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Higgses in 2HDM  

Pair Production of BSM Higgs @ muon collider 

Fermion associated single production  

Conclusion

Outline
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Why 2HDM?

Models with extended Higgs sector: arise in natural theories of EWSB

๏ Higgs sector of MSSM/NMSSM
๏ Generic 2HDM 
๏ Little Higgs, twin Higgs ... 
๏ Composite Higgs models ...

๏ SM+singlet: parametrized by a simple mixing parameter 
๏ 2HDM: covers board class of known models 
๏ Allow for convenient parametrization 
๏ Many features shared by many extended EWSB sectors
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  2HDM Higgs Sector 
-

after EWSB, 5 physical Higgses 
CP-even Higgses: h, H , CP-odd Higgs: A, Charged Higgses: H±
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๏ Two Higgs Doublet Model (CP-conserving) 

The paper is organized as follows. In Sec. 2, we present a brief overview of models and
parameter regions where the channels under consideration can be significant. In Sec. 3, we
summarize the current experimental search limits on heavy Higgses. In Sec. 4.1, we present
the details of the analysis of the HZ/AZ with the bb`` final states. We also show model-
independent results of 95% C.L. exclusion as well as 5� discovery limits for � ⇥BR(gg !
A/H ! HZ/AZ ! bb``) at the 14 TeV LHC with 100, 300 and 1000 fb�1 integrated
luminosity. In Secs. 4.2 and 4.3, we present the analysis for the ⌧⌧`` and ZZZ final
states, respectively. In Sec. 5, we study the implications of the collider search limits on the
parameter regions of the Type II 2HDM. We conclude in Sec. 6.

2 Scenarios with large H ! AZ or A ! HZ
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For more details about the model, see Ref. [11].
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๏ Search for extra Higgses 
➡ Precision Higgs study: couplings of the SM-like Higgs 
➡ Direct search of extra Higgses: direct evidence for BSM 
new physics
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  2HDM Higgs Sector 
-

Two non-SM like Higgses have unsuppressed couplings to gauge boson.

๏ h/H VV coupling

boson. In Sec. VII, we conclude.
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๏ h 125 GeV, cos(β-α)~0Alignment limit
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Four Types of 2HDMs  
-

๏ Flavor limits: Type I, Type II, lepton-specific, flipped,...

Types �1 �2 uR dR `R QL, LL �1 �2

Type-I + � � � � + u, d, `

Type-II + � � + + + d, ` u

Type-L + � � � + + ` u, d,

Type-F + � � + � + d u, `

Table 2. Four types of assignments for the Z2 charges and the Yukawa couplings for the scalar
doublets �1,2 and the SM fermions.

Tree-level Normalized Higgs couplings

u
h

d
h

e
h

V
h

u
H

d
H

e
H

V
H

u
A

d
A

e
A

Type-I cos↵
sin�

cos↵
sin�

cos↵
sin�

sin(� � ↵) sin↵

sin�

sin↵

sin�

sin↵

sin�
cos(� � ↵) cot� � cot� � cot�

Type-II cos↵
sin�

� sin↵

cos� � sin↵

cos� sin(� � ↵) sin↵

sin�

cos↵
cos�

cos↵
cos� cos(� � ↵) cot� tan� tan�

Type-L cos↵
sin�

cos↵
sin�

� sin↵

cos� sin(� � ↵) sin↵

sin�

sin↵

sin�

cos↵
cos� cos(� � ↵) cot� � cot� tan�

Type-F cos↵
sin�

� sin↵

cos�
cos↵
sin�

sin(� � ↵) sin↵

sin�

cos↵
cos�

sin↵

sin�
cos(� � ↵) cot� tan� � cot�

Table 3. Normalized Higgs couplings to the SM fermions in the four types of 2HDMs [5].

condensed it with Table 3? It does have H coupling under the alignment limit which is not

shown in Table 3.

Type-I: ⇠Huu = ⇠Auu = cot�, ⇠Hdd = �⇠Add = cot�, ⇠H`` = �⇠A`` = cot�

Type-II: ⇠Huu = ⇠Auu = cot�, �⇠Hdd = ⇠Add = tan�, �⇠H`` = ⇠A`` = tan�

Type-L: ⇠Huu = ⇠Auu = cot�, ⇠Hdd = �⇠Add = cot�, �⇠H`` = ⇠A`` = tan�

Type-F: ⇠Huu = ⇠Auu = cot�, �⇠Hdd = ⇠Add = tan�, ⇠H`` = �⇠A`` = cot�

Given our current convention, while the top yukawa coupling is always enhanced at small

tan� and suppressed at large tan�, the couplings to the bottom quark and tau lepton can

be either suppressed or enhanced in di↵erence regions of tan�, depending on the types of

2HDMs.

SS: Add a paragraph or two about the existing theoretical/exp constraints, emphasize

that since we are talking about heavy particles, exp constraints typically don’t apply. Also,

talk about the range of TB.

2.2 Higgs boson decays

Under the alignment limit with degenerate heavy Higgs mass, only the decays of the heavy

Higgs bosons to a pair of SM fermions are relevant. Since the couplings to the fermions are
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Figure 1. Leading decay branching fractions of H(A) (left panel) and H± (right panel) as a function
of tan� in four Types of 2HDMs for m� = 2 TeV and cos(� � ↵) = 0. The three decay channels, tt̄,
bb̄, ⌧+⌧� for H/A and tb, ⌧⌫⌧ for H± are labeled. In the right panel, red curve (Type-I) overlaps with
the blue curve (Type-F).

proportional to their masses, the leading decay channels are to the heavy fermions

H/A ! tt̄, bb̄, and ⌧+⌧�, H± ! tb̄, and ⌧⌫⌧ . (2.5)

For illustration, we take m� ⌘ mH = mA = mH± = 2 TeV and the alignment limit

cos(� � ↵) = 0. We calculate the decay branching fractions for the four types of 2HDMs,

using 2HDMC [7], and the results are presented in Fig. 1. In the limit mf ⌧ m�, H and A

have identical fermionic decay widths, hence identical branching fractions, which are shown

in the left panel. The right panel gives the results for the charge Higgs boson H±.

We can see the branching fractions of the three leading decay channels exhibit apparent

hierarchical behavior due to the hierarchical Yukawa couplings: the tt̄ decay for H/A (tb for

H±) always dominates except when there is strong enhancements of other decay channels at

large tan�. For example, due to the tan� enhancement of bb̄ decay in Type-II and F, the

H ! tt̄ decay is severely suppressed at large tan�. Similar suppression in Type-L is attributed

to the tan� enhancement of ⌧+⌧� decay. For charged Higgs H± decay, the suppression of

tb decay caused by the enhancement of other decay channels is less obvious given that tb

decay also enhances at large tan� when bottom quark couples to the first Higgs doublet �1,

otherwise it still undergoes severe suppression like in Type-L. One noteworthy point is, while

di↵erent types of 2HDMs degenerate at small tan� in terms of the decay branching fractions,

they’re quite distinct at large tan�, which allows the discrimination by observing the decays

of heavy Higgs bosons.

3 Higgs pair production in µ+µ�
annihilation and vector boson fusion

A high energy muon collider would have the capacity to open a new threshold at the energy

frontier. While the µ+µ� annihilation will be most e�cient in exploiting the available c.m. en-

– 6 –

H±H/A



S. Su 7

-

Pair Production

๏ Pair production

Annihilation 

ergy for heavy particle production, it has been argued that the vector-boson fusion (VBF)

processes will become increasingly more important at higher energies and o↵er a variety of

production channels due to the initial state spectrum.

3.1 Production cross sections

Once cross the pair production threshold, the heavy Higgs bosons can be produced in pair

via the µ+µ� annihilation

µ+µ� ! �⇤, Z⇤ ! H+H�, µ+µ� ! Z⇤ ! HA. (3.1)

In the alignment limit cos(� � ↵) = 0, the production is fully governed by the EW gauge

interactions, which are universal for the 2HDMs. The left panel of Fig. 3 shows the total cross

sections of Eq. (3.1) versus the collider ceneter-of-momentum (c.m.) energy
p
s for degenerate

heavy Higgs masses m� = mH = mA = mH± =1 TeV (solid curves), 2 TeV (dashed curves)

and 5 TeV (dotted curves). Red and blue curves are used for H+H� and HA productions.

We see the threshold behavior for a scalar pair production in a P-wave as � ⇠ �3, with

� =
q

1 � 4m2
H
/s. Well above the threshold, the cross sections asymptotically approach

� ⇠ ↵2/s, which is insensitive to the heavy Higgs mass. The excess of the H+H� production

cross section over that of HA is attributed to the �⇤-mediated process. The cross sections

are calculated using MadGraph5 V2.6.7 [8] with Initial State Radiation accounted [9].

At high energies, the vector boson fusion (VBF) processes become increasingly important.

For a fusion process of the initial state partons i and j, we write the production cross section

of an exclusive final state F and the unspecified remnants X in terms of the parton luminosity

dLij/d⌧ and the corresponding partonic sub-process cross section �̂

�(`+`� ! F + X) =
R 1
⌧0
d⌧

P
ij

dLij

d⌧
�̂(ij ! F ), (3.2)

dLij

d⌧
= 1

1+�ij

R 1
⌧

d⇠

⇠

h
fi(⇠, Q2)fj

⇣
⌧

⇠
, Q2

⌘
+ (i $ j)

i
,

where ⌧ = ŝ/s with
p
s (

p
ŝ) the collider (parton) c.m. energy. The production threshold

is ⌧0 = m2
F
/s. In this expression, fi(⇠, Q2) stands for the electroweak parton distribution

function (EW PDF) of particle i radiated o↵ the initial muon beam carrying an energy

fraction x at a factorization scale Q. Recently the EW PDF at the Next-to-Leading-Log

(NLL) accuracy has been calculated in [10], but the impact to the Leading-Log (LL) result

is less than ...[SL: how much?] Thus in our study we adopt the LL EW PDFs in Eq. (3.3).

SS: Somehow the ref Eq. number is o↵. The EW PDF at LL order for W±, Z, � and the

coherent state �Z of di↵erent polarizations are summarized in Tab. 11-14 in Appendix A.

The heavy Higgs pair production via VBF are

µ+µ� ! V1V2 ! H+H�, HA, H±H(A), HH/AA. (3.3)

for V1V2 = W+W�, ZZ, Z�,W±Z,W±�, of which the cross sections versus c.m. energy
p
s

are shown in the right panel of Fig. 3. The red, green and blue curves are used for H+H�,
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Figure 2. Cross section of µ+µ� ! H+H� (red), HA (green) and H±H (blue) versus the center
of mass

p
s in the alignment limit cos(� � ↵) = 0 through µ+µ� annihilation (left panel) and VBF

(right panel) schemes. We use solid, dashed and dotted line to represent the results for degenerate
heavy Higgs masses m� = mH = mA = mH± = 1 TeV, 2 TeV and 5 TeV, respectively.

HA and H±H(A), respectively. We see expected logarithmic enhancement over the energy

log2(s/M2
W

). Unlike the annihilation scheme, the cross section for the VBF processes are

very sensitive to the heavy Higgs masses. The decrease of the cross sections with large m� is

partly from the suppression of EW PDF threshold ⇠ 1/M2
F
, and partly due to the sub-process

cross section ⇠ 1/M2
F
. Again, the dominance of H+H� production cross section over others

is due to additional contribution from processes mediated by �. The right y-axis shows the

corresponding event yields provided a 10 ab�1 integrated luminosity.

In general, the annihilation process yields more Higgs pairs than the VBF, except for the

H+H� production that VBF takes over at
p
s = 20 TeV for mH± = 1 TeV. The typical cross

section for
p
s = 6 TeV, 14 TeV, 30 TeV and m� = 1 TeV, 2 TeV and 5 TeV are summarized

in Table 4. With the scaling integrated luminosity, a high energy muon collider can generate

O(103) HA events once crossed the threshold and O(104) H+H� events at mH± =1 TeV.

One of the advantages for adopting the EW PDF approach for the calculations is the

e↵ective separation of the individual contributions for the fusion sub-processes. We illustrate

this by presenting the contributing channels for H+H� production in Fig. 3. We see that ...

[SL: the �� fusion sub-process kicks in through the electromagnetic coupling with the charged

Higgs H±. Due to large log(Q2/m2
µ) enhancement of the photon PDF, its contribution to the

production cross section dominates. Among the WW fusions of di↵erent polarizations, WTWT

is much more copious than WLWL. This can be explained by the scaling behavior encoded

in the log(Q2/m2
W

) factor for the transversely polarized partons, whereas it’s absent for the

longitudinally polarized partons. The modest contribution from the ZZ fusion sub-process

is related to the accidentally small couplings to the neutral current, which is proportional to

|1/2� 2 sin2 ✓W | for the unpolarized muon beam. The individual contributions are consistent

with the corresponding parton luminosities.]

– 8 –
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Annihilation VBF
Figure 3. Left panel: individual VBF contributions to H+H� production. Right panel: Cross section
of µ+µ� ! H+H� vs. the invariant mass mH+H� at

p
s = 14 TeV. The curves peak at 14 TeV are

distributions of the µ+µ� annihilation processes, while the curves peak at 2mH± are that of the VBF
processes. These two curves are separately normalized.[SL: Why the ZZ sub-process di↵er so much
in the H+H� and HH production?]

Figure 4. Invariant mass mH+H� distribution for µ+µ� ! H+H� at
p
s = 14 TeV. Solid (dashed)

lines are for annihilation (VBF) contribution, respectively. The curves peak at 14 TeV are distributions
of the µ+µ� annihilation processes, while the curves peak at 2mH± are that of the VBF processes.
Curves are separately normalized. SS: Use di↵erent line type for annihilation vs. VBF.

[SL: Why not also set a upper bound on the invariant mass?] Paring the heavy fermions to

form the Higgs resonance mass, the background will be negligible.

TH: (can we impose the same cuts on the signal? )

[SL: Partonic c.m. energy ŝ could help reduce the backgrounds generated through VBF

scheme, since at the benchmark point we choose, the signals through the µ+µ� annihilation

dominate.]

It is important to note that there two classes of kinematic topologies for the signals,
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Distinguish 2HDMs
-

production Type-I Type-II Type-F Type-L

small tan� < 5

H+H� tb̄, t̄b

HA/HH/AA tt̄, tt̄

H±H/A tb, tt̄

intermediate tan�

H+H� tb̄, t̄b tb, ⌧⌫⌧
HA/HH/AA tt̄, tt̄ tt̄, bb̄ tt̄, ⌧+⌧�

H±H/A tb, tt̄ tb, tt̄; tb, bb̄ tb, tt̄; tb, ⌧+⌧�;

⌧⌫⌧ , tt̄; ⌧⌫⌧ , ⌧+⌧�

large tan� > 10

H+H� tb̄, t̄b tb, tb(⌧⌫⌧ ) tb̄, t̄b ⌧+⌫⌧ , ⌧�⌫⌧
HA/HH/AA tt̄, tt̄ bb̄, bb̄(⌧+⌧�) bb̄, bb̄ ⌧+⌧�, ⌧+⌧�

H±H/A tb, tt̄ tb(⌧⌫⌧ ), bb̄(⌧+⌧�) tb, bb̄ ⌧±⌫⌧ , ⌧+⌧�

Table 6. leading signal channels of Higgs pair production for various 2HDMs in di↵erent regions of
small, intermediate and large tan�. Channels in the parenthesis are the sub-leading channels. SS:
Shall we mention VBF HH and AA? It is smaller than HA for the annihilation case though.

Figure 8. Left panel: Production cross section for the final states in Eq. (4.1) through µ+µ� annihi-
lation. Right panel: Production cross sections for the final states in Eq. (4.2) through VBF scheme.
[SL: A acceptance cut of pT > 50 GeV is imposed to the associated bottom and tau.] [SL: Add cuts
on angle: 10� < ✓ < 170� on the outgoing fermions.]

The cross sections are plotted in the left panels of Fig. 8. We choose tan� = 1 for this plot

so the results are type independent and directly proportional to the fermion mass squared.

Therefore, heavy quark associated productions are orders of magnitude larger than the light

quark and lepton associated productions. However, this hierarchical relation could be ruined

by other choices of tan� in di↵erent types. Compared to the pair production counterparts,

the cross sections here are smaller owing to the three-body final states. In addition, the cross

sections for heavy Higgs mass m� = 1 TeV (solid) and 2 TeV (dashed) are presented, which

exhibit little di↵erence well above the thresholds. A second y-axis on the right are employed

to show the corresponding event yields provided a 10 ab�1 integrated luminosity.

For the same observable final states at muon collider, the fermion associated single heavy
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Figure 1. Leading decay branching fractions of H(A) (left panel) and H± (right panel) as a function
of tan� in four Types of 2HDMs for m� = 2 TeV and cos(� � ↵) = 0. The three decay channels, tt̄,
bb̄, ⌧+⌧� for H/A and tb, ⌧⌫⌧ for H± are labeled. In the right panel, red curve (Type-I) overlaps with
the blue curve (Type-F).

proportional to their masses, the leading decay channels are to the heavy fermions

H/A ! tt̄, bb̄, and ⌧+⌧�, H± ! tb̄, and ⌧⌫⌧ . (2.5)

For illustration, we take m� ⌘ mH = mA = mH± = 2 TeV and the alignment limit

cos(� � ↵) = 0. We calculate the decay branching fractions for the four types of 2HDMs,

using 2HDMC [7], and the results are presented in Fig. 1. In the limit mf ⌧ m�, H and A

have identical fermionic decay widths, hence identical branching fractions, which are shown

in the left panel. The right panel gives the results for the charge Higgs boson H±.

We can see the branching fractions of the three leading decay channels exhibit apparent

hierarchical behavior due to the hierarchical Yukawa couplings: the tt̄ decay for H/A (tb for

H±) always dominates except when there is strong enhancements of other decay channels at

large tan�. For example, due to the tan� enhancement of bb̄ decay in Type-II and F, the

H ! tt̄ decay is severely suppressed at large tan�. Similar suppression in Type-L is attributed

to the tan� enhancement of ⌧+⌧� decay. For charged Higgs H± decay, the suppression of

tb decay caused by the enhancement of other decay channels is less obvious given that tb

decay also enhances at large tan� when bottom quark couples to the first Higgs doublet �1,

otherwise it still undergoes severe suppression like in Type-L. One noteworthy point is, while

di↵erent types of 2HDMs degenerate at small tan� in terms of the decay branching fractions,

they’re quite distinct at large tan�, which allows the discrimination by observing the decays

of heavy Higgs bosons.

3 Higgs pair production in µ+µ�
annihilation and vector boson fusion

A high energy muon collider would have the capacity to open a new threshold at the energy

frontier. While the µ+µ� annihilation will be most e�cient in exploiting the available c.m. en-
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Table 6. leading signal channels of Higgs pair production for various 2HDMs in di↵erent regions of
small, intermediate and large tan�. Channels in the parenthesis are the sub-leading channels. SS:
Shall we mention VBF HH and AA? It is smaller than HA for the annihilation case though.

Figure 8. Left panel: Production cross section for the final states in Eq. (4.1) through µ+µ� annihi-
lation. Right panel: Production cross sections for the final states in Eq. (4.2) through VBF scheme.
[SL: A acceptance cut of pT > 50 GeV is imposed to the associated bottom and tau.] [SL: Add cuts
on angle: 10� < ✓ < 170� on the outgoing fermions.]

The cross sections are plotted in the left panels of Fig. 8. We choose tan� = 1 for this plot

so the results are type independent and directly proportional to the fermion mass squared.

Therefore, heavy quark associated productions are orders of magnitude larger than the light

quark and lepton associated productions. However, this hierarchical relation could be ruined

by other choices of tan� in di↵erent types. Compared to the pair production counterparts,

the cross sections here are smaller owing to the three-body final states. In addition, the cross

sections for heavy Higgs mass m� = 1 TeV (solid) and 2 TeV (dashed) are presented, which

exhibit little di↵erence well above the thresholds. A second y-axis on the right are employed

to show the corresponding event yields provided a 10 ab�1 integrated luminosity.

For the same observable final states at muon collider, the fermion associated single heavy
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Figure 1. Leading decay branching fractions of H(A) (left panel) and H± (right panel) as a function
of tan� in four Types of 2HDMs for m� = 2 TeV and cos(� � ↵) = 0. The three decay channels, tt̄,
bb̄, ⌧+⌧� for H/A and tb, ⌧⌫⌧ for H± are labeled. In the right panel, red curve (Type-I) overlaps with
the blue curve (Type-F).

proportional to their masses, the leading decay channels are to the heavy fermions

H/A ! tt̄, bb̄, and ⌧+⌧�, H± ! tb̄, and ⌧⌫⌧ . (2.5)

For illustration, we take m� ⌘ mH = mA = mH± = 2 TeV and the alignment limit

cos(� � ↵) = 0. We calculate the decay branching fractions for the four types of 2HDMs,

using 2HDMC [7], and the results are presented in Fig. 1. In the limit mf ⌧ m�, H and A

have identical fermionic decay widths, hence identical branching fractions, which are shown

in the left panel. The right panel gives the results for the charge Higgs boson H±.

We can see the branching fractions of the three leading decay channels exhibit apparent

hierarchical behavior due to the hierarchical Yukawa couplings: the tt̄ decay for H/A (tb for

H±) always dominates except when there is strong enhancements of other decay channels at

large tan�. For example, due to the tan� enhancement of bb̄ decay in Type-II and F, the

H ! tt̄ decay is severely suppressed at large tan�. Similar suppression in Type-L is attributed

to the tan� enhancement of ⌧+⌧� decay. For charged Higgs H± decay, the suppression of

tb decay caused by the enhancement of other decay channels is less obvious given that tb

decay also enhances at large tan� when bottom quark couples to the first Higgs doublet �1,

otherwise it still undergoes severe suppression like in Type-L. One noteworthy point is, while

di↵erent types of 2HDMs degenerate at small tan� in terms of the decay branching fractions,

they’re quite distinct at large tan�, which allows the discrimination by observing the decays

of heavy Higgs bosons.

3 Higgs pair production in µ+µ�
annihilation and vector boson fusion

A high energy muon collider would have the capacity to open a new threshold at the energy

frontier. While the µ+µ� annihilation will be most e�cient in exploiting the available c.m. en-
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H+H� tb̄, t̄b

HA/HH/AA tt̄, tt̄
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intermediate tan�

H+H� tb̄, t̄b tb, ⌧⌫⌧
HA/HH/AA tt̄, tt̄ tt̄, bb̄ tt̄, ⌧+⌧�

H±H/A tb, tt̄ tb, tt̄; tb, bb̄ tb, tt̄; tb, ⌧+⌧�;

⌧⌫⌧ , tt̄; ⌧⌫⌧ , ⌧+⌧�

large tan� > 10

H+H� tb̄, t̄b tb, tb(⌧⌫⌧ ) tb̄, t̄b ⌧+⌫⌧ , ⌧�⌫⌧
HA/HH/AA tt̄, tt̄ bb̄, bb̄(⌧+⌧�) bb̄, bb̄ ⌧+⌧�, ⌧+⌧�

H±H/A tb, tt̄ tb(⌧⌫⌧ ), bb̄(⌧+⌧�) tb, bb̄ ⌧±⌫⌧ , ⌧+⌧�

Table 6. leading signal channels of Higgs pair production for various 2HDMs in di↵erent regions of
small, intermediate and large tan�. Channels in the parenthesis are the sub-leading channels. SS:
Shall we mention VBF HH and AA? It is smaller than HA for the annihilation case though.

Figure 8. Left panel: Production cross section for the final states in Eq. (4.1) through µ+µ� annihi-
lation. Right panel: Production cross sections for the final states in Eq. (4.2) through VBF scheme.
[SL: A acceptance cut of pT > 50 GeV is imposed to the associated bottom and tau.] [SL: Add cuts
on angle: 10� < ✓ < 170� on the outgoing fermions.]

The cross sections are plotted in the left panels of Fig. 8. We choose tan� = 1 for this plot

so the results are type independent and directly proportional to the fermion mass squared.

Therefore, heavy quark associated productions are orders of magnitude larger than the light

quark and lepton associated productions. However, this hierarchical relation could be ruined

by other choices of tan� in di↵erent types. Compared to the pair production counterparts,

the cross sections here are smaller owing to the three-body final states. In addition, the cross

sections for heavy Higgs mass m� = 1 TeV (solid) and 2 TeV (dashed) are presented, which

exhibit little di↵erence well above the thresholds. A second y-axis on the right are employed

to show the corresponding event yields provided a 10 ab�1 integrated luminosity.

For the same observable final states at muon collider, the fermion associated single heavy
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Figure 1. Leading decay branching fractions of H(A) (left panel) and H± (right panel) as a function
of tan� in four Types of 2HDMs for m� = 2 TeV and cos(� � ↵) = 0. The three decay channels, tt̄,
bb̄, ⌧+⌧� for H/A and tb, ⌧⌫⌧ for H± are labeled. In the right panel, red curve (Type-I) overlaps with
the blue curve (Type-F).

proportional to their masses, the leading decay channels are to the heavy fermions

H/A ! tt̄, bb̄, and ⌧+⌧�, H± ! tb̄, and ⌧⌫⌧ . (2.5)

For illustration, we take m� ⌘ mH = mA = mH± = 2 TeV and the alignment limit

cos(� � ↵) = 0. We calculate the decay branching fractions for the four types of 2HDMs,

using 2HDMC [7], and the results are presented in Fig. 1. In the limit mf ⌧ m�, H and A

have identical fermionic decay widths, hence identical branching fractions, which are shown

in the left panel. The right panel gives the results for the charge Higgs boson H±.

We can see the branching fractions of the three leading decay channels exhibit apparent

hierarchical behavior due to the hierarchical Yukawa couplings: the tt̄ decay for H/A (tb for

H±) always dominates except when there is strong enhancements of other decay channels at

large tan�. For example, due to the tan� enhancement of bb̄ decay in Type-II and F, the

H ! tt̄ decay is severely suppressed at large tan�. Similar suppression in Type-L is attributed

to the tan� enhancement of ⌧+⌧� decay. For charged Higgs H± decay, the suppression of

tb decay caused by the enhancement of other decay channels is less obvious given that tb

decay also enhances at large tan� when bottom quark couples to the first Higgs doublet �1,

otherwise it still undergoes severe suppression like in Type-L. One noteworthy point is, while

di↵erent types of 2HDMs degenerate at small tan� in terms of the decay branching fractions,

they’re quite distinct at large tan�, which allows the discrimination by observing the decays

of heavy Higgs bosons.

3 Higgs pair production in µ+µ�
annihilation and vector boson fusion

A high energy muon collider would have the capacity to open a new threshold at the energy

frontier. While the µ+µ� annihilation will be most e�cient in exploiting the available c.m. en-
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Table 6. leading signal channels of Higgs pair production for various 2HDMs in di↵erent regions of
small, intermediate and large tan�. Channels in the parenthesis are the sub-leading channels. SS:
Shall we mention VBF HH and AA? It is smaller than HA for the annihilation case though.

Figure 8. Left panel: Production cross section for the final states in Eq. (4.1) through µ+µ� annihi-
lation. Right panel: Production cross sections for the final states in Eq. (4.2) through VBF scheme.
[SL: A acceptance cut of pT > 50 GeV is imposed to the associated bottom and tau.] [SL: Add cuts
on angle: 10� < ✓ < 170� on the outgoing fermions.]

The cross sections are plotted in the left panels of Fig. 8. We choose tan� = 1 for this plot

so the results are type independent and directly proportional to the fermion mass squared.

Therefore, heavy quark associated productions are orders of magnitude larger than the light

quark and lepton associated productions. However, this hierarchical relation could be ruined

by other choices of tan� in di↵erent types. Compared to the pair production counterparts,

the cross sections here are smaller owing to the three-body final states. In addition, the cross

sections for heavy Higgs mass m� = 1 TeV (solid) and 2 TeV (dashed) are presented, which

exhibit little di↵erence well above the thresholds. A second y-axis on the right are employed

to show the corresponding event yields provided a 10 ab�1 integrated luminosity.

For the same observable final states at muon collider, the fermion associated single heavy
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Figure 1. Leading decay branching fractions of H(A) (left panel) and H± (right panel) as a function
of tan� in four Types of 2HDMs for m� = 2 TeV and cos(� � ↵) = 0. The three decay channels, tt̄,
bb̄, ⌧+⌧� for H/A and tb, ⌧⌫⌧ for H± are labeled. In the right panel, red curve (Type-I) overlaps with
the blue curve (Type-F).

proportional to their masses, the leading decay channels are to the heavy fermions

H/A ! tt̄, bb̄, and ⌧+⌧�, H± ! tb̄, and ⌧⌫⌧ . (2.5)

For illustration, we take m� ⌘ mH = mA = mH± = 2 TeV and the alignment limit

cos(� � ↵) = 0. We calculate the decay branching fractions for the four types of 2HDMs,

using 2HDMC [7], and the results are presented in Fig. 1. In the limit mf ⌧ m�, H and A

have identical fermionic decay widths, hence identical branching fractions, which are shown

in the left panel. The right panel gives the results for the charge Higgs boson H±.

We can see the branching fractions of the three leading decay channels exhibit apparent

hierarchical behavior due to the hierarchical Yukawa couplings: the tt̄ decay for H/A (tb for

H±) always dominates except when there is strong enhancements of other decay channels at

large tan�. For example, due to the tan� enhancement of bb̄ decay in Type-II and F, the

H ! tt̄ decay is severely suppressed at large tan�. Similar suppression in Type-L is attributed

to the tan� enhancement of ⌧+⌧� decay. For charged Higgs H± decay, the suppression of

tb decay caused by the enhancement of other decay channels is less obvious given that tb

decay also enhances at large tan� when bottom quark couples to the first Higgs doublet �1,

otherwise it still undergoes severe suppression like in Type-L. One noteworthy point is, while

di↵erent types of 2HDMs degenerate at small tan� in terms of the decay branching fractions,

they’re quite distinct at large tan�, which allows the discrimination by observing the decays

of heavy Higgs bosons.

3 Higgs pair production in µ+µ�
annihilation and vector boson fusion

A high energy muon collider would have the capacity to open a new threshold at the energy
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Figure 1. Leading decay branching fractions of H(A) (left panel) and H± (right panel) as a function
of tan� in four Types of 2HDMs for m� = 2 TeV and cos(� � ↵) = 0. The three decay channels, tt̄,
bb̄, ⌧+⌧� for H/A and tb, ⌧⌫⌧ for H± are labeled. In the right panel, red curve (Type-I) overlaps with
the blue curve (Type-F).

proportional to their masses, the leading decay channels are to the heavy fermions

H/A ! tt̄, bb̄, and ⌧+⌧�, H± ! tb̄, and ⌧⌫⌧ . (2.5)

For illustration, we take m� ⌘ mH = mA = mH± = 2 TeV and the alignment limit

cos(� � ↵) = 0. We calculate the decay branching fractions for the four types of 2HDMs,

using 2HDMC [7], and the results are presented in Fig. 1. In the limit mf ⌧ m�, H and A

have identical fermionic decay widths, hence identical branching fractions, which are shown

in the left panel. The right panel gives the results for the charge Higgs boson H±.

We can see the branching fractions of the three leading decay channels exhibit apparent

hierarchical behavior due to the hierarchical Yukawa couplings: the tt̄ decay for H/A (tb for

H±) always dominates except when there is strong enhancements of other decay channels at

large tan�. For example, due to the tan� enhancement of bb̄ decay in Type-II and F, the

H ! tt̄ decay is severely suppressed at large tan�. Similar suppression in Type-L is attributed

to the tan� enhancement of ⌧+⌧� decay. For charged Higgs H± decay, the suppression of

tb decay caused by the enhancement of other decay channels is less obvious given that tb

decay also enhances at large tan� when bottom quark couples to the first Higgs doublet �1,

otherwise it still undergoes severe suppression like in Type-L. One noteworthy point is, while

di↵erent types of 2HDMs degenerate at small tan� in terms of the decay branching fractions,

they’re quite distinct at large tan�, which allows the discrimination by observing the decays

of heavy Higgs bosons.

3 Higgs pair production in µ+µ�
annihilation and vector boson fusion

A high energy muon collider would have the capacity to open a new threshold at the energy

frontier. While the µ+µ� annihilation will be most e�cient in exploiting the available c.m. en-
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Distinguish 2HDMs
-

production Type-I Type-II Type-F Type-L
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For the same observable final states at muon collider, the fermion associated single heavy
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SM Backgrounds
-

๏ SM backgrounds

๏ Signal: four 3rd generation quarks/leptons

� (fb)
H+H� HA HH±

µ+µ� VBF µ+µ� VBF VBF
p
s = 6 TeV

m�

1 TeV 0.73 1.8 ⇥ 10�2 0.30 2.4 ⇥ 10�4 6.4 ⇥ 10�3

2 TeV 0.32 5.5 ⇥ 10�4 0.13 1.7 ⇥ 10�6 2.2 ⇥ 10�4

5 TeV 0 0 0 0 0
p
s = 14 TeV

m�

1 TeV 0.17 6.4 ⇥ 10�2 7.0 ⇥ 10�2 1.3 ⇥ 10�3 2.4 ⇥ 10�2

2 TeV 0.14 7.4 ⇥ 10�3 5.9 ⇥ 10�2 1.4 ⇥ 10�4 3.0 ⇥ 10�3

5 TeV 4.7 ⇥ 10�2 7.1 ⇥ 10�5 2.0 ⇥ 10�2 2.0 ⇥ 10�7 3.2 ⇥ 10�5

p
s = 30 TeV

m�

1 TeV 4.2 ⇥ 10�2 0.12 1.7 ⇥ 10�2 2.7 ⇥ 10�3 4.7 ⇥ 10�2

2 TeV 3.8 ⇥ 10�2 2.1 ⇥ 10�2 1.6 ⇥ 10�2 5.2 ⇥ 10�4 8.5 ⇥ 10�3

5 TeV 2.9 ⇥ 10�2 1.1 ⇥ 10�3 1.2 ⇥ 10�2 2.3 ⇥ 10�5 4.9 ⇥ 10�4

Table 4. Summary of Higgs pair production cross section

We note that, although a VBF channel has two companying leptons associated with

the initial state gauge bosons, they are mostly unobservable due to their forward-backward

collinear nature. As such, the µ+µ� annihilation and VBF both lead to the same observable

Higgs pair final states. However, the invariant mass distributions of the Higgs pair system

present a qualitatively di↵erent feature for these two processes: namely, mH+H� ⇡
p
s near

the c.m. energy for the annihilation process, and mH+H� ⇡ 2mH± near the threshold for the

VBF. This is shown in right panel of Fig. 4.

3.2 Signals and backgrounds

Given the pair-production of the heavy Higgs bosons and focusing on leading decay channels

as shown in the last section, the signal will be four heavy third-generation fermions. For the

sake of illustration, we consider the heavy Higgs mass m� = 2 TeV and
p
s =14 TeV. Those

background rates can be calculated by MadGraph. To e↵ectively separate the signal from the

backgrounds, we impose the acceptance cuts

pT (t) > 100 GeV, pT (b) > m�/5, 10� < ✓ < 170�. (3.4)

The background rates are shown in Table 5 with the cuts in ?? plus �Rbb > 0.4. TH: We

note that the background rates are suppressed below 10�2 fb. Depending on the specific

production and decays, the signals will be characterized by the mass reconstruction. We

therefore further require

for H+H� channel : m(tb̄) > 0.9MH± , ✓tb < 150�, [SL : �R
bb̄
> 0.4] (3.5)

for HA channel : m(tt̄), m(bb̄) > 0.9MH/A, ✓tt, ✓bb < 150�. (3.6)
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� (fb)
p
s (TeV)

tt̄bb̄ tt̄tt̄ bb̄bb̄

µ+µ� VBF µ+µ� VBF µ+µ� VBF

H+H�
6 6.7 ⇥ 10�4 . 10�13 � � � �
14 2.3 ⇥ 10�3 1.1 ⇥ 10�4 � � � �
30 1.4 ⇥ 10�3 5.2 ⇥ 10�4 � � � �

HA

6 1.4 ⇥ 10�3⇤ 4.0 ⇥ 10�8 6.1 ⇥ 10�5 . 10�14 7.3 ⇥ 10�6 . 10�14

14 1.7 ⇥ 10�3 1.7 ⇥ 10�4 9.0 ⇥ 10�4 2.5 ⇥ 10�5 1.4 ⇥ 10�4 3.9 ⇥ 10�6

30 7.9 ⇥ 10�4 6.8 ⇥ 10�4 6.5 ⇥ 10�4 1.7 ⇥ 10�4 >⇠ 1.2 ⇥ 10�4 2.7 ⇥ 10�5

Table 5. The dominant backgrounds for the Higgs pair production channels. The first row shows the
cross sections after the basic cuts in Eq. (3.4). The second and third rows are the cross sections after
the H+H� and HA cuts in Eq. (3.5) and Eq. (3.6). We choose m� = 2 TeV as the benchmark point.
[SL: *: lower c.m. energy reduces the cut passing rate.]

namely, the µ+µ� annihilation at high invariant mass and the VBF near the Higgs pair

threshold. TH: (more blurbs...)

• tt̄bb̄: The calculation of the tt̄bb̄ background encounters the singularities associated to

the bottom quarks running in the very forward regions and the collimated bb̄ from

t⇤ ! t(g ! bb̄). While the former could be easily regularized by the basic pT (b) cuts in

Eq. (3.4), the latter must be resolved by a cut on �R(bb̄). Fortunately, when generating

the background events for the HA channel, the separation of bb̄ and the invariant mass

are correlated by m(bb̄)2 ⇠ pT,bpT,b̄�R(bb̄), thus an acceptance cut on m(bb̄) in Eq. (3.6)

automatically regularize the collinear bb̄ and the calculation of the cross section can be

safely performed. However, for the H+H� channel, the collinear singularity is not

regularized by the m(tb) cut, so we require �R(bb̄) > 0.4 to calculate the cross sections.

This cut won’t hurt the signal since the resulting bb̄ quarks from it are expected to be

well-separated. To reconstruct the two charged Higgses, we identify the t � b pair that

makes the smallest angle as from one charged Higgs decay and combine the other t� b

to form another charged Higgs.

• tt̄tt̄: The calculation of the tt̄tt̄ background is singularity free and the only challenge

we face is the combinatorics. We use a similar way to reconstruct the neutral Higgses,

i.e., identifying the t � t pair that makes the smallest angle as from one neutral Higgs

decay and combining the other t � t to form another Higgs.

• bb̄bb̄: The bb̄bb̄ background su↵ers from both the collinear singularity in calculation

and the combinatorial problem in reconstruction, thus neither the �R(bb) cut nor the

m(bb) cut can be applied directly since they kill signals. Recall that the collimated bb in

background tends to have small invariant mass, whereas in the signal, the collimated bb

are mostly produced from heavy Higgs decay and their invariant masses are centered at

the Higgs mass. This implies that for bb̄bb̄ events whose closest b� b pair in angle used
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Can be sufficiently suppressed!

� (fb)
p
s (TeV)

tt̄bb̄ tt̄tt̄ bb̄bb̄

µ+µ� VBF µ+µ� VBF µ+µ� VBF

H+H�
6 6.7 ⇥ 10�4 . 10�13 � � � �
14 2.3 ⇥ 10�3 1.1 ⇥ 10�4 � � � �
30 1.4 ⇥ 10�3 5.2 ⇥ 10�4 � � � �

HA

6 1.4 ⇥ 10�3⇤ 4.0 ⇥ 10�8 6.1 ⇥ 10�5 . 10�14 7.3 ⇥ 10�6 . 10�14

14 1.7 ⇥ 10�3 1.7 ⇥ 10�4 9.0 ⇥ 10�4 2.5 ⇥ 10�5 1.4 ⇥ 10�4 3.9 ⇥ 10�6

30 7.9 ⇥ 10�4 6.8 ⇥ 10�4 6.5 ⇥ 10�4 1.7 ⇥ 10�4 >⇠ 1.2 ⇥ 10�4 2.7 ⇥ 10�5

Table 5. The dominant backgrounds for the Higgs pair production channels. The first row shows the
cross sections after the basic cuts in Eq. (3.4). The second and third rows are the cross sections after
the H+H� and HA cuts in Eq. (3.5) and Eq. (3.6). We choose m� = 2 TeV as the benchmark point.
[SL: *: lower c.m. energy reduces the cut passing rate.]

namely, the µ+µ� annihilation at high invariant mass and the VBF near the Higgs pair

threshold. TH: (more blurbs...)

• tt̄bb̄: The calculation of the tt̄bb̄ background encounters the singularities associated to

the bottom quarks running in the very forward regions and the collimated bb̄ from

t⇤ ! t(g ! bb̄). While the former could be easily regularized by the basic pT (b) cuts in

Eq. (3.4), the latter must be resolved by a cut on �R(bb̄). Fortunately, when generating

the background events for the HA channel, the separation of bb̄ and the invariant mass

are correlated by m(bb̄)2 ⇠ pT,bpT,b̄�R(bb̄), thus an acceptance cut on m(bb̄) in Eq. (3.6)

automatically regularize the collinear bb̄ and the calculation of the cross section can be

safely performed. However, for the H+H� channel, the collinear singularity is not

regularized by the m(tb) cut, so we require �R(bb̄) > 0.4 to calculate the cross sections.

This cut won’t hurt the signal since the resulting bb̄ quarks from it are expected to be

well-separated. To reconstruct the two charged Higgses, we identify the t � b pair that

makes the smallest angle as from one charged Higgs decay and combine the other t� b

to form another charged Higgs.

• tt̄tt̄: The calculation of the tt̄tt̄ background is singularity free and the only challenge

we face is the combinatorics. We use a similar way to reconstruct the neutral Higgses,

i.e., identifying the t � t pair that makes the smallest angle as from one neutral Higgs

decay and combining the other t � t to form another Higgs.

• bb̄bb̄: The bb̄bb̄ background su↵ers from both the collinear singularity in calculation

and the combinatorial problem in reconstruction, thus neither the �R(bb) cut nor the

m(bb) cut can be applied directly since they kill signals. Recall that the collimated bb in

background tends to have small invariant mass, whereas in the signal, the collimated bb

are mostly produced from heavy Higgs decay and their invariant masses are centered at

the Higgs mass. This implies that for bb̄bb̄ events whose closest b� b pair in angle used

– 11 –



S. Su 12

-

Fermion Associated Production

๏ Fermion associated production

VBF Annihilation 

Figure 7. The tt̄bb̄ background generated through µ+µ� annihilation at
p
s = 14 TeV. Acceptance

cuts on bottom quarks requiring pT,b > 400 GeV and m
bb̄

> 1.8 TeV and 10� < ✓b < 170� are added.
ISR is accounted. [SL: The total cross section is 7.6 ⇥ 10�3 fb. I think after the cuts on top quarks
are added, the background will be e↵ectively suppressed.]

except for Type-II and F. The full discrimination is only possible at tan� > 10 provided that

we’re able to detect the sudleading H± ! ⌧⌫ and H/A ! ⌧+⌧� decays, ⇠10% in branching

fraction, in Type-II.]

4 Higgs boson associated production with a pair of fermions

4.1 Production cross sections

Heavy Higgses can also be abundantly produced in association with a pair of heavy fermions

at muon collider. The production modes in Eq. (4.1) through µ+µ� annihilation are accom-

plished through the intermediate �⇤/Z⇤ decaying into a pair of fermions, followed by the

radiation of a heavy Higgs:

µ+µ� ! bb̄H/A, tt̄H/A, tbH±,

! ⌧+⌧�H/A, ⌧±⌫⌧H
⌥,

(4.1)
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Higgs can also be produced via the VBF scheme. Far more than the charge conserved final

states in Eq. (4.1), the fusions of W±�/Z give rise to rich charge non-conserved final states

(the observable part). The complete set of the them are

µ+µ� ! bb̄H/A, tt̄H/A, tbH±, tt̄H±, bb̄H±, tbH/A,

! ⌧+⌧�H/A, ⌧±⌫⌧H
⌥, ⌧+⌧�H±, ⌧±⌫⌧H/A.

(4.2)

The cross sections as a function of the c.m. energy
p
s for di↵erent final states at tan� = 1

are depicted in the right panel of Fig. 8. Running Yukawa couplings are incorporated in

the calculation []. While the similar hierarchical feature is apparent, the production curves

manifest the rising trend with
p
s, which is typical to the VBF processes. Compared to

the charge conserved final states, the corresponding charge non-conserved final states with

identical fermions are in general produced with smaller cross sections. [SL: That’s because the

charge conserved final states allows the production through W+
L
W�

L
fusion while the charge

non-conserved final states can only be initiated by WZ/� fusions. Note that the longitudinally

polarized WL couples to the heavy fermions through Yukawa interaction at high energy, which

is significantly stronger than the electromagnetic or weak interactions with other partons?]

SS: Can you show one of the charge non-conservation process tbH individual contribution

similar to Fig 8? The only exception is bb̄H vs bb̄H±. They are of similar size since bb̄H±

involves top Yukawa couplings, which increases the production cross section. SS: Check TB

dependence though. [SL: Is this true for tau Yukawa coupling?] Although the comparable

cross sections of the bb̄H± and bb̄H final states seems to suggest an exception, that’s because

the bb̄H± production involves the remarkably large top Yukawa which is absent in the bb̄H

production. In addition, the productions through VBF scheme are rather sensitive to the

heavy Higgs mass because of the steep dropping down of the EW PDFs with the parton

energy, which is apparent by comparing the solid (m� = 1 TeV) and dashed (m� = 2 TeV)

lines. The cross sections of the three leading production channels are summarized in Table 7.

YC: Cross section with pT cuts for VBF induced ff� processes, m� = 2000 GeV andp
s = 14TeV:

• tt̄H:

– pT > 50 GeV, � = 3.11 ⇥ 10�1 fb

– pT > 100 GeV, � = 3.09 ⇥ 10�1 fb

• tt̄H±:

– pT > 50 GeV, � = 1.14 ⇥ 10�2 fb

– pT > 100 GeV, � = 1.03 ⇥ 10�2 fb

• tb̄H±:

– pT > 50 GeV, � = 5.78 ⇥ 10�1 fb
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Fermion Associated Production

๏ Fermion associated production
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⌧⌫H
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m� = 1 TeV

tan β = 1

production Type-I Type-II Type-F Type-L

small tan� < 5

H+H� tb̄, t̄b

HA/HH/AA tt̄, tt̄

H±H/A tb, tt̄

intermediate tan�

H+H� tb̄, t̄b tb, ⌧⌫⌧
HA/HH/AA tt̄, tt̄ tt̄, bb̄ tt̄, ⌧+⌧�

H±H/A tb, tt̄ tb, tt̄; tb, bb̄ tb, tt̄; tb, ⌧+⌧�;

⌧⌫⌧ , tt̄; ⌧⌫⌧ , ⌧+⌧�

large tan� > 10

H+H� tb̄, t̄b tb, tb(⌧⌫⌧ ) tb̄, t̄b ⌧+⌫⌧ , ⌧�⌫⌧
HA/HH/AA tt̄, tt̄ bb̄, bb̄(⌧+⌧�) bb̄, bb̄ ⌧+⌧�, ⌧+⌧�

H±H/A tb, tt̄ tb(⌧⌫⌧ ), bb̄(⌧+⌧�) tb, bb̄ ⌧±⌫⌧ , ⌧+⌧�

Table 6. leading signal channels of Higgs pair production for various 2HDMs in di↵erent regions of
small, intermediate and large tan�. Channels in the parenthesis are the sub-leading channels. SS:
Shall we mention VBF HH and AA? It is smaller than HA for the annihilation case though.

Figure 8. Left panel: Production cross section for the final states in Eq. (4.1) through µ+µ� annihi-
lation. Right panel: Production cross sections for the final states in Eq. (4.2) through VBF scheme.
[SL: A acceptance cut of pT > 50 GeV is imposed to the associated bottom and tau.] [SL: Add cuts
on angle: 10� < ✓ < 170� on the outgoing fermions.]

The cross sections are plotted in the left panels of Fig. 8. We choose tan� = 1 for this plot

so the results are type independent and directly proportional to the fermion mass squared.

Therefore, heavy quark associated productions are orders of magnitude larger than the light

quark and lepton associated productions. However, this hierarchical relation could be ruined

by other choices of tan� in di↵erent types. Compared to the pair production counterparts,

the cross sections here are smaller owing to the three-body final states. In addition, the cross

sections for heavy Higgs mass m� = 1 TeV (solid) and 2 TeV (dashed) are presented, which

exhibit little di↵erence well above the thresholds. A second y-axis on the right are employed

to show the corresponding event yields provided a 10 ab�1 integrated luminosity.

For the same observable final states at muon collider, the fermion associated single heavy

– 15 –

production Type-I Type-II Type-F Type-L
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small, intermediate and large tan�. Channels in the parenthesis are the sub-leading channels. SS:
Shall we mention VBF HH and AA? It is smaller than HA for the annihilation case though.

Figure 8. Left panel: Production cross section for the final states in Eq. (4.1) through µ+µ� annihi-
lation. Right panel: Production cross sections for the final states in Eq. (4.2) through VBF scheme.
[SL: A acceptance cut of pT > 50 GeV is imposed to the associated bottom and tau.] [SL: Add cuts
on angle: 10� < ✓ < 170� on the outgoing fermions.]

The cross sections are plotted in the left panels of Fig. 8. We choose tan� = 1 for this plot

so the results are type independent and directly proportional to the fermion mass squared.

Therefore, heavy quark associated productions are orders of magnitude larger than the light

quark and lepton associated productions. However, this hierarchical relation could be ruined

by other choices of tan� in di↵erent types. Compared to the pair production counterparts,

the cross sections here are smaller owing to the three-body final states. In addition, the cross

sections for heavy Higgs mass m� = 1 TeV (solid) and 2 TeV (dashed) are presented, which

exhibit little di↵erence well above the thresholds. A second y-axis on the right are employed

to show the corresponding event yields provided a 10 ab�1 integrated luminosity.

For the same observable final states at muon collider, the fermion associated single heavy
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Four Types of 2HDMs  
-

Figure 9. Separate VBF contributions to the quark associated H/H± production in Type-II 2HDM.
Upper left panel: tbH± production at mH± = 2 TeV and

p
s = 30 TeV. Upper right panel: tt̄H

production at mH = 150 GeV and tan� = 1. Lower left panel: tbH± production at
p
s = 30 TeV. A

cut of pT > 50 TeV is imposed on the outgoing quarks to regulate the fluctuation associated with the
� � Z curve. Lower right panel: tt̄H production at

p
s = 30 TeV.

mass. The right panel gives the distributions for the same process but versus the mHtt̄. As

expected, the distributions for µ+µ� annihilation are peaked at the c.m. energy while for the

VBF scheme are peaked towards lower energys.

[SL: We choose tt̄H production for illustration because for production with bottom quarks

in the final states, the VBF processes su↵er from the colinear divergence caused by the

splitting of W ! tb or �/Z ! bb̄. It also explains why the distributions for VBF processes

are peaked at low mtt̄ region.]

4.2 Signals and backgrounds

Since only one pair of the heavy fermions is from the heavy Higgs decay, we will impose the

cuts on the leading fermions

pT (t) > 100 GeV, pT (b) > m�/5, 10� < ✓ < 170�, (4.3)

– 18 –
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Annihilation vs. VBF
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Figure 10. The normalized di↵erential cross sections for µ+µ� ! tt̄H process versus the invariant
mass mtt̄ at

p
s = 14 TeV. Red and blue curves are for mH = 1 and 2 TeV, respectively. The

distributions peaked at mH ⇠ 2 TeV represent the production through VBF while the relatively flat
distributions are of the production through µ+µ� annihilation. [SL: Check the tbH± distribution.]

that also reconstruct the Higgs boson mass.

SS: Do we need more background in addition to the ones that were presented in last

section?

4.3 Distinguishing 2HDMs

For heavy Higgses produced in association with fermions, they pop up through the Yukawa

couplings. Thus, the production cross sections are sensitive to tan� and are also determined

by the specific types of 2HDMs. In Fig. 11, we demonstrate the tan� dependence of the five

leading quark-associated production channels in four types of 2HDMs for degenerate heavy

Higgs mass m� = 2 TeV (� = H,A,H±) at
p
s = 10 TeV (solid) and 30 TeV (dashed).

The left panel shows the results in Type-I and L while the right panel in Type-II and F.

The quark Yukawa couplings in Type-I and L scale consistently as 1/ tan�, hence result in

the total cross sections scaling down as (1/ tan�)2. In the right panel, the cross sections are

identical to those in the left panel in the regime of small tan� (<⇠ 5) due to the dominance of

the universal top Yukawa coupling, whereas at large tan�, the enhancement of the bottom

Yukawa coupling, which scales as tan� in Type-II and F, rises up the otherwise dropping

cross sections.

[SL: The diagram contributing most to the cross sections is the t-channel W+
L
W�

L
fusion

followed by the outgoing quarks radiating a heavy Higgs boson (diagram (a)).
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Distinguish 2HDMs
-

Figure 11. Cross section of µ+µ� ! tbH± (blue), tt̄H (green), tbH (red), bb̄H (gray) and ttH±

(magenta) through VBF for various tan� at
p
s = 14 TeV. We choose m� = 2 TeV and cos(��↵) = 0

when calculating the cross section. The left panel gives the results for Type-I/L while the right panel
is for Type-II/F.[SL: The enhancement of bb̄H channel at small tan� for Type-II/F is due to the
W+W� ! bb̄(tt̄ ! H) process.] SS: Add bbHpm to be complete. It might be important for large TB
of Type-II and F.

Figure 12. Cross section of µ+µ� ! ⌧±⌫⌧H⌥ (red) and ⌧+⌧�H (solid) through VBF for various
tan� at

p
s = 14 TeV. We choose m� = 2 TeV and cos(� �↵) = 0 when calculating the cross section.

The left panel gives the results for Type-I/F while the right panel is for Type-II/L.

WL
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Ignoring the quark masses in the propagators, the amplitudes of the tbH±, tt̄H and bb̄H final
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production Type-I Type-II Type-F Type-L

small tan� < 5
tbH± tb, tb

tt̄H/A tt̄, tt̄

(tbH/A) (tb, tt̄)

intermediate tan�

tbH± tb, tb tb, tb; tb, ⌧⌫⌧
tt̄H/A tt̄, tt̄ tt̄, tt̄; tt̄, bb̄ tt̄, tt̄; tt̄, ⌧+⌧�

bb̄H/A � bb̄, tt̄; bb̄, bb̄ �
(tbH/A) (tb, tt̄) (tb, tt̄; tb, bb̄) (tb, tt̄; tb, ⌧+⌧�)

large tan� > 10

tbH± tb, tb tb, tb(⌧⌫⌧ ) tb, tb tb, ⌧⌫⌧
tt̄H/A tt̄, tt̄ � tt̄, ⌧+⌧�

bb̄H/A � bb̄, bb̄(⌧+⌧�) bb̄, bb̄ �
(tbH/A) (tb, tt̄) (tb, bb̄) (tb, ⌧+⌧�)

very large tan� > 50
⌧+⌧�H/A � ⌧+⌧�, ⌧+⌧�

⌧⌫⌧H± � ⌧⌫⌧ , ⌧⌫⌧

Table 8. Leading signal channels of Higgs associated production with a pair of fermions for various
2HDMs in di↵erent regions of small, intermediate and large tan�.
[SL: Would the bbH be leading and also perturbative at very large tan�?]
SS: 1. tbH 4-5 times smaller than ttH (bbH) for small (large) TB, Do we need to mention it? For now
I include it as sub-leading channel
2. Check out other VBF channel bbHpm, tbH/A, tautauHpm, taunuH/A.

states are the same up to an overall factor determined by the Yukawa couplings.] In Type-II

and F, the cross section of the tbH± channel scales as (Yt/ tan�)2 +(Yd tan�)2, while that of

the tt̄H and bb̄H channels scale as (Yt/ tan�)2 and (Yb tan�)2, respectively. In addition, the

cross section of the charged Higgs needs to be multiplied by 2 accounting for the two particle

states. These explains the comparable cross sections for the three leading production channels

as well as the minimum of tbH± or the intersection of tt̄H and bb̄H at tan� =
p

Yu/Yd ⇠ 6.

The enhancement of the bb̄H cross section in small tan� regime is attributed to the diagrams

similar to (b). SS: Maybe move some of the discussion to the production part of Sec 4.1?

The cross sections for the tau-associated channels as a function of tan� are presented in

Fig. 12. The left panel gives the results in Type-I and F while the right panel is for Type-II

and L. Similar to the quark-associated productions, the charged Higgs production rate is

twice as large as that of the neutral Higgs. However, due to the small Yukawa coupling,

the production rates of the tau-associated Higgses are so small that supply little chance for

discovery, except for tan� >⇠ 2(50) at
p
s = 30(10) TeV.

In Table 8 we summarized the leading signal channels of the Higgs associated production

with fermions in four types of 2HDMs in di↵erent regimes of tan�. The leading production

channels in Type-I and L are tbH± and tt̄H/A, while tbH/A could also supply decent amount

of signals at tan� < 5. The dominate decays are H/A ! tt̄ and H± ! tb in Type-I whereas

in Type-L the H/A ! ⌧+⌧� and H± ! ⌧⌫⌧ decay takes over at tan� >⇠ 10, which o↵er
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Conclusion

๏ High energy muon collider: discovery machine for BSM Higgses 

๏ BSM Higgs pair production: annihilation dominant 

๏ BSM Higgs single production in associated with fermion: VBF dominant 

๏ SM BG: manageable 

๏ possible to distinguish different types of 2HDM

An exciting journey ahead of us!


