jet, lep) > p/2 p/2
Df(jet, /ET) > 2.0 2.0

Df(jet, Wlep) > 2.0 2.0

Leptonic W reconstruction: 

Exactly 1 electron or muon 
Missing transverse momentum 

Wlep pT > 200 GeV 

Data selected by electron or muon triggers 
(∫L = 35.9 fb-1)

CMS @ 13 TeV
Only consider merged V→qq topology 
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Event Selection

3
August 20, 2018 Muhammad Ansar Iqbal SMP-18-008 Pre-approval

Exactly one lepton passing selection criteria,
no additional loose leptons.

Missing transverse momentum /ET.

At least one AK8 “fat jet” passing quality re-
quirements.

Selection Cut e channel µ channel
Lepton pT > 50 GeV 53 GeV
Lepton |h| < 2.4 2.4
CHS jet pT > 200 GeV 200 GeV
CHS jet |h| < 2.4 2.4
Jet tPUPPI

21 < 0.55 0.55
mjetPUPPI [40, 150] GeV [40, 150] GeV

Selection Cut e channel µ channel
/ET > 80 GeV 40 GeV

WleppT > 200 GeV 200 GeV
MWV > 900 GeV 900 GeV

DR(jet, lep) > p/2 p/2
Df(jet, /ET) > 2.0 2.0

Df(jet, Wlep) > 2.0 2.0

Hadronic V reconstruction: 

At least 1 large-radius anti-kT jet (R = 0.8) 

pT > 200 GeV  

τ21 + PUPPI  < 0.55 

Jet mass (Soft Drop + PUPPI) ∈ [40, 150] GeV
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Event Selection

3
August 20, 2018 Muhammad Ansar Iqbal SMP-18-008 Pre-approval

Exactly one lepton passing selection criteria,
no additional loose leptons.

Missing transverse momentum /ET.

At least one AK8 “fat jet” passing quality re-
quirements.

Selection Cut e channel µ channel
Lepton pT > 50 GeV 53 GeV
Lepton |h| < 2.4 2.4
CHS jet pT > 200 GeV 200 GeV
CHS jet |h| < 2.4 2.4
Jet tPUPPI

21 < 0.55 0.55
mjetPUPPI [40, 150] GeV [40, 150] GeV

Selection Cut e channel µ channel
/ET > 80 GeV 40 GeV

WleppT > 200 GeV 200 GeV
MWV > 900 GeV 900 GeV

DR(jet, lep) > p/2 p/2
Df(jet, /ET) > 2.0 2.0

Df(jet, Wlep) > 2.0 2.0

Total WV reconstruction: 

Diboson invariant mass mWV > 900 GeV 

∆R(jet, lepton) > π/2 

∆ɸ(jet, missing pT) > 2 

∆ɸ(jet, Wlep) > 2
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CMS @ 13 TeV: Backgrounds

W + jets (dominant background) 

Single top quark 

SM diboson 

(QCD mulitjet negligible, incorporated into W+jets shape)

�31

Major backgrounds - estimate using data + MC

Minor backgrounds - estimate using only MC

Ev
en

ts
 / 

5 
G

eV

0

200

400

600

800

1000

1200

1400
CMS

50 60

D
at

a
σ

D
at

a-
Fi

t

-4
-2
0
2
4

Muon channel

70 80 90 100

 (13 TeV)-135.9 fb
Data
W+jets
tt
WW
WZ
Single top
Post-fit unc.

 (GeV)SDm
110 120 130 140 150

tt

Jet mass (with soft drop) = mSD

mailto:robin.aggleton@cern.ch?subject=


Robin Aggleton | robin.aggleton@cern.ch MBI 2019, Thessaloniki

CMS @ 13 TeV: Analysis Strategy
Extract possible signal by 2D fit in (mWV, mSD) 

- Create template shapes for signal + backgrounds, then fit to data 

- Not smooth kernel - divide mSD into signal + “sideband” regions: 

- Final simultaneous fit across all regions 

mSD: modelled by fitting to simulation 

mWV: 

    Signal: From MC, incorporating SM, aTGCs, and interference effects 

   Background:  

       W+jets: use data in W+jets-enriched region + MC → models correlation between mSD and mWV 

          Others: use shapes derived from MC
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CMS @ 13 TeV: Signal Template
The mWV shape can be modelled by exponential decay 

+ aTGC effects → only has effect at larger mWV (via Erf function) 

Separate parts for: 

    - SM 

    - aTGC 

    - SM-aTGC interference effects 

    - aTGC-aTGC interference effects 

“EWDim6” model used in MG5_aMC@NLO at NLO 

→ each event weighted with different permutations of 0 & !=0 aTGCs 

SM-only scenario normalised to NNLO cross-section 
�33
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Minor background contributions are modelled by directly fitting parametric functions to the
simulated samples and keeping them fixed in the final fit. In contrast, major backgrounds
are modelled by first determining the function parameters by fitting to the simulation, then
using the fit result uncertainties as priors when fitting these to data in the process of the signal
extraction. The fit range in mSD includes the signal region as well as the W+jets control region,
to help constrain the W+jets background. To accurately estimate this dominant background,
the ratio of the W+jets mWV distributions in the signal and W+jets control regions in data is
constrained to match that predicted by the simulation.

5 Signal modelling
For diboson processes, with or without additional contributions from anomalous couplings, the
mWV distribution can be modelled to a good approximation by an exponential decay function.
The inclusion of additional contributions from anomalous couplings leads to an increase of
events at higher mWV values. Therefore, the signal shape is modelled as a sum of exponential
terms, with a combination of terms accounting for pure SM and aTGC contributions, as well as
SM–aTGC and aTGC–aTGC interference effects. The pure aTGC term also includes the error
function to ensure its effect is only relevant at larger values of mWV.

The complete signal diboson mass distribution, Fsignal(mWV), is described by:

Fsignal(mWV) =NSM
�
ea0mWV + eacorrmWV

�

+ Â
i

 
Nci ,1c2

i eai,1mWV

 
1 + erf[(mWV � a0,i)/aw,i]

2

!
+ Nci ,2cie

ai,2mWV

!

+ Â
i<j

⇣
Nci ,cj

cicje
aijmWV

⌘
,

(3)

where ci are the various aTGC parameters, and erf is the error function. The complete signal
distribution can be decomposed into four contributions: the SM part with no dependence on
ci, pure aTGC contributions proportional to c2

i , aTGC–SM interference terms proportional to ci,
and bilinear interference terms between the different aTGCs proportional to cicj for i 6= j. The
parameters NSM, Nci ,1, Nci ,2, and Nci ,cj

are the normalization of the SM, pure aTGC, aTGC–SM
interference, and aTGC–aTGC interference terms for the various ci,j, respectively. Similarly,
a0, ai,1, ai,2, and aij are the exponential decay constants of each of these contributions. The
parameters a0,i and aw,i govern the turn-on position and steepness of the error function in the
pure aTGC contribution for a given ci. The exponential term with decay constant acorr is a small
correction added to account for the deviation of the SM contribution from a simple exponential
at higher values of mWV.

The various slope and normalization parameters are determined empirically from the signal
simulation using the following procedure. First, the SM shape and normalization parameters
a0 and NSM are extracted from the simulation by reweighting the MADGRAPH5 aMC@NLO
signal simulation (which is generated with aTGCs) to the SM simulation (without any aTGCs).
Then, the aTGC–SM interference parameters ai,2 and Nci ,2 are derived by comparing the shapes
when an aTGC is set to equal values but with opposite signs. The pure aTGC parameters ai,1,
a0,i, aw,i, and Nci ,1 are then extracted in a simultaneous fit of the SM, aTGC–SM interference, and
pure aTGC terms to samples weighted with only a single, nonzero aTGC. Finally, the aTGC–
aTGC interference terms are derived by comparing samples with pairs of aTGCs set to nonzero
values. The error function in the pure aTGC terms is introduced to accurately model the turn-
on behaviour of the aTGC contributions. To simplify the signal model, very small contributions

Phys. Rev. Lett. 113 (2014) 212001  
Phys. Lett. B 761 (2016) 179
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CMS @ 13 TeV: W+jets template
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Figure 4: Final result of the two-dimensional fit in the electron (left) and muon (right) chan-
nels, showing the mWV distributions. The lower sideband, signal, and upper sideband regions
are shown on the top, middle, and bottom, respectively. An example of the excluded signal
(cWWW/L2 = 1.59 TeV�2) is represented by the dashed line.

9 Summary
A measurement of limits on anomalous triple gauge coupling parameters in terms of dimension-
six effective field theory operators has been presented. It uses events where two vector bosons
are produced, with one decaying leptonically and the other hadronically to a single, massive,
large-radius jet. Results are based on data recorded in proton-proton collisions at

p
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Figure 4: Final result of the two-dimensional fit in the electron (left) and muon (right) chan-
nels, showing the mWV distributions. The lower sideband, signal, and upper sideband regions
are shown on the top, middle, and bottom, respectively. An example of the excluded signal
(cWWW/L2 = 1.59 TeV�2) is represented by the dashed line.

9 Summary
A measurement of limits on anomalous triple gauge coupling parameters in terms of dimension-
six effective field theory operators has been presented. It uses events where two vector bosons
are produced, with one decaying leptonically and the other hadronically to a single, massive,
large-radius jet. Results are based on data recorded in proton-proton collisions at

p
s = 13 TeV

MC

Data

W+jets background 

Shape from data in sideband 

× Transfer function from MC α 

mWV
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CMS @ 13 TeV: Systematic Uncertainties
Normalisation uncertainties (pre-fit): 

Also shape uncertainties from fit uncertainties + alternate fit models 

Signal shape uncertainty dominated by PDF & scale (μF, μR) effects
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Uncertainties in the measurement of lepton efficiency and identification scale factors are also
considered. An additional uncertainty is added to account for additional uncertainty in the
scale factors at higher electron energies. In the barrel region this uncertainty is 1% below
90 GeV, 2% between 90 GeV and 1 TeV, and 3% above 1 TeV; in the endcaps it is 1% below
90 GeV, 2% between 90 and 300 GeV, and 4% above 300 GeV. In the muon channel, an addi-
tional 1% uncertainty is added related to the muon identification criteria, 0.5% related to the
isolation requirements, and 0.5% related to the single-muon triggers.

Jet and lepton uncertainties are also propagated to the calculation of pmiss
T . In addition, the in-

fluence of PF candidates not associated to any reconstructed physics object [80] (“unclustered”
energy deposits) on pmiss

T are evaluated and propagated as normalization uncertainties.

The normalization uncertainties for the contributions derived from simulation are summarized
in Table 2. The influence of jet and lepton uncertainties on pmiss

T are included in the correspond-
ing jet and lepton uncertainty rows, whilst the pmiss

T uncertainty value is that arising solely from
unclustered energy deposits.

Table 2: Estimated normalization uncertainties (%) for SM background contributions derived
from simulation.

Electron channel Muon channel
Uncertainty source tt Single t WW WZ tt Single t WW WZ

PDF 2.79 0.22 1.93 2.44 2.71 0.25 1.78 2.54
µR, µF 17.99 0.94 5.77 4.82 17.74 1.06 5.99 4.26
Luminosity 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Pileup 0.59 0.29 0.90 1.40 0.40 0.41 0.82 0.67
V tag 14 14 14 14 14 14 14 14
b tag 1.05 0.85 0.04 0.08 1.04 0.84 0.03 0.08
b mistag 0.04 0.05 0.02 0.04 0.05 0.05 0.03 0.04
Jet energy scale 4.41 4.94 4.26 2.44 3.54 2.97 3.75 2.50
Jet energy resolution 1.79 3.44 1.85 2.69 0.85 0.91 0.62 2.92
Lepton energy scale 0.80 1.45 1.53 0.94 0.68 1.14 1.72 1.19
Lepton energy resolution 0.26 1.22 0.11 0.21 0.02 0.27 0.14 0.33
Lepton ID 2.12 2.22 2.30 2.26 1.81 2.04 2.55 2.42
pmiss

T 0.91 1.50 1.01 0.64 0.59 0.99 0.24 0.17

Total 23.74 15.84 16.44 15.91 23.30 14.85 16.31 15.80

Shape uncertainties for the W+jets and tt contributions, as well as for the signal model, are
also considered. The shape uncertainty in the W+jets sideband estimate is propagated from
the simultaneous fit of the data sideband, and signal and sideband regions in simulation. The
effect of an alternative fit function is also included by inflating the parameter uncertainties to
cover the estimate from the alternative function.

The shape uncertainty for the tt contribution is estimated using the uncertainties in the param-
eters from the fit of the tt shape to simulation. These are included as nuisance parameters in
the background model for the final signal extraction.

For the signal modelling, we consider shape variations from the PDF, µR and µF scales, jet
energy scale and resolution, lepton energy scale, pmiss

T , and b tagging-related uncertainties.
Uncertainties in the slope parameters of the exponential functions are derived by extracting
the signal model from signal simulation with the relevant conditions varied, and using the
difference between the fitted slope parameters for the nominal and varied samples. The total

Scale & PDF only has large 
effect on         tt̄

From V-tagging data:MC scale 
factor uncertainties
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CMS @ 13 TeV: Final fits
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CMS @ 13 TeV: 1D Limits
Limits set on individual parameters: fix other aTGCs = 0 

Do separately for each parametrisation 

Big improvements on 8 TeV results!
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Figure 3: Final result of the two-dimensional fit in the electron (left) and muon (right) channels,
showing the mSD distribution.

improvement in this analysis (where the limit on Dkg has been converted to a limit on DkZ
using the relationships in Ref. [2]).

Two-dimensional expected and observed limits on pairwise combinations of the couplings,
with the remaining coupling set to zero, are also derived, and the results shown in Fig. 5 for
the EFT parametrization, and Fig. 6 for the LEP parametrization.

Table 4: Expected and observed limits at 95% CL on single anomalous couplings, along with
observed best-fit values, for both the EFT and LEP parametrizations. For each coupling, all
other couplings are explicitly set to zero. Observed limits from collision data taken at a centre-
of-mass energy of 8 TeV [26] are also quoted for comparison.

Parametrization aTGC Expected limit Observed limit Observed best-fit 8 TeV observed limit

EFT
cWWW/L2 (TeV�2) [-1.44, 1.47] [-1.58, 1.59] -0.26 [-2.7, 2.7]

cW/L2 (TeV�2) [-2.45, 2.08] [-2.00, 2.65] 1.21 [-2.0, 5.7]
cB/L2 (TeV�2) [-8.38, 8.06] [-8.78, 8.54] 1.07 [-14, 17]

LEP
lZ [-0.0060, 0.0061] [-0.0065, 0.0066] -0.0010 [-0.011, 0.011]

DgZ
1 [-0.0070, 0.0061] [-0.0061, 0.0074] 0.0027 [-0.009, 0.024 ]

DkZ [-0.0074, 0.0078] [-0.0079, 0.0082] -0.0010 [-0.018, 0.013 ]

While the operators associated with cWWW and cW induce contributions in similar proportions
in both the WW and WZ signal regions, we expect the effects of the operator associated with
cB to be much greater in the WW region compared to the WZ region. Consequently, there is
little separation power in this analysis between cWWW and cW, with a similar limit derived on
both couplings, and more separation power between cWWW/cW and cB in the case of nonzero
coupling values.

A comparison of limits derived in this analysis with those obtained by other analyses per-
formed at the LEP [83], D0 [84], CMS [7, 10, 22, 25, 26, 85, 86], and ATLAS [15, 16, 18, 19, 23,
24, 27, 28, 87, 88] experiments is shown in Fig. 7. Limits that were set on lg and Dkg have been
converted to limits on lZ and DkZ, respectively, using the relationships in Ref. [2]. The lim-
its derived in this analysis are the strictest bounds on all three parameters to date, improving
upon the complementary all-leptonic searches also performed using collision data recorded at
a centre-of-mass energy of 13 TeV by the ATLAS [23, 24] and CMS [22] Collaborations. There
is an especially significant improvement in the measured limit on DkZ over any previous mea-
surement.

CMS
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CMS @ 13 TeV: 2D Limits
Also set 2D limits on pairs of aTGCS (fix other aTGC = 0)
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J)νWV (l [-3.1e+00, 3.1e+00] -120.2 fb 8 TeV
jj)νWV (l [-9.2e+00, 7.3e+00] -15.0 fb 7 TeV
J)νWV (l [-2.7e+00, 2.7e+00] -119 fb 8 TeV
J)νWV (l [-1.6e+00, 1.6e+00] -135.9 fb 13 TeV

EW qqZ [-3.6e+01, 3.2e+01] -120.3 fb 8 TeV
EW qqW [-1.3e+01, 9.0e+00] -120.2 fb 8 TeV
EW qqW,qqZ [-2.3e+00, 2.5e+00] -135.9 fb 13 TeV
D0 Comb. [-8.7e+00, 1.1e+01] -18.6 fb 1.96 TeV
LEP Comb. [-1.4e+01, 4.1e+00] -10.7 fb 0.20 TeV

2Λ/W c WW [-9.4e+00, 1.3e+01] -14.6 fb 7 TeV
WW [-5.9e+00, 1.1e+01] -120.3 fb 8 TeV
WW [-7.4e+00, 4.1e+00] -136.1 fb 13 TeV
WW [-2.3e+01, 2.3e+01] -14.9 fb 7 TeV
WW [-1.1e+01, 5.4e+00] -119.4 fb 8 TeV
WZ [-1.4e+01, 2.2e+01] -14.6 fb 7 TeV
WZ [-3.6e+00, 7.3e+00] -133.6 fb 8,13 TeV
WZ [-4.2e+00, 8.0e+00] -119.6 fb 8 TeV
WZ [-4.1e+00, 1.1e+00] -135.9 fb 13 TeV
WV [-1.3e+01, 1.8e+01] -14.6 fb 7 TeV

jj)νWV (l [-6.4e+00, 1.1e+01] -120.2 fb 8 TeV
J)νWV (l [-5.1e+00, 5.8e+00] -120.2 fb 8 TeV
J)νWV (l [-2.0e+00, 5.7e+00] -119 fb 8 TeV
J)νWV (l [-2.0e+00, 2.7e+00] -135.9 fb 13 TeV

EW qqW [-3.3e+01, 3.0e+01] -120.2 fb 8 TeV
EW qqW,qqZ [-8.8e+00, 1.6e+01] -135.9 fb 13 TeV
D0 Comb. [-8.2e+00, 2.0e+01] -18.6 fb 1.96 TeV
LEP Comb. [-1.3e+01, 5.1e+00] -10.7 fb 0.20 TeV

Channel Limits ∫ dtL s
CentralFit Value

CMS
ATLAS
D0
LEP

Comparison

Strongest limits to date on all 3 aTGCs
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LEP 
Phys. Rept. 532 (2013) 119 

D0 
Phys. Lett. B 718 (2012) 451 

CMS 
Eur. Phys. J. C 73 (2013) 2283 
Eur. Phys. J. C 73 (2013) 2610  
Eur. Phys. J. C 77 (2017) 236  
Phys. Lett. B 772 (2017) 21  
Eur. Phys. J. C 78 (2018) 589 
JHEP 04 (2019) 122 
1903.04040 (Sub. to EPJC) 

ATLAS 
Eur. Phys. J. C 72 (2012) 2173 
Phys. Rev. D 87 (2013) 112001  
JHEP 04 (2014) 031  
JHEP 01 (2015) 049  
JHEP 09 (2016) 029  
Phys. Rev. D 93 (2016) 092004  
ATLAS-CONF-2016-043  
Eur. Phys. J. C 77 (2017) 563  
Eur. Phys. J. C 77 (2017) 474 
1905.04242 (Sub. to EPJC)

Including all-leptonic & EWK searches

CMS result

ATLAS result
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Summary
Latest result from CMS & ATLAS now include 13 TeV data from 2016 

Limits on aTGCs driven by merged-jet channel 

Large improvements in limits on aTGCs profiting from better V-tagging & larger √s 

Still to do: full Run II dataset! 

Better V-taggers developed:

�40

CMS-PAS-JME-18-002 
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ATLAS backgrounds
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Figure 2: The shapes of (a) the predicted mjj distributions in the WV ! `⌫jj signal region and (b) the predicted mJ
distributions in the WV ! `⌫J signal region, for the signal (peaked near 80 GeV) and various background processes.
The distributions are normalized to unity.

WV ! `⌫jj WV ! `⌫J
Signal

WW 2860± 110 542± 61
WZ 730± 30 128± 15
Total Expected Signal 3590± 140 670± 75

Background

W + jets 136000± 8600 10500± 1300
Z + jets 2750± 340 245± 32
tt̄ 12980± 520 1130± 150
Single top-quark 3620± 150 249± 35
Multijet 3689± 60 313± 18
ZZ 14± 1 -
Total Expected Background 159000± 8600 12400± 1500

Total SM Expected 162600± 8700 13100± 1600

Observed 164502 12999

S/B (65 GeV < mjj < 95 GeV) 5.5% 10.1%
S/
p

B (65 GeV < mjj < 95 GeV) 11.1 7.1

Table 1: Expected number of signal and background events in the WV ! `⌫jj and WV ! `⌫J signal regions, prior
to performing the mjj and mJ fits. The quoted uncertainties only include detector-related uncertainties and statistical
uncertainties of the MC samples and control regions. The number of events observed in data is also shown. The
signal predictions only correspond to qq0-initiated WV production.
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ATLAS samples
Signal: NLO (QCD) MC@NLO v4.07 → H v6 + Jimmy. The W and Z bosons are generated on-shell 
by MC@NLO and decayed sub- sequently by Herwig.  

Alternate signal: Powheg → Pythia8. Off-shell W and Z/γ∗ decays are included; the Z/γ∗ decays 
have a requirement of mqq′ > 20 GeV and mll > 20 GeV.  

Alternate signal 2: Sherpa (LO @QCD + 3 partons) Off-shell W and Z/γ ∗decays are included; the Z/
γ ∗decays have a requirement of mqq′ >4GeV and mll > 4 GeV.  

The W + jets and Z + jets backgrounds (collectively referred to as V + jets) are modelled at LO in 
QCD with Sherpa v1.4.1, with up to four additional final-state partons  

The MC samples for the tt ̄and single-top-quark (t-channel, s-channel, and Wt) processes 
(collectively re- ferred to as top-quark processes) are generated with Powheg-Box  

�43
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aTGC mapping

�44

dimension six operators. By reframing the results in terms of dimension six operators, all of
the desirable features of the effective field theory, listed in Section 2, remain intact.

When anomalous couplings are derived from an effective field theory it is important to
remember that they, like the underlying effective field theory, are only valid below the scale
of new physics, Λ. This is in stark contrast to the original use of anomalous couplings, which
were regarded as being valid to arbitrarily high energy [3, 6].

The effective field theory approach described in the previous section allows one to cal-
culate the parameters gZ1 , κγ , etc., in terms of the coefficients of the five dimension-six
operators. Calling these coefficients cWWW , cW , cB, cW̃WW , cW̃ , one finds [9, 13]

gZ1 = 1 + cW
m2

Z

2Λ2
(12)

κγ = 1 + (cW + cB)
m2

W

2Λ2
(13)

κZ = 1 + (cW − cB tan2 θW )
m2

W

2Λ2
(14)

λγ = λZ = cWWW

3g2m2
W

2Λ2
(15)

gV4 = gV5 = 0 (16)

κ̃γ = cW̃
m2

W

2Λ2
(17)

κ̃Z = −cW̃ tan2 θW
m2

W

2Λ2
(18)

λ̃γ = λ̃Z = cW̃WW

3g2m2
W

2Λ2
(19)

Defining ∆gZ1 = gZ1 − 1, ∆κγ,Z = κγ,Z − 1, we find the relation [9]

∆gZ1 = ∆κZ + tan2 θW∆κγ (20)

This, together with the relation λγ = λZ , reduces the five C and P violating parameters
down to three. For the C and/or P violating parameters, we find the relation

0 = κ̃Z + tan2 θW κ̃γ (21)

This, together with the relations λ̃γ = λ̃Z and gZ4 = gZ5 = 0 reduces the six C and/or P
violating parameters down to just two. Thus the effective field theory approach not only
has the many virtues that are lacking in the anomalous coupling approach, it is far simpler.
It provides a well motivated framework with a minimal set of parameters, which is often
required due to the limited precision of the experiments.

These relations amongst the anomalous couplings are present because we have restricted
our attention to dimension six operators, which are expected to be dominant. If one includes
dimension eight operators, one generally finds that these relations are no longer valid [9].
Nevertheless, one expects violations of these relations to be small. This is an example of
one of the desirable features of an effective field theory described in Section 2. The theory
is general enough to describe all possible new physics, but provides guidance as to the most
likely place to find it.

7
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ATLAS shapes
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Figure 2: The shapes of (a) the predicted mjj distributions in the WV ! `⌫jj signal region and (b) the predicted mJ
distributions in the WV ! `⌫J signal region, for the signal (peaked near 80 GeV) and various background processes.
The distributions are normalized to unity.

WV ! `⌫jj WV ! `⌫J
Signal

WW 2860± 110 542± 61
WZ 730± 30 128± 15
Total Expected Signal 3590± 140 670± 75

Background

W + jets 136000± 8600 10500± 1300
Z + jets 2750± 340 245± 32
tt̄ 12980± 520 1130± 150
Single top-quark 3620± 150 249± 35
Multijet 3689± 60 313± 18
ZZ 14± 1 -
Total Expected Background 159000± 8600 12400± 1500

Total SM Expected 162600± 8700 13100± 1600

Observed 164502 12999

S/B (65 GeV < mjj < 95 GeV) 5.5% 10.1%
S/
p

B (65 GeV < mjj < 95 GeV) 11.1 7.1

Table 1: Expected number of signal and background events in the WV ! `⌫jj and WV ! `⌫J signal regions, prior
to performing the mjj and mJ fits. The quoted uncertainties only include detector-related uncertainties and statistical
uncertainties of the MC samples and control regions. The number of events observed in data is also shown. The
signal predictions only correspond to qq0-initiated WV production.
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ATLAS systematics

�46

Source of uncertainty Relative uncertainty for �fid

Top-quark background modelling 13%
Signal modelling 12%
V + jets modelling 4%
Multijet background modelling 1%

Small-R jet energy/resolution 9%
Other experimental (leptons, pile-up) 4%
Luminosity 2%

MC statistics 9%
Data statistics 14%

Table 3: Breakdown of the uncertainties in the measured fiducial cross-section in the WV ! `⌫jj channel. Uncer-
tainties smaller than 1% are omitted from the table.
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Figure 4: The observed mjj distribution in the WV ! `⌫jj signal region, overlaid with the post-fit background and
signal estimates. The hatched band indicates the total uncertainty of the fit result.
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Source of uncertainty Relative uncertainty for �fid

V + jets modelling 60%
Top-quark background modelling 32%
Signal modelling 15%
Multijet background modelling 13%

Large-R jet energy/resolution 45%
Small-R jet energy/resolution 16%
Other experimental (leptons, pile-up) 3%
Luminosity 2%

MC statistics 19%
Data statistics 33%

Table 4: Breakdown of the uncertainties in the measured fiducial cross-section in the WV ! `⌫J channel. Uncer-
tainties smaller than 1% are omitted from the table.
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Figure 5: The observed mJ distribution in the WV ! `⌫J signal region, overlaid with the post-fit background and
signal estimates. The hatched band indicates the total uncertainty of the fit result.
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Not all used in aTGC fit - normalisation & pT(V) ones used

mailto:robin.aggleton@cern.ch?subject=


Robin Aggleton | robin.aggleton@cern.ch MBI 2019, Thessaloniki

Also extract limits with different cutoff parameters & ignoring LEP constraint 

→ Form factor scale has larger effect on 𝓁𝜈J as probes larger pT(V)

ATLAS @ 8 TeV: 1D Limits

�47

Form factor Parameter Observed Expected Observed Expected
WV ! `⌫jj WV ! `⌫J

�gZ1 [ �0.039, 0.059] [ �0.050, 0.066] [ �0.033, 0.036] [ �0.039, 0.042]
�Z [ �0.045, 0.063] [ �0.060, 0.076] [ �0.028, 0.030] [ �0.033, 0.035]

⇤FF = 1 �Z [ �0.024, 0.024] [ �0.029, 0.029] [ �0.015, 0.015] [ �0.017, 0.017]
�� [ �0.099, 0.14] [ �0.13, 0.17] [ �0.058, 0.063] [ �0.067, 0.073]
�� [ �0.084, 0.084] [ �0.10, 0.10] [ �0.042, 0.041] [ �0.049, 0.049]
�gZ1 [ �0.042, 0.064] [ �0.055, 0.073] [ �0.044, 0.048] [ �0.051, 0.054]
�Z [ �0.047, 0.068] [ �0.064, 0.083] [ �0.037, 0.040] [ �0.043, 0.047]

⇤FF = 5 TeV �Z [ �0.026, 0.026] [ �0.032, 0.032] [ �0.020, 0.019] [ �0.023, 0.022]
�� [ �0.10, 0.15] [ �0.14, 0.18] [ �0.077, 0.084] [ �0.089, 0.097]
�� [ �0.089, 0.089] [ �0.11, 0.11] [ �0.056, 0.056] [ �0.065, 0.065]

to three, by introducing the following constraints: �� = �Z and �gZ
1 = �Z +�� tan2 ✓W , where ✓W is the

weak mixing angle. Since aTGC parameters lead to violation of unitarity at high energies, form factors
are often applied to them in order to ensure unitarity:

↵ ! ↵
✓
1 + ŝ

⇤2
FF

◆2 ,

where ↵ is one of the aTGC parameters, ŝ is the square of the diboson invariant mass, and ⇤FF is the form
factor’s energy scale.

An alternative framework for describing modifications of diboson production is an e↵ective field theory
(EFT) [77, 78] that is assumed to be valid below an energy scale ⇤, and which introduces three CP-
conserving dimension-six operators:

OW = (Dµ�)†Wµ⌫(D⌫�) ,
OB = (Dµ�)†Bµ⌫(D⌫�) ,

OWWW = Tr[Wµ⌫W⌫⇢W
µ
⇢ ] .

Here, � is the Higgs doublet field, Dµ is the covariant derivative, and Wµ⌫ and Bµ⌫ are the field strength
tensors of the W and B gauge boson fields. The coe�cients of these operators (EFT parameters), cW/⇤2,
cB/⇤2, and cWWW/⇤2, are zero in the SM and can be related to the LEP-constraint aTGC parameters as
follows:

cW

⇤2 =
2

m2
Z
�gZ

1 ,

cB

⇤2 =
2

m2
W
�� � 2

m2
Z
�gZ

1 ,

cWWW

⇤2 =
2

3g2m2
W
� .

This relation only holds if no form factor is applied to the aTGCs. The e↵ect of aTGC/EFT parameters
on the H ! WW process is neglected.

The aTGC and EFT parameters both tend to increase the diboson cross-section at high pT(V) and high
invariant mass of the diboson system. Both the WV ! `⌫jj channel and the WV ! `⌫J channel can be
used to search for these BSM enhancements. The WV ! `⌫J channel, although currently less sensitive
as a SM WV measurement, is expected to provide a higher sensitivity to the aTGC/EFT models, because
of the better e�ciency at high pT(V). On the other hand, the WV ! `⌫jj channel, where the SM WV
measurement is clearly established, is useful as a complementary search channel that probes a di↵erent
energy range.

In this analysis, the new-physics search uses signal regions with exactly the same event selection as the
cross-section measurements, except that the mjj requirement is tightened to 65 GeV < mjj < 95 GeV
in the WV ! `⌫jj channel and the mJ requirement is tightened to 65 GeV < mJ < 95 GeV in the
WV ! `⌫J channel. These tighter requirements lead to an increase in the signal-to-background ratio.
In the WV ! `⌫jj channel, events which fail the mjj requirement (i.e. 40 GeV < mjj < 65 GeV or
95 GeV < mjj < 200 GeV) are put into a sideband control region. The ZZ background is neglected in the
new-physics search, due to its very small expected contribution.

20

α = aTGC param 
    = mWV2  

               = energy scale

aTGC form factors  
to ensure unitarity:

̂s
Λ2

FF
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Τ21
For CHS jets, shift in τ21 distribution to higher values for both signal & background 

→ For given cut value, decrease in fake rate, but loses signal efficiency
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6. W, Z, Higgs boson, and top quark tagging 21
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Figure 10: Median soft drop jet mass (upper left), median t21 (upper right), and soft drop jet
mass resolution (lower) for AK8 jets from boosted W bosons with 400 < pT < 600 GeV for CHS
(red triangles) and PUPPI (blue squares) of a bulk graviton signal sample as a function of the
number of vertices.
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PUPPI
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4. The CHS and PUPPI algorithms 7
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Figure 2: Data-to-simulation comparison for three different variables of the PUPPI algorithm.
The markers show a subset of the data taken in 2016 while the solid lines are QCD multijet
simulation. The lower panel of each plot shows the ratio of data to simulation. Only statistical
errors are displayed. Each distribution is normalized to one. The upper plot shows the a distri-
bution for charged particles associated to the LV (red triangles), charged particles associated to
PU vertices (blue circles) and neutral particles (black crosses) in the central region of the detec-
tor (0 < |h| < 2.5). The lower left plot shows the signed c2 = (a � āPU)|a � āPU|/RMS2

PU for
charged particles associated to PU vertices. The lower right plot shows the PUPPI weight dis-
tribution for neutral particles. This distribution is normalized to unity only taking into account
particles with weight greater than 0.01, i.e., those that are not rejected by the PUPPI algorithm.

CMS-PAS-
JME-18-001
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CMS samples
Signal: MADGRAPH5 aMC@NLO v2.4.2 at NLO in the strong coupling αS, using the “EWDim6” 
model 

Top quark: POWHEG. Normalized with Top++ 

W+jets: MG5_aMC@NLO at NLO. Normalized with NNLO from MCFM 

All showered/hadronized with Pythia8 
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CMS yields
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Table 1: Results of the signal extraction fits. The uncertainties in the pre-fit yields are their re-
spective pre-fit constraints, whilst the uncertainties in the post-fit yields are the corresponding
total post-fit uncertainties. Since the normalization of the W+jets contribution is allowed to
vary freely in the fit, it does not have any corresponding pre-fit uncertainties.

Electron channel Muon channel
Pre-fit Post-fit Scale factor Pre-fit Post-fit Scale factor

W+jets 2421 3036 ± 123 1.25 4319 4667 ± 182 1.08
tt 1491 ± 324 1127 ± 119 0.76 2632 ± 570 1978 ± 202 0.75
Single t 271 ± 39 242 ± 26 0.89 509 ± 69 449 ± 43 0.88
Diboson 314 ± 314 267 ± 102 0.85 552 ± 552 465 ± 162 0.84

Total expected 4497 4672 ± 201 1.04 8012 7559 ± 319 0.94

Data 4691 7568

7 Systematic uncertainties
There are several systematic uncertainties that affect the normalizations of the tt, single top
quark, and diboson processes that are derived from simulation. These uncertainties are in-
cluded in the final fit to the data.

An uncertainty of 2.5% [77] is included to account for the uncertainty in the integrated lumi-
nosity measurement of the 2016 data set. This uncertainty is treated as correlated between the
different processes.

The uncertainty associated with the pileup reweighting of simulated events is calculated from
the uncertainty in the total inelastic cross section that is used to derive the pileup weights [78].

We include uncertainties in the cross section calculations used to normalize the contributions
from simulation. This is done by utilizing the uncertainties associated with the PDFs following
the recommendations of the PDF4LHC working group [79]. Uncertainties corresponding to
the choice of renormalization and factorization scales (µR and µF, respectively) are computed
by reweighting the simulated samples for all combinations of nominal scales and scales multi-
plied/divided by a factor of two, excluding combinations in which one scale is increased and
the other simultaneously decreased, and using the largest deviation as the uncertainty.

A normalization uncertainty of 14% describing the mismodelling of the t21 selection efficiency [76]
is applied to all contributions derived from simulation containing hadronic V boson decays,
and is treated as correlated between the different processes. This uncertainty is not applied to
the W+jets contribution, which is directly estimated from data, nor to the t- and s-channel sub-
processes of single top quark production, where the hadronically decaying V boson candidate
is associated with jets arising from the hadronization of a single light quark or gluon.

For the tt and WZ samples, we include the uncertainties in the efficiencies to identify and
misidentify (mistag) b quark jets [67]. The uncertainties in the b tagging efficiencies most no-
tably affect the normalization of the tt background, whereas the misidentification uncertainties
have only a small impact across the samples.

Uncertainties in the jet energy scale have been measured [65], and are propagated by varying
the jet energy scale within its uncertainty for both AK4 and AK8 jets, simultaneously. Similarly,
uncertainties in the jet energy resolution are applied to both AK4 and AK8 jets simultaneously
by varying their resolutions by ±1 standard deviation.

The lepton energy scale is varied within its uncertainty, and its effect is propagated to the signal
extraction fit. Lepton resolution uncertainties are included in a similar manner.

mailto:robin.aggleton@cern.ch?subject=


Robin Aggleton | robin.aggleton@cern.ch MBI 2019, Thessaloniki

Comparison

Strongest limits to date on all 3 aTGCs 
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aTGC Limits @95% CL

0 0.5 1

July 2019

Zκ∆
WW -4.3e-02, 4.3e-02 4.6 7 
WW -2.5e-02, 2.0e-02 20.3 8 
WW -6.0e-02, 4.6e-02 19.4 8 
WZ -1.3e-01, 2.4e-01 33.6 8,13 
WZ -2.1e-01, 2.5e-01 19.6 8 
WZ -1.7e-01, 1.3e-01 35.9 13 

jj)νWV (l -9.0e-02, 1.0e-01 4.6 7 
jj)νWV (l -4.3e-02, 3.3e-02 5.0 7 

EW qqW -1.5e-01, 1.6e-01 20.2 8
EW qqW,qqZ -4.3e-02, 4.2e-02 35.9 13
LEP comb. -7.4e-02, 5.1e-02 0.7 0.20 

J)νWV (l -7.9e-03, 8.2e-03 35.9 13 

Zλ
WW -6.2e-02, 5.9e-02 4.6 7 
WW -1.9e-02, 1.9e-02 20.3 8 
WW -1.4e-02, 1.4e-02 36.1 13
WW -4.8e-02, 4.8e-02 4.9 7 
WW -2.4e-02, 2.4e-02 19.4 8 
WZ -4.6e-02, 4.7e-02 4.6 7 
WZ -1.4e-02, 1.3e-02 33.6 8,13 
WZ -1.8e-02, 1.6e-02 19.6 8 
WZ -8.2e-03, 8.6e-03 35.9 13 

jj)νWV (l -3.9e-02, 4.0e-02 4.6 7 
jj)νWV (l -2.2e-02, 2.2e-02 20.2 8 
J)νWV (l -1.3e-02, 1.3e-02 20.2 8 
jj)νWV (l -3.8e-02, 3.0e-02 5.0 7 
J)νWV (l -1.1e-02, 1.1e-02 19 8 

EW qqW -5.3e-02, 4.2e-02 20.2 8
EW qqZ -1.5e-01, 1.3e-01 20.3 8
EW qqW,qqZ -7.1e-03, 7.6e-03 35.9 13
D0 comb. -3.6e-02, 4.4e-02 8.6 1.96 
LEP comb. -5.9e-02, 1.7e-02 0.7 0.20 

J)νWV (l -6.5e-03, 6.6e-03 35.9 13 

1
Zg∆ WW -3.9e-02, 5.2e-02 4.6 7 

WW -1.6e-02, 2.7e-02 20.3 8 
WW -3.1e-02, 1.7e-02 36.1 13
WW -9.5e-02, 9.5e-02 4.9 7 
WW -4.7e-02, 2.2e-02 19.4 8 
WZ -5.7e-02, 9.3e-02 4.6 7 
WZ -1.5e-02, 3.0e-02 33.6 8,13 
WZ -1.8e-02, 3.5e-02 19.6 8 
WZ -1.4e-02, 8.3e-03 35.9 13 

jj)νWV (l -5.5e-02, 7.1e-02 4.6 7 
jj)νWV (l -2.7e-02, 4.5e-02 20.2 8 
J)νWV (l -2.1e-02, 2.4e-02 20.2 8 
J)νWV (l -8.7e-03, 2.4e-02 19 8 

EW qqW -1.3e-01, 1.2e-01 20.2 8
EW qqW,qqZ -2.1e-02, 3.4e-02 35.9 13
D0 comb. -3.4e-02, 8.4e-02 8.6 1.96 
LEP comb. -5.4e-02, 2.1e-02 0.7 0.20 

J)νWV (l -6.1e-03, 7.4e-03 35.9 13 
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Including all-leptonic & EWK searches
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