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Fig. 1 Regions of the (MH+ , tan !) parameter space of scenario (a)
(MSSM-like scenario) excluded at 95% C.L. by charged and neutral
Higgs searches (see Sect. 3.1) for the four different 2HDM Yukawa
types. The colour coding corresponds to exclusion by different con-

straints, as given by the legend. The green region is consistent with all
collider constraints. The dotted line shows the combined limit from all
b ! s observables (see Sect. 5.3 for details)

MH < 2mt " 350 GeV, as the cot !-enhanced H coupling
to top quarks increases both the gluon fusion production cross
section and the loop-induced H ! " " partial width. For
MH > 2mt the decay mode H ! t t becomes kinematically
accessible, featuring a similar enhancement with cot !, and
thus the pp ! H ! " " rate does not become large enough
to yield an exclusion with current data.

Combining these constraints, in Type I, charged Higgs
masses below # 350 GeV are excluded for tan ! ! 2, while
at larger tan ! the limit is weaker and arises either from t !
H±b, H± ! #$ searches (for tan ! ! 8) or from LEP
searches. Type II, which resembles the tree-level Higgs sector
of the MSSM, is restricted more strongly, i.e. charged Higgs
masses below # 350 GeV are excluded irrespective of tan !.7

At large tan ! " 10, the lower MH+ limit is even more severe
due to the pp ! H/A ! ## constraints, reaching values of
# 1 TeV at tan ! # 26. Type III is slightly less constrained
than Type I at small tan ! " 1, but features an additional
excluded region for tan ! " 20 obtained from charged Higgs
searches and LHC pp ! H/A ! bb searches, constraining

7 Note that in particular for low MA values around the EW scale, MA #
MZ , our assumption MH+ = MH = MA is not a good approximation
for the MSSM Higgs sector. In fact, the charged Higgs boson mass
can still be MH+ # mt in the MSSM – also consistent with b ! s"
measurements – in the rather exotic scenario where the heavy Higgs
boson H is interpreted as the discovered Higgs state [55].

the charged Higgs boson to be quite heavy (beyond 800 GeV
in the most stringent case). In Type IV, the excluded region
appears at tan ! ! 10 and MH+ ! 350 GeV. Larger tan !

values are not constrained by LHC searches because – in
contrast to Type II and III – there is no enhancement of the
H/A couplings to bottom quarks.

Flavour physics constraints are complementary to the col-
lider constraints for all four types, as shown by the black dot-
ted contours in Fig. 1. For Types I and IV, they exclude only
the small tan ! region, while Higgs searches can reach larger
tan ! values but smaller charged Higgs masses. For Types II
and IV, flavour physics excludes charged Higgs masses larger
than # 600 GeV independently of tan !. More details and
explanations of the flavour physics constraints will be given
in Sect. 5.3.

Higgs searches allow us to exclude larger charged Higgs
masses only for large tan ! values due to the H/A ! ##

and H/A ! bb̄ constraints (and our assumption MH+ =
MH = MA in this specific scenario).

In addition, we checked that the constraints on the oblique
parameters, S, T and U , as well as the theoretical bounds
from perturbative unitarity and vacuum stability, are satisfied
in this scenario.

We now turn to scenario (b) (heavy neutral Higgs bosons),
where the masses of the heavy neutral Higgs bosons are set
to 1 TeV. We show the results for scenario (b) in Fig 2. For all
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Arbey, Mahmoudi, Stal and Stefaniak; 

Searches of heavy charged Higgs bosons are getting more complicated due to the large associated 
backgrounds 
Also bounds from, e.g.  are strongly affecting the lower bounds of the charged Higgs boson 
masses with constraints of about . 

B → Xsγ
𝒪(800) GeV

Different approach: using top quark polarization



Why we study Top quarks? 
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• Rich 
• Strong 
• Naked 
• Popular 
• Goes beyond

Taken from Fabio Maltoni’s slides

The top quark is

Top quark is the Cristiano Ronaldo of Particle Physics



Top quark polarization: signals & observables
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Lepton angle distribution in top-quark rest frame  

 

True probe of top quark polarization. Independent of the e.g. anomalous couplings if the latter are 
involved in the decay only, e.g. top quark pair production (R. M. Godbole, M. E. Peskin, S. D. 
Rindani and R. K. Singh, 2018). 

cos θℓ =
p0

ℓ ⋅ pt

|p0
ℓ | ⋅ |pt |

The scaled charged lepton energy distribution

 

In the top quark rest frame, no dependence on the polarization at all.  
In the laboratory frame, depends on both the anomalous  couplings and top quark polarization. 

              (A. Prasath V, R. M. Godbole, and S. D. Rindani, 2014; A. Jueid, 2018)

xℓ ≡
2Eℓ

mt

Wtb



Top quark polarization: signals & observables
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The energy ratio of the charged lepton to the total visible energy (of the top quark decay products)

 

Can be used to extract both the top polarization and the anomalous  couplings. More sensitive on the anomalous 
 couplings in cases where the top quark is produced with non-trivial polarization, e.g. as in single mode. Proposed 

long time by J. Shelton (2009) as probe of new physics for boosted tops. Studied in the context of charged higgs boson 
production by R. M. Godbole, L. Hartgring, I. Niessen, and C. D. White (2011) as way to distinguish Wt production from 

 production and by A. Arhrib, AJ, S. Moretti (2018) as a possible way to look for charged Higgs bosons at the LHC 
and to distinguish between the different Yukawa realizations of the 2HDM.

u ≡
Eℓ

Eb + Eℓ
Wtb

Wtb

H±t

The fraction of the top quark energy taken by the b-quark in the laboratory frame  

 

Is less sensitive to top quark polarization for many new physics scenarios.

z ≡
Eb

Et



Heavy charged Higgs boson production
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The 5 flavor scheme (5FS) The 4 flavor scheme (4FS)

We consider Charged Higgs boson production at the LHC for  mH± > mt + mb

b-quark is part of the proton; its PDF can be 
obtained by solving the DGLAP equations. An additional b-quark is produced in the final 

state

(i) Differences between the two schemes are observed at LO. 
(ii) NLO QCD corrections improve the agreement between the two schemes.

gt̄bH+

gt̄bH+



7New Strategies for Heavy Charged Higgs Boson Searches at the LHC Konkuk U.A. Jueid

The structure of the charged Higgs boson coupling

The main parameter controlling the production and the decay of Heavy charged Higgs boson is 

gtbH+ ≡ i(CLPL + CRPR); CL =
mt

2υ
κA

u , CR =
mb

2υ
κA

d

• In the 2-Higgs-Doublet Model type-I (type-X), both the L- and R-components of  are 
proportional to . 

• In the 2HDM-II (and the 2HDM-Y), the R-component is proportional to  while the L-
component is proportional to . 

gtbH+

1/tan β

tan β
1/tan β

Consequences

In type-I (type-X), this coupling is always left-handed (with very small contribution from right-
handed component)  

 The top quark is produced with negative polarization in the helicity basis.  
In type-II (type-Y),  can be L- dominated, R- dominated or purely scalar. 

 Top quark polarization is arbitrary (positive, negative or zero).

⟹
gt̄bH+

⟹
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The structure of the charged Higgs boson coupling
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• Blue color shows the 2HDM-Y 
(2HDM-II) and red color shows 
the 2HDM-I (2HDM-X). 

• Solid lines show the left-
handed component while the 
dashed lines correspond to 
the right-handed component.

We choose  in 2HDM-I and  in 2HDM-Y 
•  for 2HDM-I 
•  for 2HDM-Y

tan β = 1 tan β = 50
CL, CR = (0.94, − 0.025)
CL, CR = (0.019,1.3)



Phenomenological setup
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We consider Charged Higgs boson production in association with a top quark in the 5F 
scheme at the HL-LHC. 
We focus on the lepton (electron or muon) and jets final state in which case the 
dominant backgrounds are . 
Using basic selection cuts and Pseudo-Top quark definition method, we optimize (not as 
a full study) the signal-to-background ratio without spoiling the spin-properties of the 
top quark produced in signal processes. 
We used the asymmetries constructed from spin-distributions as an example to show 
the possible discriminative power. 
The advantage of these asymmetries is their resilience against next-to-leading (NLO) 
QCD corrections. 
All the observables are independent of the flavor scheme of the incoming particles (see 
slide 14).

tt̄ + X, W( → ℓν) + jets, Z( → ℓℓ) + jets



Results
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Flip in the sign of the slope of the  distribution — positive for 2HDM-I and negative for 2HDM-Y. 
The  distribution is sensitive to the changes in  in 2HDM-I — not the case in 2HDM-Y. 
The sensitivity decreases slightly when strict cuts on the scalar sum of jet  are imposed (right pane).

cos θℓ
cos θℓ mH±

pT
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Energy-based observables are showing very good discriminative power — here, I show . 
The  distribution is showing a similar shape in both type-Y and type-I 2HDMs.

mH± = 500 GeV
xℓ
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Employing asymmetries can be very useful to distinguish between different charged Higgs masses in 
the same Yukawa type of 2HDM. 
The -asymmetry can be used to distinguish the different masses for type-Y 2HDM. 
More work is needed to implement these observables in real analysis.

Axℓ

A𝒪 =
σ(𝒪 > 𝒪c) − σ(𝒪 < 𝒪c)
σ(𝒪 > 𝒪c) + σ(𝒪 < 𝒪c)



Phenomenology
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tan� sin(� � ↵) mh0 [GeV] mH± [GeV] mH0 [GeV] mA0 [GeV] m2
12 [GeV2]

Type-I (Bp1) 1 0.999 125 300 400 400 1850

Type-Y (Bp2) 50 0.999 125 500 700 700 9794

TABLE I: The input parameters for the two benchmark points in the physical basis.

• (CL, CR) = (0.019, 1.3) for 2HDM-Y.

The details about the benchmark points are summarized in Table I

We notice that the choice of the neutral Higgs masses (both CP-odd and CP-even) is ar-

bitrary, i.e any mass can be chosen such that the decays H
± ! H/AW

± are kinematically

forbidden. The chosen values of CP-odd and CP-even masses do not a↵ect the study that we

carried in [1]

III. PHENOMENOLOGY

While NLO QCD corrections to the production of a heavy charged Higgs boson in associa-

tion with a top quark are well known [10–13], we estimate the rates of the production at LO

only in the 5FS. The reason is that top quark polarisation observables are resilient to these

corrections [4] and, furthermore, asymmetries constructed out of these distributions have even

more reduced systematic uncertainties. This is can be understood by the fact that top quark

polarization (and related observables) is parity-violating while QCD is of a vector nature. The

only case where QCD might change the distributions is in the non-factorizable corrections

(corrections to the production and the decay). However, such corrections are more-likely to

vanish because the top quark is produced on-shell.

The production cross section times the branching ratios (�(tH±)BR(H± ! tb)BR(t !
b⌫``)BR(t ! bq1q̄2) at the LO is

• 0.367± 10.2%(scale)± 16.6%(PDF) pb for Bp1,

• 0.162± 9.5%(scale)± 19.3%(PDF) pb for Bp2,

using that BR(H± ! tb) ' 100% in both scenarios.

[1] A. Arhrib, A. Jueid, and S. Moretti, Top quark polarization as a probe of charged Higgs bosons,

arXiv:1807.11306.

[2] M. Aoki, S. Kanemura, K. Tsumura, and K. Yagyu, Models of Yukawa interaction in the two

Higgs doublet model, and their collider phenomenology, Phys. Rev. D80 (2009) 015017,

[arXiv:0902.4665].

3

Benchmark Scenarios To close the decays H± → W±A0/H0

These benchmarks need to be revised due to the updated constraints (in progress): 
For type-I, constraints from  require . 
For type-Y, constraints from  require .

Z → bb̄ mH± ≥ 350 GeV
BR(B → Xsγ) mH± ≥ 600 (800) GeV

BR(H± → tb) ≈ 100 %

Benchmark

BP1 (type-I)

BP1 (type-Y)

σ(tH±) × BR(H± → tb) × BR(t → bℓν) × BR(t → bjj)

0.367 ± 10.2 % (scale) ± 16.6 % (PDF) pb

0.162 ± 9.5 % (scale) ± 19.3 % (PDF) pb



Effects of Matching?
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It is very important to study the effects of Matching; i.e. combining matrix-elements in the 4FS 
( ) and 5FS ( ). 
Including the b-quark in the proton induces a logarithmic correction which strongly depends on the 
charged Higgs mass. 
We find that the polarization observables are resilient to the proton scheme. 

pp → H−tb pp → H−t

σmatched =
σ4FS + ωσ5FS

1 + ω
; ω = log(mH±/mb) − 2



How to implement these?
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The cut-and-count method — with uncertainties — is not suitable in this kind of analyses; lots of 
variables are multi-modal  both signal & background efficiencies will drop dramatically.⟹

We plan to implement these variables in new search strategies where basic kinematical variables, 
high-level variables and spin observables (both for resolved and boosted topologies) are fed into ML 
algorithms;  

Boosted-Decision Trees (BDT) with just kinematical variables — no spin information — improves the 
selection by about  plus another(?) from spin. 
We plan to implement also Neural Networks (NNs) based algorithms. 

40 % 50 %

Now we are in the process of Monte Carlo event generation of about  events — mostly from 
 with up two jets with NLO precision (could take about few months). 

The implementation is done in the meantime.  
We expect some preliminary results probably in the next meeting (provided it will held after 2–3 
months).

≈ 1010

W/Z + jets

Stay tuned



Conclusions
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We studied the sensitivity of spin observables on both the anomalous couplings in single top quark 
production through t-channel and as a search strategy for Charged Higgs bosons in top-associated 
production.  
We found very important sensitivities and they can be used both as a discovery as well as a characterization 
tools. 
The spin observables are remarkably resilient to higher order corrections, and the matching scheme 
(although their measurement can be challenging). 
Asymmetries constructed from spin observables are also resilient to theoretical uncertainties. 
Our findings can be applied to any model which contains a charged Higgs that couples to a top quark; 
Universality of the spin structure of the top quark? 
Gives further motivations to study the presence of new states (charged or neutral) with different spin 
quantum numbers and in different production modes.

It ain't over till it's over



Thank you for your attention 


