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Top-quark is discovered 
in March 2, 1995

It is my very first time of learning
the quirkish words of “quark” and “top” 
from Prof. Xuan-Qian Li’s colloquium. 



Top-quark: a good probe of NP
It is a common decay product of many NP resonances.
It is often polarized in many NP models. 
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15, 16, 17, 18, 19, 20, 21, ]. Exciting new possibilities for explicit or spontaneous CP
violation constitute one of the attractive features of 2HDMs.

With the Large Hadron Collider (LHC) starting to produce data, time seems appro-
priate for a review of 2HDMs. The Higgs sector of the Standard Model is very predictive,
with the Higgs mass being the only free parameter, and it will be tested at the LHC over
the entire theoretically preferred mass ranges within the next few months. In contrast,
due to the larger number of free parameters in the 2HDM, it will take much longer to
probe the entire parameter space of the various models. Should the Higgs not be seen at
the LHC in the next few months, the 2HDM will be one of the simplest alternatives. With
charged Higgs bosons, pseudoscalars and different decay modes and branching ratios, the
experimental challenges will be quite different than in the Standard Model. While it may
not be possible to completely probe the entire parameter space of the various 2HDMs at
the LHC, most of the parameter space can be probed, and this is further incentive for a
review of the various forms of the 2HDM and their experimental signatures.

We shall explicitly exclude supersymmetric models from this review. The Higgs sec-
tor of supersymmetric models is extremely well-studied and Djouadi [24] has written a
very comprehensive review of it. We shall also not include models with scalar SU(2) sin-
glets in addition to the two doublets, since those models usually include many additional
parameters.

In general, the vacuum structure of 2HDMs is very rich. The most general scalar
potential contains 14 parameters and can have CP-conserving, CP-violating, and charge-
violating minima. In writing that potential one must be careful in defining the various
bases and in distinguishing parameters which can be rotated away from those which
have physical implications. However, most phenomenological studies of 2HDMs make
several simplifying assumptions. It is usually assumed that CP is conserved in the Higgs
sector (only then can one distinguish between scalars and pseudoscalars), that CP is
not spontaneously broken, and that discrete symmetries eliminate from the potential all
quartic terms odd in either of the doublets; however, usually one considers all possible real
quadratic coefficients, including a term which softly breaks these symmetries. We shall
also make those assumptions in the early chapters of this report but will subsequently
discuss relaxing them. Under those assumptions, the most general scalar potential for
two doublets Φ1 and Φ2 with hypercharge +1 is
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where all the parameters are real. For a region of parameter space, the minimization of
this potential gives
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With two complex scalar SU(2) doublets there are eight fields:
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)
, a = 1, 2. (4)
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Figure 3.45: The coverage of the MA–tan β parameter space using various Higgs production
channels in ATLAS with a luminosity of 300 fb−1 (left) and the number of MSSM Higgs
bosons that can be observed in ATLAS with a luminosity of 300 fb−1 (right) [327].

Nevertheless, combinations of Higgs production cross sections and decay branching ratios

can be measured with a relatively good accuracy [440] as summarized in §I.3.7.4. The

Higgs couplings to fermions and gauge bosons can be then determined from a fit to all

available data. However, while in the SM one could make reasonable theoretical assumptions

to improve the accuracy of the measurements, in the MSSM the situation is made more

complicated by several features, such as the possibility of invisible decay modes, the radiative

corrections in the Higgs sector which can be different for b, τ and W/Z couplings, etc...

In some cases, the distinction between a SM and an MSSM Higgs particle can be achieved.

The extent to which this discrimination can be performed has been discussed in Ref. [441]

for instance, where a χ2 analysis of the deviation of the Higgs couplings expected for a given

MSSM scenario, compared to the SM case, has been made. The contours in the MA–tanβ

plane where the two scenarios are different with a 3σ and 5σ significance is shown in Fig. 3.46

for three possible luminosities; in the areas at the left of the contours, the SM scenario can

be ruled out. With 300 fb−1 data, on can distinguish an MSSM from a SM Higgs particle

at the 3σ level for pseudoscalar Higgs masses up to MA =300–400 GeV.

Measurements for decoupled heavier Higgs bosons

The heavier Higgs particles H, A and H± are accessible mainly in, respectively, the gg →
bb̄ +H/A and gb → H±t production channels for large tanβ values. The main decays of the

particles being H/A → bb̄, τ+τ− and H+ → tb̄, τ+ν, the Higgs masses cannot be determined

213

tanβ
In the Minimal extension of the Standard Model



Charged Higgs boson decay
H�
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Clearly, the dependence of the helicity amplitudes on the polar angle θt̄H− is absent owing

to the scalar feature of H±. The θt̄H− is defined as the open angle between the t̄ quark

and the motion direction of H− in the c.m. frame; see Fig. 1. In order to conserve the

spinless feature of the scalar boson, the two quarks from H− decay must exhibit the same

helicity; see Eq. (4) and Fig. 1. Figure 1 displays the helicity configuration of bRt̄R, where

(a) originates from the first term in Eq. (3) while (b) comes from the second term in Eq. (3)

after double mass insertions. The mass insertions lead to a suppression factor of mbmt/m2
H±,

which is negligible for a heavy H±.

To quantify the top quark polarization in the decay of H− → t̄b, one introduces the

degree of top quark polarization (D) defined as

Ddecay ≡
Γ(t̄L)− Γ(t̄R)

Γ(t̄L) + Γ(t̄R)
=

(mt cot β)2 − (mb tanβ)2

(mt cot β)2 + (mb tanβ)2
, (5)

where we ignore the double mass insertion terms.

The decay width of H− → t̄b is
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where Nc = 3 denotes the color factor. In the above equation we ignore the bottom-quark

mass except for those in the Yukawa couplings. The decay width, as shown in Fig. 2, is

highly sensitive to tanβ.
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FIG. 1: Pictorial illustration of the helicity amplitude of t̄ and b from H− decay in the rest frame

of H−. The dashed-line arrows show the motion direction of H− in the c.m. frame. The long

thin arrows display the t̄ and b moving directions, the short bold arrows along the long thin arrows

denote the spin direction, and the cross symbols on the long thin arrows represent mass insertions

which flip the fermion chirality. The Yukawa couplings are shown inside the square bracket.
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Charged Higgs boson production
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Charged Higgs production and decay
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FIG. 7: The Feynman diagrams of the process pp → tH− → tt̄b (a, b) and the process pp → t̄H+ →

tt̄b̄ (c, d), where the subsequent decays of t → jjb and t̄ → !−ν̄!b̄ are considered.

yields an event topology of jbjbjbjj"− plus missing energy as follows:

gb̄ → t̄H+ → (W−b̄)(tb̄) → ("−ν̄!b̄)(jjbb̄),

gb → tH− → (W+b)(t̄b) → (jjb)("−ν̄!b̄b). (24)

Figure 7 displays the Feynman diagrams of both signal processes with subsequent decays.

At the LHC the gb and gb̄ initial states give rise to the same production rate. Only half

of t̄ quarks in the signal event sample are from the H− decay, and their polarization is

completely determined by the chirality structure of the gH− t̄b coupling. The other half of

t̄ quarks emerge at the production level, whose polarization is highly diluted. In order to

reveal the connection between the top quark polarization and tan β, one has to find a set of

optimal cuts to separate the tH− and t̄H+ signal events.

Two SM backgrounds are considered in this work:

tt̄b : pp → tt̄jb → bW+b̄W−jb → jbjbjbjj"
−ν̄,

tt̄j : pp → tt̄j → bW+b̄W−j → jbjbjjj"
−ν̄. (25)

The tt̄b background is irreducible as it contributes exactly the same event topology as the

signal. On the other hand, the reducible tt̄j background could mimic the signal when the

light jet j (denoting the light-flavor quarks or gluons) is misidentified as a b jet.
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Top polarization in tH- production
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FIG. 3: The Feynman diagrams of the process bg → tH−: (a) s channel, (b) t channel.
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The incoming bottom quark and gluon exhibit the same helicity in order to produce a spin-

1/2 fermion in the s-channel propagator. The chirality of the top quark has to be opposite

to the chirality of the bottom quark, owing to the Yukawa coupling. Hence, if the top

quark and bottom quark have the same helicity, then there must be a mass insertion on the

external top quark fermion line. It yields a weight factor of
√
Et − p which vanishes in the

limit of mt → 0; see Eqs. (9) and (10). In Fig. 4 we show a pictorial demonstration of the

helicity configurations. It is also easy to verify that the spatial angle distributions are

Ms(+,+,+) ∼ Ms(−,−,−) ∝ d1/2
1/2,1/2(θ) = cos

θ

2
,

Ms(+,+,−) ∼ Ms(−,+,+) ∝ d1/2
1/2,−1/2(θ) = sin

θ

2
.

The t-channel diagram is more complicated as it involves a higher orbit angular momen-

tum. It has eight nonzero helicity amplitudes, which are given as follows:
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FIG. 4: Pictorial illustration of the helicity amplitude of the process of gb → tH− in the overall

c.m. frame. The terms inside square brackets represent the interactions. The cross symbols on the

long thin arrows represent mass insertions which flip the fermion chirality.
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ŝ1/4

(√
Et − p(EH− − p cos θ)

Et − p cos θ
+

mt

√
Et + p

Et − p cos θ

)

cos
θ

2
. (20)

We explicitly single out the s channel-like contributions in Eqs. (13), (14), (19), (20). Note

the sign difference between the s channel and t channel, which clearly implies a destructive

interference between the s channel and t channel.

The degree of top polarization of the gb → tH− process is

Dprod(ŝ) ≡
σ̂(tR)− σ̂(tL)

σ̂(tR) + σ̂(tL)
=

∫

dΦ2 [A(tR)−A(tL)]
∫

dΦ2 [A(tR) +A(tL)]
, (21)

where σ̂ denotes the cross section of the hard scattering process in the c.m. frame of the gb

system, and

A(tR) ≡
∑

λg,λb

|Mprod(λg,λb,+)|2 , A(tL) ≡
∑

λg ,λb

|Mprod(λg,λb,−)|2 . (22)

It is straightforward to show that the H−-t-b couplings can be factorized out in Dprod as

follows:

Dprod(ŝ) =
(mt cot β)2 − (mb tanβ)2

(mt cot β)2 + (mb tanβ)2
× R̂prod. (23)
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FIG. 5: The dilution factor in Eq. (23) as a function of the energy of the overall c.m. frame (
√
ŝ)

with mH± = 400GeV (solid black) and mH± = 600GeV (dashed red).

The first term parameterizes the top quark polarization generated solely by the Yukawa

coupling of H−-t-b, which gives rise to the maximal degree of polarization of the top quark

produced with H−. Due to the higher partial waves in the t-channel process, the top

quark polarization is diluted by the top quark’s angular momentum. The dilution factor

R̂prod depends only on the top quark’s kinematics. Figure 5 shows R̂prod as a function of

the c.m. energy
√
ŝ of the hard scattering process for mH± = 400 GeV (solid black) and

mH± = 600 GeV (dashed red). The magnitude of R̂prod is less than 0.5, which suppresses the

degree of top quark polarization; that is why we call it the dilution factor. Furthermore, one

should note that the dilution factor is negative in the threshold region of the tH− pair and

turns positive in the large invariant mass region. The sign of the dilution factor is important

because it is the key to determining the top quark polarization in the charged lepton angle

distribution. After convoluting with the parton distribution functions, the dilution factor

might ruin our whole analysis of the top quark polarization. The paper [4] shows that at the

hadron level in the tH− production the degree of polarization decreases when the mass of a

charged Higgs boson increases; the degree of polarization is smaller at 14 TeV than at 7 TeV

for LHC collision. Therefore, we focus our attention on measuring top quark polarization in

the H± decay rather than the tH− production in this work.
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Charged Higgs production and decay
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FIG. 7: The Feynman diagrams of the process pp → tH− → tt̄b (a, b) and the process pp → t̄H+ →

tt̄b̄ (c, d), where the subsequent decays of t → jjb and t̄ → !−ν̄!b̄ are considered.

yields an event topology of jbjbjbjj"− plus missing energy as follows:

gb̄ → t̄H+ → (W−b̄)(tb̄) → ("−ν̄!b̄)(jjbb̄),

gb → tH− → (W+b)(t̄b) → (jjb)("−ν̄!b̄b). (24)

Figure 7 displays the Feynman diagrams of both signal processes with subsequent decays.

At the LHC the gb and gb̄ initial states give rise to the same production rate. Only half

of t̄ quarks in the signal event sample are from the H− decay, and their polarization is

completely determined by the chirality structure of the gH− t̄b coupling. The other half of

t̄ quarks emerge at the production level, whose polarization is highly diluted. In order to

reveal the connection between the top quark polarization and tan β, one has to find a set of

optimal cuts to separate the tH− and t̄H+ signal events.

Two SM backgrounds are considered in this work:

tt̄b : pp → tt̄jb → bW+b̄W−jb → jbjbjbjj"
−ν̄,

tt̄j : pp → tt̄j → bW+b̄W−j → jbjbjjj"
−ν̄. (25)

The tt̄b background is irreducible as it contributes exactly the same event topology as the

signal. On the other hand, the reducible tt̄j background could mimic the signal when the

light jet j (denoting the light-flavor quarks or gluons) is misidentified as a b jet.
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Collider simulation
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tt̄b̄ (c, d), where the subsequent decays of t → jjb and t̄ → !−ν̄!b̄ are considered.

yields an event topology of jbjbjbjj"− plus missing energy as follows:

gb̄ → t̄H+ → (W−b̄)(tb̄) → ("−ν̄!b̄)(jjbb̄),

gb → tH− → (W+b)(t̄b) → (jjb)("−ν̄!b̄b). (24)

Figure 7 displays the Feynman diagrams of both signal processes with subsequent decays.

At the LHC the gb and gb̄ initial states give rise to the same production rate. Only half

of t̄ quarks in the signal event sample are from the H− decay, and their polarization is

completely determined by the chirality structure of the gH− t̄b coupling. The other half of

t̄ quarks emerge at the production level, whose polarization is highly diluted. In order to

reveal the connection between the top quark polarization and tan β, one has to find a set of

optimal cuts to separate the tH− and t̄H+ signal events.

Two SM backgrounds are considered in this work:

tt̄b : pp → tt̄jb → bW+b̄W−jb → jbjbjbjj"
−ν̄,

tt̄j : pp → tt̄j → bW+b̄W−j → jbjbjjj"
−ν̄. (25)

The tt̄b background is irreducible as it contributes exactly the same event topology as the

signal. On the other hand, the reducible tt̄j background could mimic the signal when the

light jet j (denoting the light-flavor quarks or gluons) is misidentified as a b jet.
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tt̄b̄ (c, d), where the subsequent decays of t → jjb and t̄ → !−ν̄!b̄ are considered.

yields an event topology of jbjbjbjj"− plus missing energy as follows:

gb̄ → t̄H+ → (W−b̄)(tb̄) → ("−ν̄!b̄)(jjbb̄),

gb → tH− → (W+b)(t̄b) → (jjb)("−ν̄!b̄b). (24)

Figure 7 displays the Feynman diagrams of both signal processes with subsequent decays.

At the LHC the gb and gb̄ initial states give rise to the same production rate. Only half

of t̄ quarks in the signal event sample are from the H− decay, and their polarization is

completely determined by the chirality structure of the gH− t̄b coupling. The other half of

t̄ quarks emerge at the production level, whose polarization is highly diluted. In order to

reveal the connection between the top quark polarization and tan β, one has to find a set of

optimal cuts to separate the tH− and t̄H+ signal events.

Two SM backgrounds are considered in this work:

tt̄b : pp → tt̄jb → bW+b̄W−jb → jbjbjbjj"
−ν̄,

tt̄j : pp → tt̄j → bW+b̄W−j → jbjbjjj"
−ν̄. (25)

The tt̄b background is irreducible as it contributes exactly the same event topology as the

signal. On the other hand, the reducible tt̄j background could mimic the signal when the

light jet j (denoting the light-flavor quarks or gluons) is misidentified as a b jet.
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Discovery potential
TABLE I: Number of events of the signal and backgrounds at the 14 TeV LHC with an integrated

luminosity of 100 fb−1 for mH± = 400 GeV and three values of tan β.

tan β 1 6 40 SM backgrounds

tH− t̄H+ tH− t̄H+ tH− t̄H+ tt̄j tt̄b

Inclusive rate 23310 23300 1255 1227 24660 23520 1.075 × 107 234000

Hard pT cuts 11843 13466 687 719 14421 13890 2.12× 106 25052

∆Mt̄jextra 4980 368 672 20 5680 383 39238 386

pT (jextra) 3910 305 532 16 4375 310 14942 171

b tagging 2346 183 312 10 2625 186 299 102

Number of events 2529 322 2811 401

S/B 6.3 0.8 7.0 −

S/
√
B 126.3 16.1 140.3 −

√
S +B 54.1 26.9 56.7 −
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FIG. 8: Normalized pT distributions of the first, second and third jets ordered by their pT values in

each event for tan β = 6. The vertical dashed-line arrows show the hard pT cut imposed.

Figure 8 displays the normalized pT distributions of the pT ordered jets: (a) the leading

(first) jet; (b) the second jet; (c) the third jet. It clearly shows that the signal events exhibit

much harder pT distributions than the SM background events. It enables us to impose hard

pT cuts on the first three hard jets to suppress the SM backgrounds. In this study we adapt

a set of hard pT cuts as follows:

pT (j1st) ≥ 120 GeV, pT (j2nd) ≥ 80 GeV, pT (j3rd) > 60 GeV; (29)
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FIG. 11: (a) Normalized distribution of cos θhel of the signal and background processes with basic

cuts in Eq. (26) at the 14 TeV LHC with an integrated luminosity of 100 fb−1 for mH± = 400 GeV

and tan β = 1: tH− (solid black), t̄H+ (dashed red), tt̄j (dotted blue) and tt̄b (dotted-dashed

magenta). (b) Normalized distribution of cos θhel of the tH− signal events for three benchmark

values of tan β: tan β = 1 (solid), tan β = 6 (dashed), and tan β = 40 (dotted).

where N+ (N−) is the number of right-handed (left-handed) polarized top quarks in the

helicity basis; for the antitop quark case N+ (N−) is the number of left-handed (right-

handed) polarized antitop quarks. Correspondingly the angle distribution of θhel could be

written as
dΓ

Γd cos θhel
=

1

2
(1 +D cos θhel). (36)

Simple algebra leads to the following identity:

D = 3

∫ 1

−1

cos θhel
dΓ

Γd cos θhel
d cos θhel. (37)

We obtain the degree of top quark polarization from the cos θ distribution, which is divided

into 10 bins:

D = 3
10
∑

i=1

cos θi

(

dσ

σd cos θ

)

i

∆ cos θ =
3
∑10

i=1 cos θiNi
∑10

i=1Ni

, (38)

where cos θi is the middle point value of each bin, ( dσ
σd cos θ )i is the normalized value for each

bin, ∆ cos θ is the bin width and Ni is the number of events falling into each bin. We consider

the statistical error for Ni as ∆Ni =
√
Ni; the statistical error for the degree of top quark

polarization is calculated as

∆D =

√

√

√

√

n
∑

i=1

∣

∣

∣

∣

∂D

∂Ni

∣

∣

∣

∣

2

(∆Ni)
2. (39)
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FIG. 12: (a) The degree of polarization of the antitop quark as a function of tan β of the tH−

signal event and (b) of all the signal and background processes with mH± = 400 GeV. The solid

black curve shows the degree of polarization defined in Eq. (37); the dashed red curve shows 2AFB.

The green band in (b) represents only the statistical uncertainties.

tan β has been considered very hard to measure. Figure 12 shows that the Ddecay varies

rapidly in the region of tan β = 5 ∼ 10. This feature enables us to determine tan β using

top polarization. However, the degree of polarization cannot be used to determine the value

of tan β in the large tanβ region as the degree of polarization approaches -1. Including the

t̄H+ signal and the two SM backgrounds inevitably reduces the degree of polarization, as

depicted in Fig. 12(b). The green band [cf. Eq. (39)] shows the statistical uncertainties

derived from all the signal and background events after all the kinematic cuts and event

reconstructions.

V. CONCLUSION AND DISCUSSION

The charged Higgs boson, an undoubted signal of new physics, appears in many new

physics models. In the type-II two-Higgs-doublet model the chirality structure of the cou-

pling of charged Higgs boson to the top and bottom quarks is very sensitive to the value

of tan β. As the polarization of the top quark can be measured experimentally from the

top quark decay products, one could make use of the top quark polarization to determine

the value of tan β. In this work we preform a detailed analysis of measuring top quark

polarization in the charged Higgs boson production channels gb → tH− and gb̄ → t̄H+. We

calculate the helicity amplitudes of the charged Higgs boson production and decay. Our

calculation shows that the top quark from the charged Higgs boson decay provides a good
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