
Searches for a Heavy Vector 
Triplets decaying to a Vector 

Boson and a Higgs Boson at the 
ATLAS detector

Silas Grossberndt

Overseen by Ines Ochoa

1



The Large Hadron Collider
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• 27 km Proton-Proton 
(and Lead-Ion) collider 
100m under Geneva and 
France  

• Currently operating at 
13 TeV with collisions at 
40 MHz, the LHC has 
delivered 13.3 fb-1 of 
data since the start of 
run 2 in 2015, with a 
new record for 
instantaneous 
luminosity and far 
surpassing expectations



The ATLAS Detector

A Toroidal LHC ApparatuS

The ATLAS detector is one of the two 
general search experiments at the LHC, 
the other being CMS

The two of which discovered the Higgs 
boson in 2012

It is a collaboration of 3000 scientists 
from 174 institutions and 38 countries

It is around 10 stories tall, 45 meters 
long and is around the weight of the 
Eiffel tower (7 kilotons)
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The ATLAS detector

• The detector is divided into a 
number of subdetectors which can 
be grouped as follows
• Tracker

• This is the area just outside of the 
beam pipe, it does not destroy any 
particles, but it can track charged 
particles

• Calorimeters (Electromagnetic and 
Hadronic)
• Identification to get Energy of particles

• Spectrometer 
• Finds muons
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Coordinate System in ATLAS
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The Standard Model

• The Standard Model is the model of 
particle physics that best describes 
current observations

• It describes 6 quarks, three leptons 
and associated neutrinos and 6 
bosons

• It is far from satisfying, as it has 19 
free parameters, meaning there was 
no ability to predict the Higgs mass

• Does not account for the neutrinos 
having mass, or number of 
cosmological phenomena
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Extensions to the Standard Model

• The most common expansion to the 
standard model is a supersymmetric 
model, but these models come with a 
plethora of new particles, including at 
least 4 additional Higgs bosons, that are 
becoming more and more unlikely as the 
data grows at CERN. 

• Other possibilities suggest possible 
substructures to the Standard Model 
particles, and in particular the Higgs, i.e. 
“Composite Higgs” Models
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The Necessity of the “Simplified Model”

• The problems with the extensions of the Standard Model come down 
to complexity

• In our searches, we are forced to create expectations for the data, 
which would become computationally expensive as the simplest 
extension model would have on the order of 300 parameters 

• In order to deal with this problem, we introduce a model termed the 
“Simplified Model” in which we restrict the parameter space to focus 
on those that are necessary for the particles we are interested in

• This allows for a greater breadth of search as we can define types of 
models, and not worry about the exact details

8



Search procedures in “Simplified Model” 
searches

• In order to deal with the problems of lost parameters,  arXiv: 1402.4431 suggest 
that the use of bounds from the 𝑠 =8 TeV run of the LHC can help to further 
finesse the purely analytical bounds of the 𝜎 × 𝐵𝑅 (cross section times Branching 
Ratio) 

• It is important that we must focus solely on on-shell quantities, and assume that 
the particles we are searching for are of vanishingly small, or zero, width, 
otherwise, they will add tails to the Monte Carlo

• The Lagrangian we use to describe the particle is given by simply propagating the 
new particles into the simple phenomenological Lagrangian, and we choose a set 
of variable to parameterize with the help of the Likelihood function from the data
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Heavy Vector Triplets

• A Heavy Vector Triplet (HVT) is the general class of particle that can 
be classified as particularly high in mass (currently at least 1.5 TeV) 
and can be described as a set of three vector, spin-1 bosons, two 
charged and one neutral, with the following properties

𝑉𝜇
𝑎 , 𝑎 = 1,2,3 as field Eigenstates 

𝑉𝜇
± =

𝑉𝜇
1∓𝑖𝑉𝜇

2

2
, V𝜇

0 = V𝜇
3 as the charge Eigenstates

• Note that this can describe the 𝑊± , 𝑍0 system, thus the HVT is often 
notated as W’/Z’ depending on the charge

• The field Eigenstates are not mass Eigenstates
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Heavy Vector Triplets and the Simplified 
Model approach

• The new vector can be described with a simple phenomenological 
Lagrangian which incorporates kinetic terms, SM Interactions and HVT 
interactions

• The Lagrangian takes on 3 additional terms which can be safely disregarded 
as it would influence bosonic decays to a sufficiently small order of 
magnitude

• To develop the Simplified model, we parameterize on the coupling constant
• For the HVT, there are two overarching models, termed Model A and 

Model B, which are constructed. Model A is an extended gauge symmetry 
whereas Model B is more likely to be a composite Higgs

• The decay into a Higgs and a Vector boson (either the W or the Z 
dependent upon the charge of the HVT) as the dominant branching ratio in 
the “Model B” search and as the subdominant in “Model A” 

11



Heavy Vector Triplets at the LHC

• From the data from Run 1, limits have been placed upon 𝜎 × 𝐵𝑅 as a 
function of resonance mass, but these could exclude the possibility of 
a finite resonance width which would affect the “strongly coupled” 
(Model B) schema to a high degree

• The LHC has excluded Model A up to 3 TeV for coupling constants of 1 
in Leptontic final states, and 1-2 TeV in di-boson states.

• Model B is excluded up to 1.5-2 TeV with a coupling constant of 3, but 
if the coupling constant is ~5 or higher, the search is nearly 
unconstrained. 

• By the end of Run 2, we expect to have exclusions up to higher values, 
or hopefully a finding 
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ATLAS exclusion limits for all channels from 
Run 1
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Hadronic Decay of the HVT

• The HVT particle in model A is 
expected to have sub-dominant 
decays to W/Z (dependent on the 
charge) and H, which further decay

• The Higgs boson has a dominant 
Branching ratio to the highest mass 
particle (as the field couples with 
respect to mass) with mass<

𝑚𝐻

2
• At 125 GeV, this is the b-quark, with 

a Branching Ratio of 58%
• The W/Z decay to quarks at a 

Branching Ratio of 68%
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CMS Exclusion Limits: Hadronic Channels
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Complications for the Hadronic decay channel

• Due to the low mass of the quarks (aside 
from the top quark) there is a large amount 
of background in the jets

• Furthermore, as QCD is not a purely 
analytical theory, the background is not 
well defined in the models

• As such, it is our goal to be able to isolate 
the signal from the background via 
kinematics and thresholds
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The boosted regime

• Due to the high mass of the HVT particle, the jets 
are expected to be boosted to high speeds
• In fact, we can naively expect a γ factor with a value 

around 12.5 (at 2 TeV original HVT mass)

• This causes the opening angle between the jets 
to decease to the point where we are not able to 
differentiate between the two in the detector 
readout

• Despite this, these jets are large in radius and 
thus they can be identified as separate from 
smaller jets, and are termed “Fat jets”, and given 
radius parameter R=1
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Jets at the ATLAS detector

• The ATLAS detector has two ways 
to track hadronic decays, which are 
termed jets, as they are not single 
particles due to quark confinement
• The tracker for charged jets
• The hadronic calorimeter is a 

detector that causes the jets to 
shower at some opening angle which 
should be energy dependent but due 
to detector “smearing” this can not 
be used to cut background

• This effect also leads to a spread in 
mass distribution
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Fat Jet Analysis

• The large-radius jet can be filtered 
by looking at a series of sub-
structure variables to differentiate 
the two jets.

• We use a method of identification 
called the “Trimming” algorithm,  
• It first creates sub-jets of size 0.2 
• Then, the ratio of transverse 

momentum of each sub-jet to the 
whole is compared and cut upon, 
with a minimum value of 5% 

• These parameters are discussed in 
detail in arXiv :1306.4945 as is the 
analysis of the multiple methods 
possible at the ATLAS detector
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B-jet analysis

• In standard Higgs studies, this channel 
is swapped in background, but by use 
of the fat jets, this channel can make 
use of the relatively high life time of 
the b-quark to differentiate them in 
the jets, as they will appear to have an 
origin vector other than the 
interaction point 

• We use a b-tagging requirement 70% 
efficiency at this point

• Due to the large jet-size, events with 1 
b-tag are considered as it is possible 
that we might have misidentified the 
dual b-jets as a single jet in 
reconstruction
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Monte Carlo Simulations

• We model the signal at 1.7 TeV 
using  the Simplified Model regime 
for Model A with a coupling 
constant of 3

• The background can be divided 
into a number of processes
• Multi-jet QCD
• Vector +Jets
•  𝑡𝑡

• In order to examine 
appropriateness of cuts, these are 
scaled to expected cross sections 
then all normalized to have 
 𝑡𝑜𝑡𝑎𝑙 = 1
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Addition of data

• Once data is added, the Monte Carlo 
is no longer scaled to one, but rather 
is scaled appropriately to the 
expected cross section for the 
luminosity (13.3 fb-1)

• The QCD background of Multi-jets is 
assumed to be incorrectly scaled in 
simulation

• It is renormalized scaled such that the 
integral of the sum of the background 
is equal to that of data

• Thus, it is not number of events, but 
shape of the distribution that matters
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Jet Level Cuts

Cut Description Parameter

Jet Reconstruction Anti-kt reconstruction Reconstructs jets into a very stable 
circular jet 

Trimming pT
subjet /pT

Total<5%
Accept or reject the R=1 Anti-kt jets

Jet number Must have at least two jets in event

Forward jets Reject those jets that are in areas 
of the detector with poor 
reconstruction

𝜂 < 2.0

Minimum Mass Reject small mass jets mJ >50 GeV

Minimum PT Reject small pT jets pT>200 GeV
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Event Level Cuts

Cut Description Parameter

Trigger Save events for which a trigger was sent Trigger is sent for events with at least one 
large R jet with pT>360 GeV

Transverse Momentum Cuts on leading jet momentum 𝑝𝑇
𝑙𝑒𝑎𝑑𝑖𝑛𝑔

> 450 𝐺𝑒𝑉

Vector Requires a Vector boson as the sub-leading 
jet in mass

65 < 𝑚𝑠𝑢𝑏𝑙𝑒𝑎𝑑𝑖𝑛𝑔 < 105 𝐺𝑒𝑉 and D2 cut is 
required (this is a pT dependent cut  which 
compares angular distance in the jet)

Higgs Require the leading jet in mass to be a 
Higgs candidate

75 < 𝑚𝑙𝑒𝑎𝑑𝑖𝑛𝑔 < 145 𝐺𝑒𝑉 and must have 
at least one b-tag

Sideband of Higgs Require a “Higgs” candidate with high mass 
as the more massive jet

145 < 𝑚𝑙𝑒𝑎𝑑𝑖𝑛𝑔 < 175 𝐺𝑒𝑉 and must 
have at least one b-tag

Kinematics Require back-to-back jets with low 
transverse momentum

7𝜋

8
< Δ𝜙𝑏𝑒𝑡𝑤𝑒𝑒𝑛 <

9𝜋

8
a nd Δ𝑝𝑇 <100 GeV

Δη Cut on difference in pseudo-rapidity in jets Cuts on values ranging from Δ𝜂 < 1.5 to 
Δ𝜂 < 3.5
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For  all events

Signal Region

High mass 
Sideband

Kinematic cuts to 
be studied



Monte Carlo, MJJ
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Pt cut 
Low pt, Higgs and V, no Δη cuts or 

kinematics, 2 tag signal region 

Low pt, Higgs and V, kinematic, no Δη
cuts, 



Monte Carlo, Δ𝜂
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Pt cut 
Low pt, Higgs and V, no Δη cuts or 

kinematics, 2 tag signal region 

Low pt, Higgs and V, kinematic, no Δη
cuts, 



Δ𝜂 cut study on Monte Carlo in 1-tag region
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1.5 1.9 2.3

2.7 3.1 3.5



Data with Cuts, Δη
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PT cut PT cut, Higgs and vector, no Δ𝜂 cut, 2-tag PT cut, Higgs and vector, Δ𝜂 < 2 cut, 2-tag



Data with Cuts, MJJ
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PT cut PT cut, Higgs and vector, no Δ𝜂 cut, 2-tag PT cut, Higgs and vector, Δ𝜂 < 2 cut, 2-tag



Signal Region, Sidebands and Validation 
Region

• The correction we have applied 
to the QCD background does not 
allow for truly blinded studies, 
By use of regions that are 
outside of our data regions we 
can get a good approximation 
for a more appropriate scaling 
factor
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Signal Regions 1 and 2 tags

One Tag
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Two Tag



Defining effectiveness of cuts

• The efficacy of a cut can be defined by the 
significance which can be approximated 

simply with √ −1𝜎
+1𝜎

𝑠𝑖𝑔𝑛𝑎𝑙 /

 −1𝜎
+1𝜎

𝑡𝑜𝑡𝑎𝑙 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 where 𝜎 is given by 
the width of the signal

• A more correct formula is 
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Signifigance as a function of Δ𝜂
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• Based on the 
significance values, it 
appears as though a cut 
at 2.2 looks appropriate

• 49% improvement in 
the two tag region 

• 22% improvement in 
the one tag region

• The QCD correction is 
the scaling factor for the 
Multi-jet channel which 
was previously 
mentioned



Δη <2.2 cut applied
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One Tag Two Tag



Conclusions

• There is no significant deviation from the background 

• Any exclusion limits would require a proper estimation to the QCD 
background be derived from the Sideband and Zero Tag regions
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