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• Theoretical World:

• Large number of theoretical models


• Experimental World:

• Hundreds of measurement


• Goal:

• Test new theory ideas against the bank of LHC measurements in 

a model independent way


• NP idea:

• Models with extra U(1) or SU(2) ⇔ (Z’) or (Z’, W’) 

No clear signals of new physics (NP) in the first two runs of the LHC 
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• In many cases, the resonance can decay leptonically and the 
strongest constraints come from searches with leptonic final 
states


• Nevertheless, final states with top quarks are very interesting:

• The heavy top quark may play a special role w.r.t. to EWSB 

and BSM physics which couples preferentially to the third 
generation or not to leptons


• Even for models with couplings to leptons, the addition of top 
quark observables is important to distinguish between 
different BSM scenarios



M. M. AlTakach, T. Jezo, M. Klasen, J.-N. Lang, I. Schienbein [arXiv:2012.14855] 
EW top pair hadroproduction in the presence of heavy Z’ and W’ bosons at NLO 

QCD in POWHEG

Part II 

New heavy resonances in the top-pair 
channel 
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We performed a complete new calculation of EW top pair production at 
the LHC including a number of improvements with respect to a previous 
one done in [arXiv:1511.08185]:


• The amplitudes have been calculated using the Recola2 package:

• Recola2 (REcursive Computation of One-Loop Amplitudes)


• Publicly available at: https://recola.hepforge.org


• EW and QCD amplitudes for BSM models at NLO [Denner, Lang, 
Uccirati; 1705.06053]


• The amplitudes were implemented in Monte Carlo Event Generators 
(within the POWHEG BOX framework )


• First use case of Recola2 BSM amplitudes in NLO+PS matched 
calculation


• The calculation now includes t-channel W and W’ contributions

• We performed a new calculation of EW top pair production at the 
LHC including a number of major improvements with respect to a     
previous one done in [arXiv:1511.08185]:

https://recola.hepforge.org


We performed a complete new calculation of EW top pair production at the LHC 
including a number of improvements with respect to a previous one done in [arXiv:
1511.08185]:


• The new code can deal with general couplings for both Z’ & W’ 


• Standard Model (𝛄, Z, W) and new physics (Z’,W’) interference 
effects taken into account


•  Initial state QED singularities are consistently treated

• The code is dubbed PBZpWp 
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The new calculation was validated against the old one finding 

Full agreement
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The partonic top quark pair production cross section at NLO:


• σ2;0: SM QCD


• σ3;0: NLO QCD corrections to the SM QCD


• σ2;1: EW corrections to the SM QCD


• σ1;1: Interference between QCD & EW top quark pair production


• σ0;2: EW top quark pair production


• σ1;2: NLO QCD corrections to EW top quark pair production


• σ0;3: EW corrections to EW top quark pair production

Our Calculation
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The Sequential SM (SSM):


• A toy model where Z’ (W’) have the same couplings to 
fermions as the SM Z (W)


• The width of Z’ (W’) increases proportionally to its mass


• It is a widely used benchmark model in which LHC data are 
analysed


• Input parameters: (MZ’, cot ΘH) ↔ (MZ’, ΓZ’): 

• The mass of the resonances: mZ’, mW’



Numerical results: models 
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The Leptophobic Top-colour model (TC) [arXiv:1112.4928]:


• New strong dynamics with SU(3)2 symmetry coupling preferentially to 
the third generation while the original SU(3)1 gauge group couples 
only to the 1st and 2nd generation; breaking SU(3)1xSU(3)2 → SU(3)C 


• To block the formation of a bottom quark condensate an additional 
U(1)2 symmetry with associated Z’ is introduced; U(1)1xU(1)2 → U(1)Y


• Z’ couples only to 1st and 3rd generation


• Input parameters: (MZ’, cot ΘH) ↔ (MZ’, ΓZ’): 

• The mass of Z’: mZ’  

• The Ratio of the two U(1) coupling constants: cot 𝛉H



Numerical results: models 

Mohammad Mahdi Altakach                                                                                                                               8 

The Third Family Hypercharge model (TFHMeg) [arXiv:1809.01158]:


• A minimal extension of the SM by an extra U(1)F gauge 
symmetry


• Explains the neutral current B anomalies and the heaviness of 
the third family fermions  


• Z’ with generation non-universal/ flavour non-diagonal couplings


• Input parameters: 

• The mass of Z’: mZ’  

• The U(1)F gauge coupling: gF


• The mixing angle between second and third generation: θsb



Numerical results: setup & input 
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• Events in LHE format using PBZpWp with stable on-shell top quark


• Generation cut on the top pair invariant mass:


• Mtt ≥ 0.75 mZ’

• Applied at the Born phase space level

• More statistics in the interesting regions


• Pythia 8.2 to decay the top quark leptonically and to shower the 
events


• Rivet to impose the following acceptance cuts:


• R = 0.5 (anti-kT), pT > 25 GeV, |η| < 2.5



Numerical results: non-resonant contributions 
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- - : LO

— : NLO

EW top quark pair production cross section at NLO in the SSM  
vs mZ’(W’) (left) & √S (right) 




Numerical results: integrated cross sections 
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EW top quark pair production cross section at NLO in the SM, 
SSM, TC, and TFHMeg vs mZ’(W’) (left) & √S (right)   


K-factor = NLO/LO



A. Buckley et al. [arXiv:2102.04377] 
Testing new-physics models with global comparisons to collider measurements: the 

Contur toolkit 

Part III  

Comparison with LHC measurements

M.M AlTakach, J.M Butterworth, T. Jezo, M. Klasen, J.-N. Lang, I. Schienbein  
[arXiv:2111.15406] 

Probing a leptophobic top-colour model with cross section measurements and 
precise signal and background predictions: a case study 



Contur
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• Question for any given BSM proposal:                                                     
“at what significance do existing measurements already exclude 
this?”


• Constraints On New Theories Using Rivet 


• Exploits the fact that particle-level differential measurements 
made in fiducial regions of phase space have a high degree of 
model independence 


• These measurements can therefore be compared to BSM physics 
implemented in MC generators in a very generic way



Rivet
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• Robust Independent Validation of Experiment and Theory 


• Preservation of                                                              
particle-collider analyses                                                      
logic


• Tuning of non perturbative                           
parameters


• Validation and improvement                                                     
of MCEG codes


• Analysis reinterpretation                                                         
via MC simulations 

Data
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Contur uses bank of LHC results preserved in Rivet to          
rapidly check if new models are already ruled out
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• 1st Approach:


• Striking signals

• Data which agree                                                                  

with SM calculation

• Data = SM

• Uncertainties on the data                                                      

define the room left                                                               
for BSM signatures 
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• 2nd Approach:


• Precision SM calculations                                                              
with their associated                                                     
uncertainties define                                                              
the background                                                            


• Superimpose the putative                                                             
signal


• Check for consistency                                                              
with the data                                                                    
within uncertainties
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Contur provides the book-keeping and steering machinery 
to repeat this process over a grid of parameter values                           
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• The exclusion limits on BSM models with extra Z’ bosons in the top 
pair final state are obtained as follows:


• Contur: specifies the range for each input parameter


• PBZpWp: generates LH events for processes Involving                                   
Z’ boson for a given set of parameter values 


• Pythia: showers the LH events to obtain                                                  
particle-level events in the HepMC format


• Rivet: imposes fiducial cuts on the produced events


• Contur: Compares the size of any deviation to                     
the background for each set of parameters and                      
gives an exclusion limit. Combines the limits of all                  
the sets into one map                                                      

Contur

PBZpWp

Pythia

Rivet

Contur
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• Input parameters: (mZ’, cot 𝛉H) ↔ (mZ’, ΓZ’): 


• The mass of Z’: mZ’  

• The Ratio of the two U(1) coupling constants: cot 𝛉H


The total decay width of Z’: ΓZ’

Leptophobic Top-colour model (TC):




• Input parameters (mZ’, cot 𝛉H) ↔ (mZ’, ΓZ’/mZ’): 


• The mass of Z’: mZ’  

• The Ratio of the two U(1) coupling constants: cot 𝛉H


• The total decay width of Z’: ΓZ’

Results
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Leptophobic Top-colour model (TC):
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Input parameters: (MZ’, cot ΘH) ↔ (MZ’, ΓZ’): 

mZ’ = {1000 GeV, …, 7000 GeV}  

ΓZ’/mZ’ = {1%, …, 50%}

Leptophobic Top-colour model (TC):


mZ’ (GeV) mZ’ (GeV)

Γ Z
’/
m

Z’

1st Approach

95% CL
Excluded at 

68% CL
Excluded at 

2nd Approach



• Reasons:

• No measurements with full Run 2 Luminosity in Rivet  

• Binning in measurements vs binning in searches


The total decay width of Z’: ΓZ’

Conclusions
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ΓZ’/mZ’ [%] 1st Approach 2nd Approach CMS [1810.05905]

1 2.29 TeV 2.35 TeV 3.80 TeV

10 3.17 TeV 3.22 TeV 5.25 TeV

30 4.01 TeV 4.04 TeV 6.65 TeV

50 4.54 TeV 4.61 TeV -

Our limits are weaker than the direct searches
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The old calculation (old-PBZp)
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• In 2015 T. Jezo et al. performed a calculation of NLO QCD corrections to EW 
top pair production at the LHC in the presence of a Z’ boson [arXiv:
1511.08185]


• Z’ boson with generation non-universal and flavour diagonal couplings to 
SM fermions


• Standard Model (𝛄, Z ) and new physics (Z’) interference effects taken into 
account


• Results are implemented in the POWHEG BOX framework


• Initial state QED singularities are consistently treated 
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Parton-level processes (5 FNS)
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Parton-level processes (5 FNS)
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q0 + q̄ ! t+ t̄+ g

<latexit sha1_base64="oKKU8w/k2hUb8Dv8WiE9DTGypP0=">AAACCXicbVDLSgMxFM3UV62vUZdugkUUhDIjBXVXdOOygn1AZyiZNNOGZh5N7ghlmK0bf8WNC0Xc+gfu/BvTdgRtPRA4OedeknO8WHAFlvVlFJaWV1bXiuuljc2t7R1zd6+pokRS1qCRiGTbI4oJHrIGcBCsHUtGAk+wlje8nviteyYVj8I7GMfMDUg/5D6nBLTUNfHoGJ9ixyMyHWXYgQjDzx0yzfpds2xVrCnwIrFzUkY56l3z0+lFNAlYCFQQpTq2FYObEgmcCpaVnESxmNAh6bOOpiEJmHLTaZIMH2mlh/1I6hMCnqq/N1ISKDUOPD0ZEBioeW8i/ud1EvAv3JSHcQIspLOH/ETgSWBdC+5xySiIsSaESq7/iumASEJBl1fSJdjzkRdJ86xiVyuXt9Vy7Sqvo4gO0CE6QTY6RzV0g+qogSh6QE/oBb0aj8az8Wa8z0YLRr6zj/7A+PgGLcaYIQ==</latexit>
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Parton-level processes (5 FNS)
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)g + q ! t+ t̄+ q0
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QED contribution

• The fact that (c) & (d) have an initial state C-div. associated to 

a photon propagator has two consequences:

• We have to introduce a photon PDF inside the proton

• The corresponding underlying Born process must be included 

in the calculation

q
q

q’

q’
q qq’ q’

t 
t 

t 
t 

t 
t t 

t 
VVV

V gggg
(a) (b) (c) (d)

q’q’

q’

q’q
q q q

VV

V

V

gg gg

           (e)                                         (f)                                    (c)                         (d)

• This channel turns out to be 
numerically important

As a consequence of the KLN theorem, the soft and soft-collinear divergences cancel in

the sum of the real and virtual cross sections, while the collinear singularities are absorbed

into the parton distribution functions (PDFs) by means of the mass factorization proce-

dure. The singularities in the real corrections are removed in the numerical phase space

integration by subtracting the corresponding unintegrated counter terms [67, 68]. The fact

that the collinear divergences appearing in Figs. 5 (c) and (d) involve a photon propagator

has two consequences: (i) we have to introduce a PDF for the photon inside the proton

and (ii) the corresponding underlying Born process shown in Fig. 6, g+� ! t+ t̄, must be

included in the calculation. The squared modulus of the corresponding Born amplitude,

Figure 6. Photon-induced top-pair production of O(↵S↵). These diagrams must be added for a
consistent subtraction of the collinear singularities.

averaged/summed over initial/final state spins and colors, is

Bg� = 16⇡2
↵s↵Q

2
t


tt

ut
+

ut

tt
+

4m2
t s

ttut

✓
1�

m
2
t s

ttut

◆�
, (2.7)

with Qt the fractional electric charge of the top quark (2/3), NC = 3, CF = 4/3, tt = t�m
2
t

and ut = u�m
2
t . Although this process is formally of O(↵S↵) and thus contributes to �1;1,

it is multiplied by a photon distribution inside the proton of O(↵), so that the hadronic

subprocess p + p ! g + � ! t + t̄ is e↵ectively of O(↵S↵
2). As we will see in Sec. 4, this

channel is indeed numerically important.

3 POWHEG implementation

We now turn to the implementation of our NLO corrections to electroweak top-pair pro-

duction, described in the previous section, in the NLO+PS program POWHEG [37]. We

thus combine the NLO precision of our analytical calculation with the flexibility of parton

shower Monte Carlo programs like PYTHIA [69] or HERWIG [70] that are indispensible

tools to describe complex multi-parton final states, their hadronization, and particle de-

cays at the LHC. Since the leading emission is generated both at NLO and with the PS,

the overlap must be subtracted, which is achieved using the POWHEG method [36] im-

plemented in the POWHEG BOX [37]. In the following, we describe the required color-

and spin-correlated Born amplitudes, the definition and implementation of the finite re-

mainder of the virtual corrections, and the real corrections with a focus on the subtleties

associated with the encountered QED divergences. All other aspects such as lists of the

flavor structure of the Born and real-emission processes, the Born phase space, and the

four-dimensional real-emission squared matrix elements have either already been discussed

above or are trivial to obtain following the POWHEG instructions [37]. We end this section

with a description of the numerical validation of our implementation.

– 10 –
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Divergences
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Numerical results: setup & input 
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• √S = {14 TeV, 27 TeV, 50 TeV, 100 TeV}

• mZ’(W’) = {2000 GeV, …, 8000 GeV}

• mt = 172.5 GeV

• PDF choice: NNPDF31_nlo_as_0118_luxqed 

• μR2 = μF2 = shat

• SSM:

• ΓZ’/mZ’ = 3%, ΓW’/mW’ = 3.3%


• TC:

• ΓZ’/mZ’ = {3.1%, …, 3.2%}


• TFHMeg:

• gF/mZ’ = 0.265, θsb = 0.095, �Z0 =

5g2FMZ0

36⇡

<latexit sha1_base64="eA+YzNVK/t3qlCf/ylUcRvbD4Us=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UUFyWp9bUQioK6ESrYBzY1TKaTduhMEmYmQgn5Bzf+ihsXirh1486/cfpYaPXAhcM593LvPV7EqFSW9WVkpqZnZuey87mFxaXlFXN1rSbDWGBSxSELRcNDkjAakKqiipFGJAjiHiN1r3c28Ov3REgaBjeqH5EWR52A+hQjpSXX3HUuEOfITW63U3gCHV8gnOzDzl3RPYdXQzlN9g6ciKaumbcK1hDwL7HHJA/GqLjmp9MOccxJoDBDUjZtK1KtBAlFMSNpzokliRDuoQ5pahogTmQrGf6Uwi2ttKEfCl2BgkP150SCuJR97ulOjlRXTnoD8T+vGSv/qJXQIIoVCfBokR8zqEI4CAi2qSBYsb4mCAuqb4W4i3QsSseY0yHYky//JbViwS4Vjq9L+fLpOI4s2ACbYAfY4BCUwSWogCrA4AE8gRfwajwaz8ab8T5qzRjjmXXwC8bHN3NCnKs=</latexit>
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Measurements vs Searches
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