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ABSTRACT: We perform comparative studies for four types of the two Higgs Doublet Models
(2HDMs) under the precision measurements of the Standard Model (SM) Higgs observ-
ables at the proposed Higgs factories. We explore the discovery potential based on the
hypothetical deviations in the precision data for the 2HDMSs up to one-loop level. We find
50 observability from the y? fitting in a significant theory parameter space at future Higgs
factories. For the Type-I 2HDM, regions with cos(5 — a) < —0.1 or cos(8 — «) = 0.08 are
discoverable at more than 5o level. For the other three types of 2HDMs, the 50 region is
even bigger: |cos(f — «)| 2 0.02 for tan 8 ~ 1. At small and large values of tan 3, the
region in cos(f — «) is further tightened. We examine the extent to which the different
2HDM theories may be distinguishable from one to the other at the 95% Confidence Level
with four benchmark points as case studies. We show that a large part of the parameter
space of the other types of 2HDMs can be distinguished from the benchmark points of
the target model. The impacts of loop corrections are found to be significant in certain

parameter regions.
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1 Introduction

With the discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) [1, 2],
the Standard Model (SM) of the strong and electroweak (EW) interactions of elementary
particles is complete as a self-consistent relativistic quantum field theory potentially valid
to exponentially high scales. The agreement between the Standard Model predictions and
the experimental observations in particle physics implies that either the new physics beyond
the SM is at a higher scale still further from the current experimental reach, or it manifests
itself in a more subtle form than those in our simple theoretical incarnations. It is thus
prudent to carry out the search both at the energy frontier and at the precision frontier.
The extension of the SM Higgs sector is theoretically well-motivated [3, 4]. Exploring
the Higgs physics beyond the Standard Model (BSM) is among the high priorities in the
current and future experimental programs in high energy physics. Searches for new Higgs
bosons at colliders, especially at the LHC [5-24], have been actively conducted, and will
remain to be one of the major motivations for future colliders. On the other hand, in
the absence of signals of BSM new physics from the current experiments, high precision
measurements of the SM parameters, especially the Higgs properties [25, 26], will sharpen
our understanding on physics at the EW scale and provide further insight for new physics.
Recently, there have been lively discussions for construction of Higgs factories to study
the Higgs boson properties with high precision. The current proposals include the Inter-
national Linear Collider (ILC) in Japan [27-30], the Circular Electron Positron Collider
(CEPC) in China [31, 32] and the electron-positron stage of the Future Circular Collider
(FCC-ee) at CERN [33-38]. They also have the potential to operate at the Z-pole with high
luminosities to further improve the existing precision for the SM parameter measurements.



With the data samples of a million Higgs bosons and about O(10° — 10'2) Z-bosons, one
would generically expect to achieve a precision for the Higgs property determination of
1073, and for the EW observables of 1079, deeply into the quantum and virtual contribu-
tions from possible new physics effects.

There have been many studies in the literature on the implications of the Higgs pre-
cision measurements at current and future colliders on the 2HDMs [39-47]. In recent
works [48-53], we examined the achievable sensitivity of the Higgs and Z factories to probe
the virtual effects of the two Higgs doublet model (2HDM) of Type-II and Type-I1. With
multivariable y2-fit, we found interesting results in setting significant bounds in a large
theory parameter space beyond the reach of the high luminosity upgrade of the LHC (HL-
LHC). In this paper, we take the analyses to the next stage. We examine four types of the
2HDMs, namely, Type-I, Type-1I, Type-L (lepton specific) and Type-F (flipped Yukawa
couplings). We establish the theory parameter regions for 50 discovery from the devia-
tions from the SM expectations based on the expected precision at future Higgs factories,
including the one-loop effects. Once achieving the signal observation in certain favorable
parameter region, we explore the ability to distinguish different types of the 2HDMs with
respect to the observables of Higgs precision measurements. It is quite informative that the
characteristic features of each 2HDM, primarily their Yukawa couplings, would be notably
reflected by the corresponding observables.

The rest of the paper is organized as follows. In section 2, we introduce the theoretical
framework of the four types of the 2HDMs. In section 3, we review the current Higgs
measurements and future precision expectations adopted in our analyses. We then present
our fitting methodology. Going beyond the existing studies in the literature, we present
the current LHC 95% Confidence Level (C.L.) allowed region as well as the 5o discovery
potential at future Higgs factories for the four types of the 2HDMs in section 4. Because of
the qualitative differences among the 2HDMSs considered here, we demonstrate in section 5
the feasibility to distinguish the theoretical models from each other based on the precision
measurements of different observables. We summarize the results and draw our conclusions
in section 6.

2 Two Higgs Doublet Models

The Higgs sector of the 2HDMs [4] consists of two SU(2), scalar doublets ®; (i = 1,2) with
hyper-charge Y = 1/2
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where v; (i = 1,2) are the vacuum expectation values (vev) of the doublets after the

electroweak symmetry breaking (EWSB), satisfying y/v} + v3 = v = 246 GeV.
The 2HDM Lagrangian for the Higgs sector is given by

L= |Du®|* = V(®1,P2) + Lyuk, (2.2)



Types @1 @3 wur dr {¢r Qr,Lr & @y
Typel + - - - - + u, d, !
TypeII + - - 4+ + + d, l U
TypeL + - — - + + 4 u, d,
Type-F + - — + - + d u, ¢

Table 1. Four types of assignments for the Z, charges and Yukawa couplings for the scalar doublets
®, 5 and the SM fermions.

Tree-level Normalized Higgs couplings
i KL R Ky,
Typel | G55 Sp  smp  sin(B-oa)
Type-ll | 55 —i5 s sn(8—a)
Typel | 228 cme _sima gn(g—a)
Type-F Z?Tbg —z‘g‘T‘; % sin(f — «)

Table 2. Higgs couplings to the SM fermions and gauge bosons in the four types of 2HDMs,
normalized to the corresponding SM values [4].

where D,, is the covariant derivative, V(®1, ®2) is the scalar potential, and Ly contains
the Yukawa couplings.

The most general CP-conserving potential with a soft Zs symmetry breaking
term (m3,) is

A A
V(®1, o) =m2, 1 ®) + m3,®5 0y — (m2,®{®s + hoc.) + 721 (®1®,)? + 722 (D1 Ds)?
A3 (D1 D1 ) (@LDs) + Ay(D] Do) (LD 25 (@l dy)? + h 2.3
+ A3(21P1) (P P2) + Mg (P1P2)(P3P1) + 2(12)+.c.. (2.3)

After the EWSB, the scalars mix with each other to form the mass eigenstates:
(Hi>_<cosﬁ—sinﬂ> <¢§t> (2.4)
- . + 3 .
G* sin 8 cosf ok
A0 _ [ cosB —sinf GY (2.5)
GO ) \sinp cosp Gy )’ '
h cosa —sin o 9
=" ¢g : (2.6)
H sina cosa (ot
where o and 8 are the mixing angles, and tan 8 = wv9/v; at tree level. Instead of the
eight parameters in the scalar potential m?;, m3,, m3y, \12.34,5, @ more convenient set of
the parameters is v, tan 3, cos(8 — ), myp, My, ma, Mg+, M2y, where my, myg, ma, my= are

the physical masses of the corresponding Higgs bosons. The relations between these two
sets of parameters can be found in ref. [54].



The Yukawa couplings of the two Higgs doublets are given by
— Ly = Yo,QrPyug + YiQrPadr + Yo L1 Peep + hc., (2.7)

with ® = igy®* and ®,, 4. are either ®; or ®. To avoid tree-level flavor-changing-neutral-
currents (FCNCs), a discrete Zs symmetry! is imposed. There are four possible choices for
the charge assignment of the fermions under Zo, which are shown in table 1, along with
the non-zero Yukawa couplings for each ®. The dynamical origin of the Zs symmetry was
recently explored in refs. [55, 56].
Expanding the 2HDM Lagrangian after EWSB and rotating into mass eigenstates, we
have, for the gauge and Yukawa couplings of the SM-like Higgs boson? h,
m2 2m? me =
L=kz—2hZ, 2" + kw —WhWIWHr™ — 3 kp—Lhff. (2.8)
v v Pl VA

At tree level, r; = k% only depend on two mixing angles (, 3) and are listed in table 2.
Note that the two normalized Yukawa couplings can be instead expressed in terms of two
more commonly used parameters cos(S — «) and tan ( as

:;sg = sin(f — a) + cot S cos(f — a),
—22(; =sin(f — a) — tan S cos(f — a). (2.9)

With the anticipated high precision of Higgs coupling measurements at future Higgs
factories, they are sensitive to radiation corrections. The one-loop corrections are calcu-
lated for the Higgs couplings with the on-shell scheme [52, 57, 58] using FeynArts [59],
FormCalc [60], FeynCalc [61, 62] and LoopTools [63] which are cross-checked with
H-COUP [64] and with 2HDECAY [65]. All the couplings (x;’s) at loop level depend on the
mass parameters of the other heavy states running in the loops, as well as the soft Zs
breaking parameter m%Q, in addition to the parameters o and £5.

3 Study strategy

3.1 Precision measurements at future colliders

The properties of the SM-like Higgs boson are measured at the current LHC Run-II [25, 26],
and will be measured to a high precision at future Higgs factories [66, 67]. In the previous
works [48-51], we studied the implications of the anticipated precision measurements on
various new physics models, such as the singlet extension of the SM, 2HDM, and composite
Higgs model, assuming that no deviation is observed at future Higgs factories. Naturally,
we would like to explore the discovery potential of the Higgs factories for BSM physics.
We will take the estimated precisions for Higgs coupling measurements at the HL-LHC
with 3 ab™! integrated luminosity each from the ATLAS and CMS measurements [66] and

I This symmetry is broken by the m?2, term in the scalar potential.
2In our analyses, we take the light CP-even Higgs as the 125 GeV SM-like Higgs boson.



Collier | LHC Run-II HL-LHC  CEPC
NG 13 TeV 14 TeV 240 GeV
[ Ldt 80 fb~1 3ab™! 5.6ab”!
Kor 16% 1.9% 1.3%
Kb 19% 3.7% 1.2%
Kot 15% 3.4% —
Ke — — 2.1%
Kw 9% 1.7% 1.3%
Kz 8% 1.5% 0.13%
Kg 11% 2.5% 1.5%
Ky 9% 1.8% 3.7%

Table 3. Estimated statistical precision on normalized Higgs couplings at current LHC Run-II in
ATLAS [25], HL-LHC with integrated luminosity of 3 ab=! at 14 TeV (including both ATLAS and
CMS) [66] and CEPC with integrated luminosity of 5.6 ab™! at 240 GeV [32].

CEPC program with 5.6 ab~! integrated luminosity [32, 49, 68]. Generally speaking, three
future Higgs factories (CEPC, FCC-ee, and ILC) have compatible precisions for Higgs
property measurements, especially for the cross section of eTe™ — hZ and the signal
strength of ete™ — hZ with h — bb. While Higgs production at the CEPC [31, 32]
and the FCC-ee [33-38] is dominated by eTe™ — hZ near 240 GeV—250 GeV, FCC-ee,
as well as ILC [27-30], may accumulate more data with ete™ — vvh via WW fusion at
higher energies. Furthermore, ILC running at higher energy may have the access to the
self-coupling Appp [69]. A summary of the latest Higgs precision measurements of signal
strength at future Higgs factories that is used in our analyses can be found in refs. [49, 67].

The estimated precision on normalized Higgs couplings at the current LHC Run-II
at ATLAS [25], HL-LHC with 3 ab™! integrated luminosity at /s = 14TeV [66] and
CEPC [32] are listed in table 3. For the up-type Yukawa couplings, x; is measured at the
LHC while k. will be measured at CEPC given the lower center of mass energy and clean
experimental environment at a lepton collider. While all the couplings are determined at
a 8%—20% level at the LHC Run-II, the HL-LHC can improve the precision significantly
to a few percent level. CEPC has the best precision for k7 at sub-percent level, and about
1% for krpw,g. The precision for k. and k- is a bit worse given the limited statistics.

In our analyses below, we used the CEPC precisions of the Higgs measurements for
illustration, which is similar to the precisions of the FCC-ee 240 GeV and ILC low energy
running. Higher energy runnings of ILC [27-30] and Compact Linear Collider (CLIC) [70]
have the advantage of direct productions of new particles, which is complementary to the
indirect reach of new physics scale at Higgs factories.

3.2 Fitting method

While the previous works focus on the scenarios when no deviation from the SM predictions
is observed at future Higgs factories [48-50, 71-74], in this work, we examine the extent to



which deviations from the SM predictions can be observed, reaching 50 discovery sensitivity
for the 2HDMs. We further explore how different types of 2HDMs can be distinguished
after the 50 observation, as well as how to narrow down the parameter spaces for a given
type of 2HDM.

To perform a x2-fit, we adopt the signal strength modifier (SSM) p:

o X Br

H= o x Br)su 3.1)

of the SM-like Higgs boson in different production and decay channels to parameterize the
prediction of different models as well as the experimental data. As a test statistic, we use
0 12
2= Z (1 ;2%) ’ (3.2)
7 1223

for 1) being the prediction of y; in a given testing model, u} being the experimentally
observed value, and o, being the corresponding experimental precision. For future col-
liders, pf is taken to be the SM values 1, if assuming no deviation from the SM value is
observed, or a specific set of values when certain deviations are assumed. In the case when
the experimental observed data is taken to be the prediction of another model, x? could be
interpreted as the capability to distinguish them. We assume the x? statistic follows the
x? probability distribution function (p.d.f) with the number of degrees of freedom (d.o.f.)
equal to the number of fitting observables p subtracted by the number of internal variables
of the testing model. As such, a 50 discovery or a 95% C.L. exclusion corresponds to a
(two-tail) p-value of 5.7 x 10~7 or 0.05, respectively.

For the current LHC measurements, we use Ax? = x? — x2,,, to obtain the 95% C.L.
exclusion, in which x2.. is the corresponding x? of the best fitting point of the testing
model to the experimentally observed value. In this case, the number of d.o.f of the x?
statistic is equal to the number of internal variables of the testing model.

4 Discovery potential and characteristics of 2HDMs

In this section we first present the 95% C.L. allowed regions in the parameter space of
2HDMs given the current LHC limit, and then explore the 5o discovery regions at the
HL-LHC, and Higgs factories such as the CEPC. In the due course, we discuss the unique
characteristics of different 2HDMs.

The allowed 95% C.L. regions for four types of 2HDMs under the current LHC limit [25]
in cos(8 — a)-tan B are shown in figure 1, using the Ax? statistic with the number of
d.o.f= 2 for the two fitting parameters tan 8 and cos(f — «). The results of Type-I, II,
L and F are indicated by red, green, blue and orange colors, respectively. The regions
enclosed by the solid (dashed) curves are the 95% C.L. allowed regions at one-loop (tree)
level, with the one-loop level best fitting point of each type marked by a star of the
corresponding color. For the loop-level results, we assume a degenerate non-SM Higgs
mass mg = my = ma = my+ = 800 GeV, with v w2 = \/m%{ —m2,/(sin Bcos ) = 0 in
the left panel and 300 GeV in the right panel.

The behavior of Type-II resembles that of Type-F, while Type-I resembles Type-L

except that the allowed region of Type-I opens up for large tan 5. This is because the dif-
ference between the two corresponding 2HDM types is in the lepton sector, and the impact

-6 —



me =800 GeV, VAvZ =0 GeV me =800 GeV, VAvZ =300 GeV

50 [ ‘ 50 T
20‘/ J‘\ 20—/
104 109
59 %\ 59 %\
Q N Q N
8 29 8 2
1 14
* — Type-l
0.5 0.51 — Type-li
* — Type-L
0.2 \ ---- tree 0.2 Type-F ---- tree
0.1 T T T N T T T 0.1 T T T ; ; ; ;
'~0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 '~0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 03 04
cos(B—a) cos(B—a)

Figure 1. 95% C.L. allowed regions enclosed by the solid (dashed) curves from one-loop (tree level)
results under the current LHC limits. Results of Type-I, II, L and F are indicated by the red, green,
blue and orange colors, respectively, with the one-loop level best fitting point of each type marked
by a star of the corresponding color. For loop results, we assume a degenerate non-SM Higgs mass

me = my = my = my+ = 800GeV, with v Av?2 = 0 in the left panel and 300 GeV in the right
panel.

of the leptonic couplings is small, given the dominating bottom decay branching fractions,
and the comparable measured precision of 77 channels with bb channel at the LHC.

Those band-shaped regions in the upper right quadrant are the “wrong-sign” re-
gions [75]. This is in the neighbourhood of cos(8 — «) ~ 2/tan 3, where the Yukawa
couplings induced by ®, in table 2 happen to be unity, and those induced by ®; are near
—1, thus the name of “wrong-sign”. Ak; is small and changes sign when passing it from
the left to the right for ®5 induced Yukawa couplings. The wrong-sign region of Type-I
is hidden inside the wide allowed region at large tan 3. Again, we observe the similarity
between Type-II and Type-F given the same quark coupling structure, which results in the
same loop-induced hgg corrections as well.

There is another wrong-sign region along the line cos(8 — @) = —2tan 8 in the small
tan (8 region, where the Yukawa couplings induced by ®5 are —1, while ®; induced couplings
are 1, instead. Such regions, however, are severely constrained by the large corrections
to the loop-induced k. coupling [51] once k; flips sign. Therefore, no such wrong-sign
region appears in the lower-left corner of the plot. Note that there is also an allowed
region for Type-I appearing in the upper left corner at one-loop level, which corresponds
to Ky /w7 = —1 caused by loop corrections.

Comparing the one-loop results (solid curves) with that of the tree-level (dashed curves)
in figure 1, we see that other than the large tan 8 region of Type-I [49] mainly due to loop
corrections to hZ Z coupling, the impact of loop corrections on the allowed region in tan -
cos(8 — ) plane is small. The “wrong-sign” region is shifted at one-loop for relatively large
Av? since the tree level shift is close to zero in this region.

To compare with experimental observations, we map out the allowed region in 2HDM
parameter space under the current LHC limit to the deviations in various couplings normal-
ized to the SM value: Ak; = k;—1, fori =t,b,7 or Z. Given that different types of 2HDMs
predict different Yukawa coupling relations, we present the results in the Ax;-Ax; plane.
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Figure 2. 95% C.L. allowed shaded regions in the Ax;-Ax; plane (i,j = t(c),b,7,Z) from the
tree-level results under the current LHC limits. Results of Type-I, II, L and F are indicated by the
red, green, blue and orange colors, respectively. The regions outside the solid and dashed lines in
the corresponding colors indicate the discovery reaches of the CEPC and HL-LHC at 50 or more.
The projected experimental precision on measuring x; at different machines is indicated by crossing
arrows with the consistent line styles. Also shown are the values of cos(8 — «) and tan 8 by solid
and dashed white contour lines.

To better understand the qualitative features, we present the tree-level results first
in figure 2 in the Ar;-Ax; plane. The shaded regions display the LHC allowed regions
for four types of 2HDMs, with red, green, blue and orange colors referring to Type-I, II,
L and F, respectively. The LHC best fitting points for Ax are marked by stars in the



corresponding colors. The solid and dashed lines exhibit the discovery reach of the CEPC
and HL-LHC of 3ab™! luminosity, outside which a discovery of 5o significance or above
could be made. The projected experimental precision on measuring k; at different machines
is indicated by crossing arrows with the consistent line styles. Also shown are the values of
cos(f—a) and tan by solid and dashed white contour lines. For the two upper panels, the
overlapping two types in the second and fourth quadrants share the same white contour
lines, whereas for the middle left panel, Type-L and Type-F have the opposite sign in
cos(8 — «): the labeled values are for Type-L. The white contours in the last three panels
are for Type-I specifically. For the CEPC curves, Ak, is used instead of Ak; given the
same Yukawa coupling structure and better experimental precision expected for the charm
Yukawa coupling at the CEPC (see table 3).

In the first three panels in figure 2, the Type-I results show up as straight diagonal
lines, since k¢ = Ky = K, at tree level. Similarly, k; = kp in Type-L, xk; = x; in Type-F, and
kp = K+ in Type-1I, which are reflected in the diagonal lines in the first three panels as well.
While no correlation appears for Ax; and Axy in Type-II and Type-F, they only occupy
the second and fourth quadrants as shown in the upper-left panel. The allowed region
appears asymmetric because the central values of the current LHC data deviate slightly
away from the SM prediction. Similar behaviour for Ak vs. Ak, and Aky vs. Ak, can be
observed in the upper-right and middle-left panel as well for different types of 2HDMs.

The remaining three panels show Axz versus Ak -, with only Type-I extending
much further toward negative Arxyz = sin( — «) — 1 direction than the other types. This
is because Type-I permits much wider range of cos(8 — a) away from the alignment limit,
as shown in figure 1. The best fitting points in the last three panels stick to the upper
boundary of the allowed regions. This is because the current LHC experiments yield
positive Axkz = 0.1 £ 0.08 [25], whereas Arz in 2HDMs is always negative. The narrow
bands around Ak p - = 0 of Type-1I, L and F are the wrong sign regions, which confirm
that the corrections to the ®9 induced Yukawa couplings vanish in this very region.

Comparing the LHC allowed region with the 5o discovery reach of the future mea-
surements, we can see that almost the entire allowed region permits a discovery at the
CEPC and HL-LHC. Combining all six panels, one finds that the four types of 2HDMs
exhibit very distinct distributions in k-space except for the common intersection at origin.
For instance, Type-I and L overlap in Ax;-Akp plane, while they are completely separa-
ble from Type-II and F. To further distinguish Type-I and L, one can examine Ak, in
addition, as shown in the top-right and middle-left panels. Measuring Axz also provides
an immediate separation between Type-I and the other three types, if a large deviation
is observed. Therefore, if a deviation of the Higgs couplings from the SM prediction is
observed at future experiments, one could potentially distinguish the four different types
of 2HDMs by measuring all the four couplings.

However, once loop corrections are included, the correlations among couplings are
smeared. For illustration, we show in figure 3 the LHC allowed regions as well as the
future discovery reaches at one-loop with degenerate non-SM Higgs mass mg = mpyg =
ma = my+ = 800GeV and v Av? = 300 GeV. The tree-level relation of Ki(c), Kb and kg
receives loop corrections, which result in the wide bands along the diagonal direction. The
linear correlation between k; and rk, for Type-II still persists (middle-left panel), due to
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Figure 3. 95% C.L. allowed regions in the Ax;-Ax; plane (i, = t(c),b, 7, Z), the same as figure 2,
but from the one-loop results.

the relatively small loop corrections for both the bottom and tau Yukawa couplings in the
Type-1I 2HDM.

In the last three panels of figure 3, the allowed region of Type-I is seen to be distorted
by loop corrections significantly and the wrong-sign regions are shifted to the left compared
to the tree-level results. Since the wrong-sign regions always stay in the positive cos(f — «a)
region (see figure 1), they are truncated at the tan § — oo contour line.

While the loop corrections weaken the capability to distinguish different types of
2HDMs, in particular due to the spread of the diagonal regions in Yukawa coupling cor-
relations, combining all six panels still demonstrates the advantage in discrimination. A
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Figure 4. 50 discovery regions outside the contour lines in the cos(8 — «)-tan 5 plane for the
CEPC at tree level (dashed) and one-loop (solid). Red, green, blue and orange colors indicate the
results of Type-I, I, L. and F, respectively. We choose myg = m4 = my+ = mg = 800GeV and
VAu? = 300 GeV for one-loop curves. Four representative points in Type-I and IT are marked with
red and green dots, respectively.

quantitative method to distinguish four different types of 2HDMs is given in the next
section, by utilizing the x? distribution.

We present the CEPC 50 discovery contour lines in figure 4 in cos(f8 — «)-tan  plane,
at tree (dashed) and one-loop (solid) level. Red, green, blue and orange colors correspond
to Type-1, II, L and F, respectively. The regions outside the contour lines are accessible
with 5o sensitivity. A degenerate scalar mass of mpy = ma = mg+ = me = 800 GeV and
VAuZ = 300 GéV is used for obtaining the one-loop results. For the Type-I 2HDM, regions
with cos(8 — a) < —0.1 or cos(8 — «) 2 0.08 are discoverable at more than 50 level. For
the other three types of 2HDMs, the 50 region is even bigger: |cos(f — «)| 2 0.02 for
tan 5 ~ 1. At small and large values of tan 3, the region in cos(5 — «) is further tightened.

5 Distinguishing the four types of 2HDMs

It is encouraging to see the discovery potential at the 5o level from the precision SM
measurements and to realize the characteristic features of different types of 2HDMs as
shown in the last section. We now make a few case studies to quantify the feasibility
to distinguish the four different types of 2HDMs. Our procedure is that we start with a
benchmark point in the cos(8 — «)-tan 8 plane that permits a 50 discovery at one-loop
level with the precision of CEPC for a particular type of 2HDM, called the target model.
We study how the target model can be distinguished from other types with a quantitative
x? analysis. In particular, we take the corresponding j; for that benchmark point as ) in
eq. (3.2), and perform a x? analysis with u! being the signal strength of the other 2HDMs.
A 20 significance of inconsistency is set as the criterion for the model discrimination, which
corresponds to roughly 95% C.L.
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(cos(B — a), tan B) Small tan Large tan 8
Type-1 IA: (—0.019,1.0) IB: (—0.077,10)
Type-I1 ITA: (0.012,0.3) IIB: (0.005,3.0)

Table 4. Benchmark points of cos(8 — «) and tan 5 in Type-I and Type-I1I 2HDMs with a low and
high value of tan .

We choose four benchmark points for two target models of Type-I (red dots) and Type-
IT (green dots) in figure 4 at a small and large value of tan § to perform the comparative
study. The values of cos(f — a)) and tan 3 for the benchmark points labelled as IA, IB and
ITA, IIB, are summarized in table 4.

In figure 5, we show the 95% C.L. discrimination regions of different types of 2HDMs
from the benchmark points of the target models in the cos(S — «)-tan 8 plane. The top
(bottom) two panels are for the benchmark points in Type-I (Type-1I), and the left and
right panels are for small and large tan 8 benchmark points, respectively. In each panel,
the benchmark point is marked with small dots of the respective color, unless it lies out-
side the plot range as in the upper-right panel. The solid contour lines indicate the 95%
C.L. distinguishable regions outside the contours at one-loop, with the best fitting points
indicated by the stars of the corresponding colors. Also shown is corresponding signifi-
cance for the best fitting point. Regions within the contours are the parameter space of
the corresponding 2HDM type that cannot be distinguished from the target model of the
benchmark point at 95% C.L. Note that lines of identical color to the benchmark point
enclose the region that is consistent with the benchmark point of the target model at 95%
C.L. In this process, we do one test for each point comparing with the benchmark point,
thus the number of d.o.f equals the number of SSMs, which is ten in CEPC.

For the small tan 5 Benchmark IA of Type-I shown in the upper-left panel, the best
fitting point of Type-II 2HDM is consistent at 0.9c while the region enclosed by the green
contour of Type-II cannot be distinguished from Benchmark IA at 95% C.L. Similar conclu-
sion holds for Type-L (blue) and Type-F (orange). To see the impact of loop corrections, we
also present the y2-fit results at tree level, which are shown via dashed contour lines, with
numbers underlined with dashed lines being the best fitting point significance at tree level.
Including loop corrections shifts the 95% C.L. region for all the three types considerably.

For the large tan § Benchmark IB in Type-I shown in the upper-right panel, other
than a small slice of the region for the Type-II 2HDM, all the other three types can be
distinguishable from Benchmark IB at 95% C.L. The loop corrections are more significant
here, as the dashed regions at tree level disappear once loop effects are included. Note
that the red curve indicates the region of the Type-I 2HDM that is consistent with the
Benchmark IB, which contains two regions between two red solid curves in the upper left
and upper right corners, as well as the region enclosed by the red solid curve around
tan 8 ~ 2.

For the small tan 8 Benchmark IIA in Type-II shown in the lower-left panel, while
it can be easily separable from Type-I, the best fitting point in Type-L is very close to
Benchmark ITA with x2 = 0. As a direct consequence of loop corrections, this is caused by
the strong overlap between Type-II and L in x space displayed in the first panel of figure 3.
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Figure 5. 95% C.L. discrimination regions of different types of 2HDMSs from the benchmark points
(denoted by dots) of Type-I (upper panels) and Type-II (lower panels) are indicated by regions
outside the solid (dashed) contour lines at one-loop (tree level) in the cos(S — «)-tan 8 plane. Red,
green, blue and orange colors refer to Type-I, II, L and F, respectively. Stars of consistent colors
mark the best fitting point, of which the significance of inconsistency are labelled beside.

No tree-level dashed region appears for this benchmark point, again showing the effect of
loop corrections.

For the large tan 8 Benchmark IIB point in Type-II shown in the lower-right panel,
while large part of Type-I parameter space (red) can be consistent, the entire parameter
space for Type-F can be distinguishable from this benchmark point. The difference between
the solid and dashed regions shows that the impact of the loop corrections is indeed large.

In our analyses with the loop corrections, we have kept myg = ma = my+ = 800 GeV
and VA2 = 300 GeV to be the same for all the four types of 2HDMs. Given that the loop
corrections to the Higgs couplings depend on A\v? and m /A/H+, allowing these parameters
to vary in addition to cos(8 — «) and tan 8 will inevitably increase the 95% C.L. contour
region, making it potentially more ambiguous in differentiating different types of 2HDM:s.

To directly connect the theory parameters to the experimental observables, we take
the small tan § Benchmark point TA in Type-I, marked by the red dot in figure 6, with the
crosses on top of the dot indicating the precision associated with each x; at the CEPC. We
present the regions that are indistinguishable from the other three types of 2HDMs in &
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space at 95% C.L. as shaded areas in figure 6. The left panels are for the tree-level results
while the right panels include the one-loop results. Red, green, blue and orange colors
refer to the points in Type-I, II, L and F, respectively. The shaded orange region in the
right panel of the second row is too thin to be visible. The best fitting points are marked
by stars, with its significance labeled as well. In each panel, we also show the 5¢ CEPC
discovery regions by the solid contour lines. Note that the small gap in the red contour line
of the bottom-left panel, as well as the deep indent in the bottom-right panel, is caused by
our scanning region of tan 8 € [0.1, 50].

Comparing the solid 50 discovery contours with the CEPC measurement in the left
(tree level) and the right (loop level) panels, the 50 discovery regions for Type-II (green)
and F (orange) in the top two right panels exhibit a significant spread towards negative
Ak, region compared to their tree level counterparts. This is associated with the large
stretch of the corresponding solid contour lines in figure 4 towards very low tan 8 region:
small tan 8 enhances the Yukawa couplings induced by the second Higgs doublet ®5 as well

as the loop corrections.

Given that Benchmark TA corresponding to Ak, = —0.025, Ak, = —0.021 , Ak, =
—0.021, Akz = —0.001 at one-loop level, and the corresponding precisions of the experi-
mental measurements of those Higgs couplings, there are small shaded regions in all three
other types of 2HDMs that can not be distinguished from this Type-I benchmark point at
95% C.L. However, most of the parameter space of the other three types of 2HDMs can
be separable from the Benchmark IA. In particular, given that most of the shaded region
is inside the 50 discovery contour of the other three types of 2HDMs, except for x; in the
Type-1I 2HDM, if a 50 discovery is made in any of these three 2HDMs outside the shaded
region, it can be separable from Benchmark IA at more than 95% C.L.

In k-space, while the 95% C.L. shaded regions tend to approach the benchmark point as
much as they can, the discovery contours set a limitation on how much they can achieve.
As a result, all best fitting points stop at the edge of the discovery contour lines. So
we can use the contour lines as guidance to understand how a benchmark point could
be distinguished from other types. For the Benchmark TA marked on the panels, all other
types show shaded regions from which it cannot be separated, but it is particularly difficult
to distinguish it from the best fitting point in Type-II. This is because it has the green
contour line of Type-II in its immediate neighborhood in the plane of Ax; and Aky, both
of which are precisely measured in CEPC.

In addition, going from Benchmark TA to IB in the right panels, one could move the
red dot along the red contour line clockwise in the top panel and counter-clockwise in the
following three panels, given the dependence of Ak; on tan and cos(8 — «). Although
it seems harder to distinguish the red dot with other types as it gradually approaches the
origin, the substantial deviation in kz in Type-I, as shown in the bottom panels, makes it
relatively easy to separate Benchmark IB from the other three types. This is also reflected
in figure 5, in which Benchmark IB can be distinguished from all other types except for a
tiny region in Type-II.
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6 Summary and conclusions

The extension of the SM Higgs sector to two scalar doublets is well motivated in some
theoretical scenarios for BSM physics. The additional Higgs bosons are thus amongst the
most-wanted targets for searches for new physics in the current and future high-energy
experiments.

We considered four types of 2HDMs with different patterns of Yukawa couplings and a
Zso discrete symmetry, named Type-I, Type-1I, Type-F and Type-L, outlined in section 2.
We laid out our analysis strategy and our fitting method in section 3. In section 4, we first
presented the 95% C.L. allowed region under the current LHC Run-II limit in the cos(5—a)-
tan 8 plane, as shown in figure 1. The effects of loop corrections are generally small, except
for large tan 8 region of the Type-I 2HDM when the loop effects are manifest, giving a
small tree-level distortion. Roughly speaking, the largest allowed ranges for cos(f — «) at
the 95% C.L. are

Type-I:  (cos(8 — «), tan3) ~ (£0.3, 2);
Type-L:  (cos(8 — «), tan ) ~ (+0.2, 1);
Type-1I, F:  (cos(f — «), tan ) ~ (£0.08, 1).

We further examined the 50 discovery potential from the precision measurements for
the four types of 2HDMs, and we found that most of the currently allowed region permits
a discovery at the CEPC and HL-LHC, as shown in figure 2 and figure 3, and summarized
in figure 4. With the CEPC Higgs precision measurements, the 5o discovery regions are

Type-I:  cos(f—a) < —0.1or 2 0.08 for 2 < tanf < 5;
Type-L, II, F: | cos(f — )| 2 0.02 for tanf ~ 1.

At small and large values of tan 3, the regions in cos(8 — «) are further tightened.

By studying the deviations in various couplings normalized to the SM value Ak; =
ki — 1, for i« = t,b,7 or Z, predicted by different types of 2HDMs, we presented their
correlation in six Ar;-Ark; planes, as shown in figure 2 (tree-level) and figure 3 (one-
loop). Combining all six panels, we found that the four types of 2HDMs exhibit very
distinct distributions in x-space except for the common intersection at origin. In particular,
measuring Akz provides an immediate separation between Type-I and the other three
types, if a significant deviation from the SM is observed. While the loop corrections
weaken the capability to distinguish different types of 2HDMs, in particular due to the
spread of the diagonal regions in Yukawa coupling correlations, combining all six panels
still demonstrates the advantage in the model discrimination.

Because of the characteristic features of the different 2HDMs, we further demonstrated
the extent to which that they could be distinguishable from each other, if a discovery is
made. We chose four benchmark points for illustration. We found that a large part of the
parameter space of the other types of 2HDMs can be distinguished from the benchmark
point of the target model, as shown in figure 5. Including loop effects also shifts the tree
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level results significantly. Our analyses has chosen a fixed value of the degenerate BSM
Higgs mass mge and soft Zy breaking parameter m?,, for the sake of illustration. We
further presented the discrimination ability of the 2HDMs in terms of the experimental
measurements of k; in figure 6 for the small tan 8 benchmark point TA in Type-1. We see
that once a 5o discovery is made in a particular type of 2HDM, it is very likely to be
distinguished from other types of 2HDMs. Note that the loop corrections to the Higgs
couplings introduce new parameter dependence, namely mpg 4 g+, A2, in additional to
cos(f—a) and tan 3. They are relevant in the results and in the discrimination of models at
future colliders. On the other hand, fixing a set of model-parameters defines one particular
theory. Our approach for discriminating between theories is to quantitatively compare two
sets of parameters and demonstrate the feasibility, rather than scanning the full parameter
space. Furthermore, with possible direct detection of non-SM Higgses at energy frontier
discovery machines, those loop parameters could be nailed down.

In summary, our analyses demonstrated the impressive potential for the future preci-
sion measurements on the SM Higgs precision observables at the Higgs factory, that could
help to discover the BSM Higgs physics and to discriminate among the different incarna-
tions of the two Higgs doublet models. While our analyses were performed with the CEPC
precision of the Higgs measurements, the physics opportunities at FCC-ee 240 GeV are
similar. Measurements at higher center of mass energy, for example, FCC-ee at 365 GeV,
ILC up to 1TeV, and CLIC up to 3TeV offer additional precise measurements of top
Yukawa coupling, Higgs self-coupling, as well as direct production of heavy non-SM Hig-
gses. Physics programs at those machines will be complementary to the Higgs factories at
240 — 250 GeV in exploring new physics beyond the SM.
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