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The discovery of the SM Higgs boson at the Large Hadron Collider (LHC) validated the 
standard model (SM) as a low energy ( EW scale) description of nature.


Several phenomena (e.g. dark matter) cannot be accounted for/explained in the SM.


It is not also clear yet how many scalar multiplets contribute to the phenomenon of 
the electroweak symmetry breaking.


The two-Higgs-doublet model is one of the most minimal options that extend the scalar 
sector of the SM.


The two-Higgs-doublet models predict the existence of a pair of charged Higgs bosons. 

∼



The SM is working pretty well… so far
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Yukawa couplings
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✦ SM Yukawa couplings have a strong hierarchy structure, responsible 
for particle masses; essential for revealing nature of the Higgs boson
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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mass hierarchy 

Top Yukawa plays a crucial role, e.g., in RG running; Yukawa couplings of light 
particles are also of great importance and challenging to access experimentally 

Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )

light-cone
= 0.15

H
4
0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km

s Mpc
= 1.44 ⇥ 10�42 GeV, the probability that we should

have seen a bubble by now is

P =
�

V
(V T )

light-cone
= 10�516

�409
+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �

? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole

t , mpole

h
or

↵s for the SM to be in the metastability window are
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(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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Figure 2: (Top) phase diagram for stability in the m
pole

t /m
pole

h
plane and closeup of the SM

region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on m

pole

t and m
pole

h
. The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the m

pole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on m

pole

h
and theory. The

dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections

�� =
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]

mt=173.3 GeV,   yt≃1

me=511 keV,   ye≃2×10-6

The SM Yukawa couplings have a strong 
hierarchy, e.g.:

mt

me
≃ 3 × 106

Can be measured from the rates of the 
SM Higgs boson decays

Γ(H → f f̄ ) ∝
mHm2

f

M2
W

× PS × Radiative corrections

Thanks to the one-to-one correspondence 

Light Higgs-fermion Yukawa couplings are 
more challenging to measure: see Soreq et al. 
(2016), Bishara et al. (2017), Gao (2018).

Good agreement between theory and experiment



The two-Higgs doublet model in a nutshell
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We extend the SM by two scalar isodoublets 
Φi =

ω+
i

1

2
(vi + hi + ηi)

∼ (1, 2)1

To avoid large tree-level FCNC transition, we impose a  symmetry that is softly broken

 four types of the two-Higgs-doublet model (also called Yukawa realizations).

Z2
⟹

 are the coupling modifiersκi



Production of charged Higgs bosons at the LHC
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4FS: The charged Higgs 
b o s o n i s p r o d u ce d i n 
association with bt̄

5FS: The charged Higgs 
b o s o n i s p r o d u ce d i n 
association with t̄

Some disagreement between the two schemes at LO.

Situation improves when we go from LO to NLO.

Also 4FS introduces an extra b-quark in the final state.



Status of charged Higgs boson searches at the LHC
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Limits have been put on the 
product of the cross section 
times the branching in the 
context of the hMSSM for 
some choices of .tan β

Can be re-interpetred in the 
framework of the two-
Higgs-doublet by using MA5 
or HB/HS.

H+ → tb̄



Status of charged Higgs boson searches at the LHC
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H+ → H( → ττ) W+

Bounds are weaker in this 
case.



Status of Higgs boson searches within the 2HDM
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A. Arbey, F. Mahmoudi, O. Stal, T. 
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Status of Higgs boson searches within the 2HDM
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Chirality of the  couplingH+t̄b
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The main vertex characterizing charged Higgs boson production at the LHC is the  coupling given at LO by 





In the 2HDM-I and the 2HDM-X, both the R- and L-handed components are proportional to 


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

gH+t̄b

gt̄bH+ = i(CLPL + CRPR); CL =
1

2v
mtκA

u , CR =
1

2v
mbκA

d

1/tan β

tan β
1/tan β
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Implications?

In type-I (type-X), this coupling is always left-handed — small contribution from the right-handed 
component —.


 The top quark is produced with negative polarization in the helicity basis. ⟹

In type-II (type-Y), this coupling can be left-handed, right-handed or purely scalar ( ).

 The top quark can be produced with negative/positive/zero polarization. 

tan β = mt /mb
⟹



Bounds from Higgs and collider data?
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The strong constraints from  
on the parameter space of type-II 2HDM 
exclude regions of .

gg → A0 → ττ

tan β ≥ 8

2HDM type-II

mH± ≃ mA0 ≃ mH0

σgg→A0→ττ ∝ tan2 β
 In 2HDM type-II, the right-handed 

component of the coupling cannot dominate.
⟹

We choose 2HDM type-Y as our benchmark 
model since the cross section of 

 is suppressed by gg → A0 → ττ 1/tan2 β

 Large values of  can be attained 
and the right-handed component of the 
coupling may dominate.

⟹ tan β



Chirality of the  couplingH+t̄b
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Blue color shows the 2HDM-Y (2HDM-Y) while 
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-Ytan β = 1 tan β = 50

 in 2HDM-I

 in 2HDM-Y

(CL, CR) = (0.94, − 0.025)
(CL, CR) = (0.019,1.3)



Observables
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Lepton angle distribution in the top-quark rest frame 





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

cos θk
ℓ =

pℓ ⋅ pt

|pℓ ⋅ pt |
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The scaled charged lepton energy distribution





In the rest frame, there is no dependence on the polarization of the top quark. 

In the laboratory frame, it is sensitive to both top quark polarization and any anomalous 
couplings (A. Prasath, R. M. Godbole, and S.D. Rindani, 2014).

xℓ =
2Eℓ

mt



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 the information on the top quark quark polarization and any 
anomalous couplings. Proposed some time ago (J. Shelton, 2009) as a probe of new physics in 
channels involving boosted top quarks. Studied in the context of charged Higgs boson 
production in association with a top quark (R. M. Godbole, L. Hartgring, I. Niessen, and C. D. 
White, 2011) to distinguish  production from  production and as possible method to 
search a characterize charged Higgs bosons at the LHC for different Yukawa realizations (A. 
Arhrib, AJ, S. Moretti, 2018) 

u =
Eℓ

Eℓ + Eb

H±t W±t

The ratio of the b-quark energy with respect to top quark energy





Sensitive to transverse top quark polarization (useful for CP-violation).

z =
Eb

Et



Technical setup
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We consider charged Higgs boson production in association with a top quark in 
the 5FN scheme at the LHC with  TeV and .

We focus on the lepton (electron or muon) and jets final state in which case 
the dominant background are .

Using basic selection cuts and pseudo-top quark definition method (implemented 
in RIVET), we perform a basic signal-to-background optimization without 
spoiling the spin properties of the top quark produced in the signal processes.

We used forward-backward asymmetries constructed from various kinematical 
distributions as an example to show the possible discriminative power.

All the calculations are done at leading order (LO) in QCD.

s = 13 ℒ = 1 ab−1

tt̄ + X

pe
T > 30 GeV; |ηe | < 2.5

pμ
T > 27 GeV; |ημ | < 2.4

One electron 

or muon with + At least 5 jets 


3 of them are b-tagged pT > 30 GeV; |ηe | < 2.4



Results 
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We observe a flip in the sign of the  distribution (positive in type-I and negative in type-Y).

The  can distinguish between the different values of the charged Higgs mass in type-I 
2HDM (not the case for type-Y 2HDM).

Sensitivity decreases when strong cuts on  are imposed.

cos θk
ℓ

cos θk
ℓ

HT



Results
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Good discriminative power for energy-based observables.

Almost the same behavior in the  distribution between the SM and type-Y.

The  shows more sensitivity for .

xℓ
u u > 0.5



Asymmetries
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We define an asymmetry on an observable  by𝒪

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

(  is a reference point)R

Asymmetries are resilient to next-to-leading order QCD corrections! (Actually 
the spin itself is).

Asymmetries are robust against the choice of the PDF scheme inside the 
proton (will show later)

Systematic uncertainties may cancel between the numerator and the 
denominator (more studies are in order).



Asymmetries
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The  is very sensitive to the choice of the charged mass in type-I (not in type-Y). Both 
models yield very different results from the SM. 


 is sensitive to the mass choice for the two Yukawa realizations of the 2HDM.

More work is needed to use these asymmetries in a fully-fledged signal-to-background 
analysis (ongoing).

Aθℓ

Axℓ

HT > 1 TeV

HT > 1 TeV

HT > 1 TeV



Effect of Matching?
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It is very important to study the robustness of these observables against the choice of PDF 
schemes.

In general, we can use the 4FS ( ) and 5FS ( ). Total rates of these schemes 
are extremely different (we expect also the final state to be different). 

We use the Santander matching to combine these two schemes 

pp → H+t̄b pp → H+t̄

σmatched =
σ4FS + ωσ5FS

1 + ω
ω = log(mH±/mb) − 2



Conclusions
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We studied the sensitivity of top quark polarization observables on the charged 
Higgs boson production at the LHC (focusing on masses greater or equal to 300 GeV)

We found that these observables are very robust against higher order QCD 
corrections, PDF schemes and can be used for characterization.

More work is needed for a full exploitation of these observables using ML, DL and 
combined with traditional kinematical variables (ongoing).

Also will be very important to exploit the scenario where the top quark is boosted. 
In this case, top tagging methods will allow to access to the polarization information 
directly (ongoing).



Thank you for your attention 


