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Standard Model of Particle Physics

The Standard Model (SM) is the most successful model in explaining the
fundamental particles of the Universe and their interactions.

Particle Content of SM

Timeline of Discovery
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Overview of Two Higgs Doublet Model (2HDM)

Scalar Potential:
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Overview of Two Higgs Doublet Model (2HDM)

Yukawa Sector:

Model Φ1 Φ2 uR dR lR QL, LL

Type I + − − − − +
TypeII + − − + + +
Type X + − − − + +
Type Y + − − + − +

L2HDM
Yukawa = −Q̄LYuΦ̃uuR − Q̄LYd Φd dR − L̄Yl Φl lR + h.c.

where Φf (f = u, d or l) is either Φ1 or Φ2 depending on the Yukawa
models of 2HDM.

The Yukawa interactions of H± with quarks and leptons take the form

LH±
Yukawa = −

√
2

v
H+ū[ξd VMd PR − ξuMuVPL]d −

√
2

v
H+ξl ν̄MlPR l + h.c.
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Overview of Two Higgs Doublet Model (2HDM)

Model ξd ξu ξl

Type I cotβ cotβ cotβ
TypeII − tanβ cotβ − tanβ
Type X cotβ cotβ − tanβ
Type Y − tanβ cotβ cotβ

Choice of parameter space:

{m2
11,m

2
22,m

2
12, λ1, λ2, λ3, λ4, λ5}
↓

{M2
h ,M

2
H ,M

2
A,M

2
H± ,m

2
12, v , tanβ, sin(β − α)}

Alignment limit: sin(β − α)→ 1 which implies h behaves as SM-Higgs
boson (most favoured).
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H± Production Modes

The production cross section of charged Higgs depends on its mass with
respect to top quark. Also σH±

Type I = σH±
Type X, σH±

Type II = σH±
Type Y and

σH± = σH+ + σH− .
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMCharged
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Light Scenario: The double resonant (left diagram) top pair production is
the dominant process for light H± (MH± . 150 GeV).

Heavy Scenario: The single resonant (middle diagram) top production is
the dominant process for H± production (MH± & 200 GeV).

Intermediate Scenario: Both of these channels, left and middle, along
with the non-resonant top quark production (right diagram) are taken into
account (MH± ∼ Mt ).
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H± Decay Modes

H± decay to fermion-antifermion:

H+ −→ cs̄ depends on types

H+ −→ cb̄ of Yukawa interaction

H+ −→ t b̄ and CKM matrix element

H+ −→ τ+ν

H± decay to gauge bosons:

H+ −→ W +γ loop

H+ −→ W +Z suppressed

H± decay to neutral bosons:

H+ −→ hW + :
∓ig
2

cos(β − α)(pµ − p∓µ )

H+ −→ HW + :
∓ig
2

sin(β − α)(pµ − p∓µ )

H+ −→ AW + :
g
2

(pµ − p∓µ )
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H± Decay Modes

H± branching ratio for MH± = 250 GeV. Alignment limit ie.
sin(β − α) = 1 and minimal mass splitting of MH± ,MH and MA are
considered. P. Sanyal, Eur.Phys.J. C79 (2019) no.11, 913
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CMS 8TeV and 13 TeV results (τν channel)

Expected and observed 95% CL model independent
upper limits on BR(t → H+b)BR(H+ → τ+ν)

for
√

s = 8 TeV at a luminosity of 19.5 fb−1 in the
τh+ jets final states.JHEP 11(2015) 018,[1508.07774]

Expected and observed 95% CL model independent upper
limits on σH±BR(H± → τ±ν) for

√
s = 13 TeV at a

luminosity of 35.9 fb−1 with all final states combined.
arxiv:1903.04560
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CMS 8TeV and 13 TeV results (t b̄ channel)

Expected and observed 95% CL model independent upper limits on
σH± assuming BR(H+ → t b̄) = 1 for

√
s = 8 TeV at a

luminosity of 19.5 fb−1 for the combination of µτh, l+jets and ll′
final states.
JHEP 11(2015) 018,[1508.07774]

Expected and observed 95% CL model independent upper limits on
σH±BR(H+ → t b̄) for

√
s = 13 TeV at a luminosity of 35.9

fb−1 for the combination of l+jets and ll′ final states.
Available on the CERN CDS information server CMS PAS
HIG-18-004
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Flavour Physics Constraints

B meson decays put strong constraints on (MH± − tanβ) space.

Observable Experiment SM prediction
BR(B → Xsγ) (3.32± 0.15)× 10−4 (3.34± 0.22)× 10−4

BR(Bs → µ+µ−) (3.0± 0.6± 0.25)× 10−9 (3.54± 0.27)× 10−9

Weak radiative decays of the B meson and bounds on MH± in the
Two-Higgs-DoubletModel,Eur. Phys. J.C77 (2017) 201,[1702.04571]

B → Xsγ rules out Type II and Type Y 2HDMs for MH± . 580 GeV
independently of tanβ.

For MH± & 600 GeV, in Type II and Type Y, BR(Bs → µ+µ−) puts
stronger constraint than BR(B → Xsγ).
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Constraints on 2HDM Parameter Space (τν channel)

For MH± ∈ (80− 160)GeV, the most important
constraint comes from H± → τ±ν channel.

Exclusion regions are shown in Type I and
Type X 2HDMs.

Green Region −→ 8TeV CMS results

Red Region −→ 13TeV CMS results

Bellow Dashed line −→ BR(B → Xsγ)

P. Sanyal, Eur.Phys.J. C79 (2019) no.11, 913
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Constraints on 2HDM Parameter Space (t b̄ channel)

For MH± & Mt , the most important constraint
comes from the H+ → t b̄ channel.

Exclusion regions are shown in Type I and
Type II 2HDMs.

Green Region −→ 8TeV CMS results

Red Region −→ 13TeV CMS results

Bellow Dashed line −→ BR(B → Xsγ)

Bellow Continuous line −→ BR(Bs → µ+µ−)

The Type X result is equivalent to Type I and
Type Y result is equivalent to Type II.

P. Sanyal, Eur.Phys.J. C79 (2019) no.11, 913
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Charged Higgs Exotic Decay H± → W±A

The minimal mass splitting of H±,H and A is
prefered to satisfy the Electro Weak Precision
Observables (EWPOs) S,T and U (specially T ).

Minimal mass splitting together with alignment
limit restricts the exotic decay channels
H± → h/H/AW±.

But once open, H± can dominantly decay to
these channels.

CMS collaboration put upper bounds on
BR(t → H+b) at 95% CL assuming
BR(H+ → W +A)→ 1 and
BR(A→ µ+µ−)→ 3× 10−4.

Mass difference (MH± −MA) = 85 GeV with
MH± ∈ (100− 160) GeV is considered by CMS
group.

EWPOs can still be satisfied in this mass range
by proper choice of m2

12 and MH ∼ MH± .

References 7
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Figure 3: Expected and observed upper limits at 95% CL on B(t → bH+) for the mA values
defined in Table 1, with an assumption of mH+ = mA + 85 GeV (left) or mH+ = 160 GeV (right).
The same values of B(H+ → W+A), B(A → µ+µ−), and σ(tt) as in Fig. 2 are assumed. The
green (yellow) bands indicate the regions containing 68 (95)% of the limit values expected un-
der the background-only hypothesis.
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Charged Higgs Exotic Decay H± → W±A

In Type I scenario BR(H± → W±A)→ 1 is
obtained for tanβ & 1.
Also BR(A→ µ+µ−) ∼ 2.4× 10−4 for
MA ∈ (15− 75) GeV.

Red region shows the excluded parameter space
in Type I scenario.
P. Sanyal, Eur.Phys.J. C79 (2019) no.11, 913

Unlike Type I where all the fermionic couplings of
A is proportional to cotβ, in Type X the coupling
of A to the leptons is proportional to tanβ
whereas its coupling to the quarks is proportional
to cotβ. Thus the BR(A→ µ+µ−) increases with
tanβ.

In Type X BR(A→ µ+µ−)→ 3× 10−4 for
tanβ ≈ 1 and BR(t → H+b) is above the CMS
upper bound.

Type II and Y are not considered as in this mass
range they are ruled out by B → Xsγ constraint.
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Charged Higgs Exotic Decay H± → W±A

Under the same CMS assumption of mass
difference between H± and A,

ie. (MH± −MA) = 85 GeV.
The constraint from τν channel will be less
restrictive.

Exclusion regions are shown in Type I and Type
X 2HDMs.

Green Region −→ 8TeV CMS results

Red Region −→ 13TeV CMS results

Bellow Dashed line −→ BR(B → Xsγ)

P. Sanyal, Eur.Phys.J. C79 (2019) no.11, 913
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Conclusions

2HDM is the simplest model containing charged Higgs.

Two most dominant decay modes H± → τ±ν and H+ → t b̄ are studied
using recent CMS 13 TeV results and compared with 8 TeV results.

CMS collaboration for the first time studied the exotic channel,
H± → W±A, A→ µ+µ− to put upper limits on BR(t → H±b). These
results exclude significant parameter space not excluded by τν channel.

Exclusion bounds from B meson decays are also compared for
completeness.

Comment: Latest results from collider experiments are excluding a large
parameter space of 2HDMs, specially for charged Higgs mass lighter
than top quark.

Prasenjit Sanyal IIT Kanpur KEK-PH 2020 Japan



18/21

Thank You
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Backup Slide 1

decay of H into a gauge boson pair �� or Z� can increase
for large tan� values, because all the other fermionic
decays (including the gg mode) are suppressed but the
charged scalar loop contribution to �� and Z� decay
modes is not always suppressed for large tan�. Such an
enhancement of the bosonic decay modes cannot be seen in
the decay of A since there is no AHþH� coupling. In the
type-X THDM, the main decay mode of H and A is �þ��
for tan� * 2, and the leptonic decays �þ�� and �þ��
become almost 99% and 0.35% for tan� * 10, while the
b �b (or gg) mode is always the main decay mode in all other
cases. In the type-Y THDM, the leptonic decay modes ofH
and A are rapidly suppressed for large tan� values, and
only the branching ratios of b �b and gg modes are sizable
for tan� * 10. In charged Higgs boson decays with
mH� ¼ 150 GeV, the decay into �� is dominant in the
type-I, type-II, and type-X THDMs for tan� * 1, while

hadronic decay modes can also be dominant in the type-Y
THDM [11].
In Fig. 3, we show the decay branching ratios of

CP-even Higgs bosons, where mh ¼ 120 GeV, m�ð¼
mH ¼ mA ¼ mH�Þ ¼ 150 GeV, M ¼ 148 GeV, and
sin2ð�� �Þ ¼ 0:96 are taken. Because of the CP-even
Higgs boson mixing, the lightest Higgs boson h is no
longer purely SM-like. Instead, H can decay into massive
gauge bosons via off-shell modes such as WW� and ZZ�.
Decay patterns of h and H depend on tan� and also on the
type of Yukawa interaction. When tan�� 5, the angle � is
nearly zero. In such a case coupling constants become
small, so that some of the fermionic decay modes are
suppressed. In order to satisfy the unitarity constraints for
the large tan� region, the soft breaking mass scaleM must
be degenerate to the mass of the decaying bosons [30].
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FIG. 2 (color online). Decay branching ratios of H, A, and H� in the four different types of THDM as a function of tan� for
mH ¼ mA ¼ mH� ¼ 150 GeV and M ¼ 149 GeV. The SM-like limit sinð�� �Þ ¼ 1 is taken, where h is the SM-like Higgs boson.

MODELS OF YUKAWA INTERACTION IN THE TWO HIGGS . . . PHYSICAL REVIEW D 80, 015017 (2009)

015017-5

Branching ratios of H± in four different models of 2HDM as a function of tanβ
for MH± = 150GeV.

Prasenjit Sanyal IIT Kanpur KEK-PH 2020 Japan



20/21

Backup Slide 2

Invariant mass distribution of muon pair mµµ produced from pseudoscalar
decay A.
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Feynman diagram for τν signal
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